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Abstract

Abstract

A carbon nanosheet is a new type of two-dimensiomeaterial that is fabricated by
the electron-induced crosslinking of aromatic seléembled monolayers. A novel
bulge test in an atomic force microscope has besmd wo study the mechanical
properties of carbon nanosheets. The elastic behaxas investigated by analyzing
the pressure-deflection relationship in the bulgst.t Young’s moduli of carbon
nanosheets as a function of irradiation electrosedocan be determined. With an
electron dose above 50 mC/mBPT nanosheets exhibit a stable Young’s modulus
ranging from 6 GPa to 8 GPa and NBPT nanosheetgngufrom 8 GPa to 10 GPa.
CBPS nanosheets have a similar mechanical stiffmdgsh appears to increase
slightly at higher electron doses. The residuasstes that have been introduced into
carbon nanosheets through the crosslinking andr#mesferring process are in the
range of 40 to 100 MPa. In addition to the adhesiod corrugation of a carbon
nanosheet on a SiGBubstrate, the adhesion between an AFM tip andestanding

nanosheet was also estimated and analyzed.

The viscoelasticity of carbon nanosheets was imyestd with hysteresis, creep and
stress relaxation being observed. We were abledioepthe creep deformation with a
strain rate above 1 % and the resultant creep ratee from 18s? to 6x10°s* with

a dependence on stress levels. Recovery after cnedpading has also been
demonstrated. The ultimate tensile strength of@aranosheets was also determined
by performing bulge tests. BPT and NBPT nanoshleat® tensile strength ranging
from 400 MPa to 700 MPa.

We fabricated multilayer carbon nanosheets andatferage Young’s modulus is
demonstrated to be very similar to that of the Isintayer carbon nanosheet.
Overlapping reduces the possibility of a ruptureaahonolayer because of defects.
Therefore it improves the mechanical stability amhances the yield of suspended

multilayer nanosheets in even larger sizes.
|



Abstract

The structural transformation of carbon nanoshapts annealing has been studied
by various analytical techniques. From a mecharoait of view, anealing leads to
a systematic increase of Young's moduli with ristegnperature, up to 48 GPa at

~1000 K.

Finally, polymer brushes grafted on biphenyl-basadosheets provided a new class
of material termed as “polymer carpet”. Both butgst and nanoindentation were
used to characterize the mechanical propertiesolyfimger carpets. The polystyrene
carpets experience a decrease in stiffness wittedses of thickness smaller than 20
nm. The polystyrene brush component has a Youngguhs of ~1.3 GPa for the
thinnest polystyrene carpet. With a thicknesses @¢enm, Young’s moduli range

from 3 GPa to 4 GPa.
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Chapter 1 Introduction and Basics

Chapter 1
Introduction and Basics

1.1 Two-dimensional materials

Richard P. Feynman, in his classic talk of 1959ntea out that “there’s plenty of
room at the bottom”. He foresaw that a new fielgppb&€nomena would come out and
could be accompanied by an enormous number of iahepplications, if we could
manipulate and control things on the moleculartoméc scale. New materials can be
synthesized with bottom-up strategies which exgelf-processes for the ordering of
supramolecular or solid state architectures from dtomic to the mesosopic scale.
Carbyne is an allotrope of the one-dimensional fafmtarbon that is composed of
sp-hybridized carbon atoms. As a model for the prdidacof carbyne, polyynes can
be synthesized by bolting chains of acetylenicautogether. So far, the synthesis of

polyynes of up to 44 contiguogp-carbons has been reported [1].

Two-dimensional (2D) materials are some of the nfastinating research targets
nowadays [2]. Graphene is an ideal system as aimensional crystalline sheet of
carbon atoms, for its infinite number of repetitiglements and long-range order.
Strictly speaking, 2D materials are required tohamdled as individual molecular

units and it is also required that there are nerlayer forces existing in the materials
and the two-dimensional structures are held togetiaeinter- and/or intra-molecular

interactions. There are many fundamental understgadvhich need to be clarified,

including the basic equilibrium morphologies aneitlhoptical properties, transport
properties and mechanical properties. Regardindicappns, 2D materials can be
used as ultrasensitive gas transducers when tleegplaced over cavities. If they are
functionalized with defined anchor groups, 2D miatermay serve as sensors to
detect even single molecules absorbing on the irf2D materials can also provide
a platform for the construction of well-defined dbr dimensional systems. With

regard to a much wider range of applications, 2@enis with tunable capabilities in

1



Mechanical Characterization of Carbon Nanosheets

mechanical stiffness, conductivity and mobilityartsparency, morphology and pore
size open up new possibilities in nanoscale defat®ication, sensors, imaging,

separations, membrane mimetics and so on.

Self-assembled monolayers (SAMs) provide a moledgblakness limit in 2D
materials. Enhancement of the mechanical stalbjtynodification of SAMs allows
us to obtain freestanding 2D polymeric nanosheats fEandle them individually.
However, in terms of a long range order, we may atfer to this new kind of
material as “quasi-2D polymeric nanosheet”. Theg ba utilized as ultrathin and
highly transparent supporting materials for narme@iobjects in microscopy methods.
They should be very sensitive to external stimat anay thereby find applications in
ultrasensitive sensors. Selective chemical modiéoaor biocompatible modification

of the nanosheet improves its reactivity as a cbhahar biological sensor.

Both theoretical predictions and experiments on rirechanical properties of 2D
materials are quite challenging. The theory of elesticity of 2D systems has been
discussed and mainly applied to solid Langmuir-Bkttl films [3]. As a true 2D
material, graphene can be modeled as a membrare 28ib bending stiffness.
However, suspended graphene sheets exhibit randkinbudted ripples that indicate
interactions between bending and stretching longelemgth phonons [4]. In the
same way, the bending stiffness of carbon nancsheetot kept at zero but can be
neglected in comparison with in-plane stiffness.idticates that the in-plane
deformation of carbon nanosheets could provide mesful information. According
to the scaling law for 2D materials, the magnituafedeformation under load is
proportional to scale. The first difficult tasktis find a suitable experimental method
to deform this molecular-thick nanosheet. In ortdennderstand the general nature of

the experiment data, a suitable theoretical malalso required for analysis.

In this chapter, we will give a basic introductiorelated to SAMs and
electron-induced modifications of SAMs as well asautline of the thesis will be

also described.
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1.2 Self-assembled monolayers (SAMs)

A monolayer is a single closely packed layer ofnegoor molecules. In 1917,
Langmuir investigated a large number of amphiphmiglecules on a water surface to
figure out the forces involved in the adsorptiord asurface tension [5]. These
amphiphilic molecules spreading upon an aqueoufacirare called Langmuir
monolayers. Later, Langmuir and Blodgett transfithtee monomolecular layers from
a water surface to a solid substrate, and multi&a{20~200 layers), which could be
deposited on various substrates [6, 7]. The morolapd multilayers that have been
deposited onto a solid substrate are named LangBhaigett films. Even a single
layer could be seen on polished chromium by usiolgarized light. The refractive
index of those multilayers was determined from treflection intensity of
monochromatic light. These earlier studies werevenri by the study of surface

tension.

In 1946, Zisman prepared a monomolecular layer ddfrfassembly of a surfactant
onto a clean metal surface [8]. In 1980s, Sagivontepl the preparation ohf

-octadecyltrichlorosilane (OTS) monolayers on wvasiosolid polar substrates in
solution [9]. Nuzzo and Allara also reported thegaration of a series of organic
disulfides that have been adsorbed on gold substiatdilute solutions [10]. Since

then, many other SAMs have been prepared and igatsi among which

Terminal
functional |=e—)
group
S
Head
functional | e—) Metal
group substrate

Fig. 1 Schematic diagram of SAMs on a metal surface
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alkanethiolates on gold are probably the most extety studied system. SAMs of
thiols on a gold substrate have been used to shidyfacial phenomena including
wetting [11], adhesion [12], tribology [13, 14].ystallization [15], electron transport
[16], biochemistry and biology [17, 18].

The molecules for preparing SAMs consist of thrag9 (1) a head functional group
which can be chemically absorbed on a metal substfd) a terminal functional
group which determines the surface properties oMSA(3) in between there is a
molecular backbone which provides a well-definertkihess, mechanical stability,

electronic conductivity and optical propertiessakematically shown in fig. 1.

The self assembly process can be achieved eitber tine solution or from the gas
phase. In general, the formation of SAMs is nangle step process and it comprises
multiple time scales and phases. Adsorption of danethiol (CH(CH,)21SH)
investigated by nonlinear vibrational spectroscoycates three different steps [19]:
(1) a fast initial adsorption step described bydrmanir kinetics results in the coverage
of 80~90 % and the time scale is 5~6 minutes,df@p is related to chemisorptions of
the head group; (2) a second step indicates aiticansf hydrocarbon chains from a
highly kinked to an all-trans conformation and time scale is 3~4 times slower than
the first step, this step is related to straightgnof hydrocarbon chains; (3) a third
step proceeds even slower (35~70 times slowertti@aisecond step) and it is related
to reorientation of terminal functional groups. Bogx-situ and in-situ analytical
techniques have also been used to investigate S#lksation kinetics, such as
electrochemical quartz crystal microbalance (EQQRD], grazing incidence X-ray
diffraction (GIXD) [21], surface plasmon resonan(8PR) [22], atomic force
microscope (AFM) [23], Fourier transform infraredeflection absorption

spectroscopy (FT-IRRAS) [24] and so on.

The reaction to forming SAMs on gold from thiolvaitves the breakage of a RS-H
bond and formation of a RS-Au bond. The typicaloagison process of alkanethiol

on Au can be expressed as follows:
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CH,(CH,),SH+Au - CH, (CH, )nS-Au% H 1)

Taking into account the thermodynamics of monoldgemation, there is a balance
between enthalpic contributions of the reaction anttopy associated with the self
assembly process. The adsorption enthalpy was ftwrdme -20 kcal/mol [25]. The

bond dissociation energy for RS-H and RS-Au isnested to be ~87 kcal/mol and

~40 kcal/mol, respectively. In addition, the format of molecular hydrogen is
favored over the dissolution off" into an Au matrix, for the reactio@H - H,,

Ah=-104 kcal/mol. The heat involved in the reaction is k&l/mol, which is
available in the reactant. Self-assembly is a E®deom a disordered to an ordered
system which indicates negative entropy assochatddthe formation of monolayer.

The entropy of adsorption is determined to be -@&/knol [26].

Apart from the most extensively studied n-alkar@ti{iAT) SAMSs, thioaromatic
SAMs are expected to have a different relation betw intermolecular and
headgroup-substrate interactions. In comparisonAto molecules, thioaromatic
molecules have a more rigid chain which may havenfilnence on the molecular
structure and coverage. 4-methyl-4'-mercaptobiphasgembled on Au (111) has
been investigated by GIXD and low-energy atomidradtion (LEAD) and two

phases of different density similar to AT thiols reveobserved. In the low-density

“stripped” phase, a commensurate rectanglé&x 2\/73) structure was identified. In

the high-density “standing-up” phase, a commensurmxagonal(\/gx\/é) R30

structure was found [27]. Self-assembled monolaylersned from thiophenol,

1,1'-biphenyl-4-thiol,  1,1';4',1"-terphenyl-4-thiol and  anthracene-2-thiol on
polycrystalline Au and Ag were characterized byay-iphotoelectron spectroscopy
and angle-resolved near-edge X-ray absorptiondinecture spectroscopy and it was
found that the molecular orientations and orieotatl order of the adsorbed
thioaromatic molecules depend on the number of atiemngs, the substrate, and the

rigidity of the aromatic system [28].
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1.3 Electron-induced modification of SAMs

The damage of X-rays, electrons and X-ray genergtechary and secondary

electrons on organic molecules and biological systehave attracted growing

attention. SAMs have been used as a system forstadeing the mechanism behind
the damage done to organic molecules that are eggosx-rays [29]. It indicates that
the electrons instead of x-rays are responsibléhiodamage to SAMs. The genotoxic
effect of ionizing radiation (x-rays) in living delwas investigated by detecting the
transformation of DNA molecules due to the low gyeelectrons irradiation. It was

illustrated by the mechanism that electrons iretimagmentation of small molecules
by the attachment of the incident electron whiddito the formation of a transient
molecular resonance that subsequently decays eithezlectron autodetachment or
bond dissociation [30, 31]. Dissociative electrataeghment (DEA) is considered to

contribute significantly to these damages. The PiE#cess can be represented by:

AB+e -~ AB” LA +B 2)

where AB~ is a superexcited state of the molecular anion ian dissociate to

give molecular fragmentA”~ and B.

The damage of alkanethiol SAMs has been intensivelestigated by various
analytical techniques, such as X-ray photoelecspactroscopy (XPS) [32, 33],
angle-resolved near edge X-ray absorption finectire spectroscopy (NEXAFS) [33,
34], infrared reflection-absorption spectroscopRAS) [34], surface enhanced
Raman spectroscopy (SERS) [35], static secondarymass spectroscopy (SIMS)
[36], advancing water contact angle measurememd$ &d electron stimulated
desorption (ESD) [37]. Upon electron exposure, radithiol SAMs undergo cleavage
of C-H, C-S and C-Cbonds, formation of crosslinkingc=C bonds and

desorption of small molecular species including, I€H,CH; and CHCH,CHa.

Furthermore, cleavage of Au-thiolate bonds, desampif S-containing fragments and

appearance of disulfide, degradation of SAM-vacuntarface were also observed.

6
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(@) (b) © x x

a- I I
l C-0 -0

NO, NO, NO, 302 302 Ngog NH, NH, §02 NO, ;02 NH NH %Dz goz

Fig. 2 Schematics of the electron induced crosslmlprocess: (a) NBPT SAMs are
exposed to the low energy electrons; (b) SAMs ateydrogenated and crosslinked, with
terminal nitro group turning into amino group; @&mino group can be used to cougle
other molecules. (Images taken from reference 41)

Therefore alkanethiol SAMs have been demonstratechdt as self-developing
positive electron beam resists. The critical etataose that cause substantial change

of SAMs is influenced by substrate conductivity andlecular structures [38].

For aromatic SAMs, the low-energy electron induceatiification has been explored
with XPS, NEXAS, AFM and infrared spectroscopy (IBP-41]. Unlike aliphatic
SAMs being damaged when exposed to electrons, gimmalecules remain bonded
on the substrate and maintain their orientation.idareased etching resistance and
changes in IR spectra were observed. Formationradstnking between adjacent
molecules has been demonstrated, which impliesattoathatic SAMs can be used as

negative electron beam resists. Furthermore, th® group terminated aromatic

j 7’0)‘_‘ 1%%. s

P e

Y

Fig. 3 (a) DFT-optimized BPT SAMs on Au(l1ll) followy the 2\/§x\/§

superstructure. (b) After dehydrogenation BPT SAbten “graphene-like” nanoflakes.
Insets indicate side views of four BPT units. (Imsidrom reference 43)
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SAMs undergo conversion of a nitro group into anrengroup, which is utilized as
“chemical nanolithography” for immobilizing a vatye of molecules on specific
patterns in molecular nanotechnology and biology].[4The electron induced

crosslinking process on NBPT SAMs is schematicsttigwn in fig. 2.

A very detailed model of electron-induced crosshigkin aromatic SAMs based on
experimental and theoretical analysis has beenepted by Turchanin [42]. The
UV-photoelectron spectra (UPS) suggest a prevaftingnation of stable dimers with
four C-C crosslinks between two adjacent biphenglerules. Density functional
theory (DFT) calculations have been performed taleustand electron-induced
cross-linking of biphenylthiol SAMs on Au (111) [B3fter dehydrogenation of BPT
SAMs, molecules tend to interact covalently to dppeously form small

“graphene-like” nanoflakes, as schematically shown fig. 3. However, the

mechanism of electron-induced crosslinking is farencomplex than that is currently
understood, and other analytical techniques suckcasning tunneling microscope

(STM) are required to perform more detailed expents.

1.4 Outline of the thesis

A basic introduction related to SAMs and electrodeiced modifications of SAMs is
presented in this chapter. Chapter two will givedamental principles of techniques
involved in our experiments. The operational pteiof the AFM is to be presented
firstly, followed by scanning electron microscopg8EM), XPS, photolithography,
critical point drying (CPD) and so on. The expemta details of SAM preparation,

crosslinking and transferring will also be presdritethis chapter.

Chapter three introduces experiments and theorputde test which is the most
widely used method for the mechanical characteamadf free standing thin films.
Two methods (Line Scanning Method and Central Pidiethod) for determining the
deflection of membranes are presented in detaitla@dFM point deflection method

and some results will also be presented in thipteina
8
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Chapter four discusses the mechanical propertiesadfion nanosheets. First the
adhesion and corrugation between a carbon nanostrebta substrate will be
discussed. The elastic response and viscoelastmitycarbon nanosheets are
investigated by means of bulge test. Young’s maslidad the residual stress of
carbon nanosheets which are prepared from differeatecules are derived and the
electron dose effect is also investigated. A ruptiast is utilized to determine the
ultimate tensile strength of carbon nanosheetsthBunore, multilayer carbon

nanosheets and annealed nanosheets will also ®enped in this chapter.

Chapter five presents the mechanical propertigmlyimer carpets. The fabrication of
polymer carpets is described and a theoreticalyarsabf such a composite system is
discussed. Young's modulus as a function of polyraéion time is reported and
discussed. Nanoindentation has also been employaetérmine the hardness and the

elastic modulus of the polymer carpet.
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Chapter 2
Experimental

2.1 Experimental techniques

2.1.1 Atomic force microscope (AFM)

In 1986, Binnig, Quate and Gerber invented the &tesmic force microscope that has
overcome disadvantages of the STM which has limaggplications on conductive or

conducting layer coated specimen.

An AFM has a general set-up with a sharp tip (wittadius of typically 10~100 nm)
mounted on a micro-machined cantilever. The tip Wwamight in a well-controlled

close proximity to the sample. During the scannprgcess, interaction forces
between the tip and the sample result in the bgnalithe cantilever, as shown in fig.
4. \ertical bending from its equilibrium is proportal to the normal force applied to

the tip, while lateral forces cause a twisting loé tantilever. A piezoelectric tube is

Quadrant photodetector

Laser

Cantilever

Sample

Scanner

Fig. 4 Schematic diagram of a general AFM set-uptager beam is transmitted and
focused on the backside of a cantilever and reftedrom it into a four-quadran
photodetector. A sample is mounted on a piezo tbhhecan move the sample in three
directions.

—
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used as a stage for mounting the samples. It car inaz direction for maintaining a
constant force or a constant height, also in X “amlirection for scanning the samples.
Measurements can be done in a variety of envirotsneach as ambient air, liquid

and ultrahigh vacuum (UHV).

>

Intermittent-contact
(semi-contact)

P
b

Repulsive Force

4

1

1

1 i Tip-Sample distance
1 1

N
Contact'
region

Non-Contact region

Attractive Force

o

Fig. 5 Idealized sketch of tip-sample forces. Ddf@ operation modes can be performe
In contact region, intermittent contact or non-e@htegion.

In the contact modeof operation, the cantilever bending under scanmeflects a
repulsive force between tip and sample. It maimdgtains the constant force mode,
the constant height mode and the lateral force mbdé¢he former two modes, a
vertical cantilever deflection is measured by aticap beam method and converted
into an electrical signal DFL. In theonstant force mode of operation, the deflection
of cantilever is maintained by the feedback cirant the preset value, so that the
vertical displacement of the scanner gives risthéotopography of the sample under
investigation. In theconstant height mode of the operation, the scanner maintains a
fixed end of the cantilever on the constant heigiue, so that the deflection of
cantilever gives rise to the topography of the dampder investigation. In tHateral
force mode, besides the cantilever deflection in normal diceg an additional torsion
bending of cantilever occurs and thus is used tortethe lateral force. The main
advantage of the contact mode is high scanningdspisedisadvantage is requirement

of a sufficiently smooth surface. The damages dusctatching with tip have a high
11
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probability to happen on soft materials such agmpels and biological specimen.

In theintermittent contact mode of operation, an oscillating cantilever cltser at

its fundamental resonance frequency is used to theaeample. The force sensed by
the tip is not only an attractive force but alsoregpulsive force that concerns

oscillation with a relatively high amplitude (typity 100~200 nm). Such a force

gradient has an influence on the vibration ampétoéithe cantilever and also on the
frequency of the cantilever. A feedback system stdjuhe height of the cantilever

base to maintain the vibration amplitude at a @mtsset-point value. Therefore the
topography of the sample is achieved. A phase shkifurs in the inhomogeneous

sample and thus the phase contrast imaging modigiwa additional information on

the material being scanned.

In the non-contact modeof operation, the cantilever is forced to vibratea preset
frequency slightly above its resonance frequentye @mplitude of oscillation is in
the range of a few nanometers (less than 10 nmjendndong range attractive force
dominates. This has the advantage that the tiprrgmts into contact with the sample

and therefore it can be avoided destroying the &snp
Tip-sample interactions

When the tip and the sample are in contact, th&tieltorces give rise to both sample
and tip deformations. If we consider only the etagirce, the elastic deformation in
the contact zone is termed as Hertzian theory.sbhaion relates to the loading force
F and the penetration depth:

4E

F =ER"*h%¥*= 3)
3 R

where R , a and E are the tip curvature radius, the contact ciralgius and the

reduced Young’s modulus for the tip and the sarbplthe equation below

2 2
1_ 1-vg, N 1=V e @)
E E[ip Esample
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The Johnson, Kendall and Roberts (JKR) model censttithe adhesion within the
contact regime in a Hertz model, which accountsthar influence of the Van der

Waals force within the contact zone [44].
F =§ -/8nyEa’ (5)

whereas y is the work of adhesion.

The Derjagin Muller and Toropov (DMT) theory alsonsidered Van der Waals
interactions outside the elastic contact regime \&wad applied to tips with a small

curvature radius and high stiffness, which weakbaslastic repulsive forces [45].

4 Ea’
F== —-2nR 6
3 R y (6)

Since water adsorbs at many surfaces, it tendstdhe tip and may form a concave
or convex meniscus in between the tip and the saniffhe maximum attractive

capillary force acting on the tip is simply given b
F. =-4nyRcosd (7)

where the contact angle8 with the sample and the tip are assumed to be.equa

When the tip is away from the sample, Van der Wadézaction has to be taken into
account. Considering the probe with a sphere anallgip-sample separation, the

corresponding force is given as

_ TNNn,AR

F
6h?

(8)

where A is the Hamaker constant A=107°J0nf), n, and n, are the
concentrations of tip and sample moleculés,is the tip-sample separation. For the

tip radius of 10 nm and separation of 0.1 nm, tred is 3.3x 10° N.

13
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2.1.2 Scanning electron microscope (SEM)

The first commercial SEM was developed by Charlegley and Gary Stewart in
1965. It is widely used to image the sample surflroen signals of interactions
between electrons and atoms of the sample. Chastitanformation from SEM

comprises topography, morphology, composition agdtallographic information.

‘ l filament
- source of electrons

anode

HE n e

| , condenser
. . scan generator

heam | magnification  ——
, i control

objektive T cathode
R

photo multiplier

specimen  collector

Fig. 6 Block diagram of a typical SEM (Image rednafrom J.W.S. Hearle, J.T. Sparrow,
P.M. Cross, 1972)

The electron beam is emitted from the filament cdéh(e.g. tungsten) in the electron
gun. The beam is then focused by two condenseedetise first one forms the beam
and limits the amount of current in the beam ards#acond one forms the beam into
a thin and coherent beam with a spot size 0.4~5Tia.beam then passes through a
set of scan coils which are usually located infthal lens to sweep the beam in a
raster fashion with a certain scan speed to fdoeadeam on the part of sample being
investigated. The secondary electrons being enmfitted the sample are collected and
analyzed by a detector which gives a topographinotrast. The backscattered

electrons may also be detected to give further asitipnal contrast.

14
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2.1.3 X-ray photoelectron spectroscopy (XPS)

XPS is a technique for surface analysis, such emeatal composition, chemical or
electronic state of elements, and in-depth distidiouof elements. In 1954 XPS
equipment was developed by Kai Siegbahn who redesvélobel Prize in 1981 for
this work. The mechanism of XPS is based on theqgahectric effect which describes
the ejection of electrons when photons are impmgin the surface. In an UHV
environment, monochromatic X-rays are used to iatadthe sample and the energy
of those emitted photoelectrons are analyzed bglectrostatic analyzer before the

intensity of the defined energy is recorded by tecer.

At an atom with a core hole created by X-ray phsfgou can observe the decay of
an electron from a higher energy level to fill tecancy in several ways, either in the
form of characteristic X-ray, or in the form of Anger electron emitted from an outer

shell.

The kinetic energy of ejected photoelectroBs is determined by the energy of
X-ray radiation, hv, binding energy of core electron&;, and work function of

spectrometer,®g;, .

E,=hv-E, -® 9)

Due to the fact that the binding energy is charatte of core electrons for each
element, it also depends on the chemical statbaifatom, such as oxidation states

and ligands of that atom.

However, unlike the photoelectric lines, the kinegnergy of Auger lines are
independent of photon energy of the X-ray sourcd anly correspond to the
difference between the states involved in the wipoteess, which is the energy of
initial electronic transition and the ionizationeegy of the electron shell from which

the Auger electron was emitted.

If the attenuation length of electrons could beedatned by experiments and the
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elastic electron scattering was neglected, th&miess of an overlayer thin film can be
determined by comparison of the XPS signal betwberclean substrate and that of

the specimen.

0

t
ls = Isexp(_—/] - sé?) (10)

where t is the thickness of the overlayer filnlg is the substrate intensity from

under the overlayer thin film, and? is the pure substrate intensit§ is the

emission angle andl is the attenuation length of the electrons of thi@ film
material. In order to collect photoelectrons at arengrazing emission angle, the

analyzed region can be made more surface-locatimddhe sensitivity increased.

XPS detects those electrons ejected from the surdddhe specimen. The deeper
emitted photoelectrong £54) would be captured or trapped into the materia tu
the limitation of the mean free path of low enesdgctrons. Fig. 7 shows the mean

free path of electrons in solids as a functionlet®on energy.
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Fig. 7 The mean free path of electrons in solitie tashed curve is theoretical
calculation and the dots are experimental measurenig7].
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2.1.4 Photolithography

Optical photolithography is a process of transfeyra geometric pattern from a photo
mask to a light-sensitive photoresist on the sabstit has been a crucial technique in
the development of the semiconductor industry ftbentraditional planar process to
current super-large-scale integration (SLSI) witte anillion to ten million transistors

on single chip. The process combines several cotgikps in sequence: cleaning,
spin coating, pre-baking or soft baking, expospost exposure baking, development,

etching, photoresist removal and so on.

Fig. 8 describes a simple scheme of photolithograpthere photoresists are
classified into positive and negative types. Fosifpee photoresists, the exposed
regions become soluble to the developer and thepased regions remain insoluble
to the developer. For negative photoresists, thmsed regions become insoluble to

the developer and the unexposed regions areditilbbke to the developer.

1 Silicon wafer

2 Spin coating photoresist 3 Exposed to UV light

4(a) Negative photoresist 4(b) Positive photoresist

Fig. 8 Scheme of photolithography: 1) Cleaning $ileeon wafer; 2) Spin coating th
photoresist on the wafer; 3) Expose the photorésittV light through a photo mask; 4)
For a negative photoresist the exposed region reoraihe wafer, however for a positive
photoresistheunexposed regions remain on the wafer after devedog

U
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There are three major exposure methods: contawtimj proximity printing and
projection printing. Contact printing provides plogd contact between the photomask
and the photoresist and allows for high resolu{mb~1 um). In proximity printing, a
small gap from a few microns to tens of micronsmeen the photomask and the
photoresist is maintained to avoid damages. Prayiprinting has a resolution of 2~4
microns. In projection printing, patterns are tfangd by optical imaging of a
photomask on photoresist. The resolution dependhi®@mptical imaging system. In

our work, soft contact printing is utilized to gehigh resolution of structures.

After development and removal of undesired photstegtching is carried out to
remove materials from the wafer. It consists of wathing and dry etching: wet
etching utilizes liquid chemicals and etchants; elighing is usually accomplished by
chemical reactions using reactive gases or plasithehigh selectivity. In our work,

wet etching is the primary method to remove Au,$0,, SkN4, and Silicon.

Apart from the rigid silicon wafer as rigid subs&ran which complex nanostructures
are constructed, soft and elastomeric substraéealsn being desired to build flexible
plastic optoelectronic systems. Poly (dimethysile)a (PDMS) is one excellent
example for such a purpose. Patterned metal onNMAS8ubstrate with small feature
sizes can be generated using optical lithograplmpealed carbon nanosheets can be
transferred on a PDMS stamp with well-controlledtahelectrodes, piezoelectricity

properties are investigated by stretching or cosging the flexible PDMS stamps.

Furthermore, patterned Au/PDMS can be employedctiiyreas a photomask which
has some additional advantages compared to a pbotomask. Edge-pattern
generation widens its applications and metal crazks be avoided. A soft and

flexible photomask might contribute to organic sesniductor devices.
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2.1.5 Critical point drying

Critical point drying is a method to remove liquial a controlled way, without
collapsing or deforming the structure of wet spemis It is widely used in the
preparation of biological specimens for SEM. ltalso used in the final fabrication
step of releasing microstructures in the Micro-dil@Mechanical Systems (MEMS)
devices. The reason for the specimens being damagedrmal air drying is due to
large surface tension created in a liquid/gas fater During the air drying process,
liquid/gas interface moves and the surface tensianses the collapse of those

structures.

In critical point drying, a dehydrating fluid migté with water such as ethanol or
acetone gradually replaces the water contained spezimen. The next step is to
substitute a transitional fluid for the dehydratifigid in the specimen and then
removing the transitional fluid. The transitionduii commonly used is carbon
dioxide (CQ) and the critical temperature and pressure ofararhoxide are 31° C.
and 1,072 psi, respectively. Then the specimenseated and pressurized above the
critical pressure and critical temperature. Theicai point of a liquid is when its
temperature and pressure are at or above theattigimperature and pressure and the
densities of the liquid phase and vapor phase gquale This absence of a phase

boundary eliminates surface tension that existswdmanging a liquid to a gas.

In our case, a double layer PMMA needs to be rewchdyeacetone from the surface
of a monolayer. Specimens are immersed carefultg the cylindrical drying
chamber of the Critical Point Dryer (Tousimis Awowlri-815B, Series B) that is
filled with acetone. After PMMA is completely didged by acetone (60 min), G@s
introduced into the chamber to replace acetonerdoupto a predefined time. Finally
the dryer heats and pressurizes,QQits critical point and gas Gbleeds off to

leave the monolayer dry.
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2.1.6 Nanoindentation

Nanoindentation tests were carried out with Agildanoindenter G200, as shown in
fig. 9a. It can be utilized to determine Young’s dotus and the hardness of the
desired materials. A G200 enables the measurenfielef@armation over six orders of
magnitude from nanometers to millimeters. The dotgaand sensing mechanism is
shown schematically in fig. 9b. A load is exertbrbtigh the coil-magnet assembly by
controlling the current in the coil which is mouaten top of the indenter column.
The field of the coil acts against the permanerngmefiand a force is exerted onto the
column. The indenter column is supported by verlcdee leaf springs, which are
parts of the capacitance device for measuring igs@atement of the indenter column.

The stage is mobile for positioning the sample \@ithaccuracy of dm.

The robust standard G200 XP head uses a pyramaiabdd Berkovich indenter tip
and applies the continuous stiffness techniqueek®vich indenter is a three faceted

tip with semi angle §) of 65.3.

(@) (b)

vano Indenter* G200

Leaf spring

Capacitance
gauge

Leaf spring
Indenter

Sample

5 Agilent Technalogies

Fig. 9 (a) The instrument image of Agilent Nanodntker G200; (b) The schematic
diagram of the actuating and sensing mechanisimeofino Indenter G200 [48].
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2.2 Experimental aspects

2.2.1 SAM preparation
Preparation of BPT/NBPT SAMs

For the preparation of 1,1'-biphenyl-4-thiol (BFSE)f-assembled monolayers (SAMS)
and 4'-Nitro-1,1'-biphenyl-4-thiol (NBPT) SAMs, wise a 300 nm polycrystalline Au
layer with (111) crystal planes epitaxied-grown @ammica substrate (Georg Albert
Physical vapor Deposition). The substrates arampatan UV-Ozone cleaner (UVOH
150 LAB FHR Anlagenbau) for 5 min in order to rersowmain organic
contaminations from the surface. After that thessutes are rinsed with ethanol
twice and blown dry in nitrogen stream. Subsequethitt substrates are immersed
into a ~10 ml solution of dry and degassed dimébinglamide (DMF) with 10 mmol
BPT or NBPT molecules for 72 h in a sealed flaskarmitrogen atmosphere. After
the samples are taken out, they are rinsed fisgith DMF and then with ethanol

twice, blown dry in a stream of nitrogen.
Preparation of CBPS SAMs

To prepare 4'-[(3-trimethoxysilyl)propoxy]-[1,1'ghenyl]-4-carbonitrii  (CBPS)
SAMs, we use silicon nitride substrates (150 ngNSiI/10 nm SiQ, CrysTec,
Germany). The substrates are cleaned with Piraoléian (H;SO,:H-O, in volume
ratio of 3:1) for 20 min to remove organic residu€be substrates are rinsed firstly
with purified water and mounted on a Teflon sammpdéder under water. Then the
substrates are rinsed with fresh purified wateriragad then with methanol, and
blown dry in a stream of nitrogen. Afterwards thbstrates are immersed into a ~10
ml solution of dry and degassed toluene with 10 in@G®PS molecules for 120 hin a
sealed flask under nitrogen atmosphere. After baakgn out, they are rinsed firstly
with ethyl acetate and mounted on a Teflon samplden under solvent. Then the
samples are rinsed with fresh ethyl acetate againtlzen with methanol, and blown

dry in nitrogen.
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Sample storage

In order to avoid contamination from moisture orndzation, samples are always
stored in Petri dishes with a piece of cleanroopep@&n the bottom. The Petri dishes
are filled with an argon atmosphere and sealedviff Parafilm (Alcan Packaging)

strips.
2.2.2 Electron irradiation of SAMs

Electron-induced crosslinking of aromatic SAMs ishi@aved in a home-made
projection lithography instrument. For BPT and NBBAMSs, the samples are simply
mounted on the sample stage with clamps for thpqser of fastening and electrical
contact. For CBPS SAMs, electrical contact is a#di by gently scratching
continuous cross lines on the blank margin of drmae with a diamond cutter and
adding gallium indium eutectic (99.99%, Sigma-Adtl;i Germany) and conductive
pure silver paint (Conrad). Then wait for 10 mirtiuthe electrical contact is dry and
then mount the sample with the conducting regiowirftaclose contact with the

clamps.

Afterwards the samples are put into a vacuum chambere a high vacuum (<6
10® mbar) can be achieved approximately 1h after bio¢hrotary vane pump and
turbomolecular pump are switched on. Electron iathoh is operated with an
electron floodgun at an electron energy of 100 ¥ @ current of 3 mA. The electron
beam is made much more homogeneous with a scarollenthat is mounted at the
lower part of the cylinder where a filament is desi Electron doses are calibrated
from five faraday cups which are located beneathnietal plate for the holding of
the samples. A typical electron dose of 50 mG/isnrequired to obtain the fully

crosslinked SAMs.

Patterning of SAMs is attained by placing a shadeask, e.g. grid for transmission
electron microscope (TEM) in close proximity to therface of the samples, with
clamps which are used for the purpose of closeacbrand eliminating the charging

effect.
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2.2.3 Transferring of carbon nanosheets

Double layer Electron-Beam resist poly(methyl metgiate) (PMMA) are used as a
transfer medium. The first layer is PMMA (50K, ARBB1.09, Allresist) with a lower
molecular weight which will be further diluted to 4% solid content with
chlorobenzene. This layer assures the cleannesarmfsheets because it can easily
and more completely be removed. The first layespiscoated to a nominal thickness
of 130 nm at 2000 rpm for 30 s and baked on a atgpht 90C for 5 min. The
second layer PMMA (950K, AR-P 671.04, Allresist)thva higher molecular weight
provides a mechanical stability for the transfegriprocess. The second layer is
spincoated to a nominal thickness of 310 nm at 4980 for 30 s and also baked at
90°C for 5 min. For Au/mica substrates, all four edges cut ~1 mm with a scissor
from the samples to avoid resists’ blocking in tledeasing process. For silicon
substrates, the edges covering the resists amr éitbken off using a diamond cutter

or gently scratched with a sharp blade.

The traditional way to release PMMA/nanosheet/Aurfrmica is the immersion of
the sample in hydrofluoric acid (48 %) for 20~6nmilica is thus etched both from
the back side and its lateral interface with Au. eThseparation of
PMMA/nanosheet/Au from mica is attained by cargfudipping the sample into
water. We found recently that the sample floatsttenliquid level of ¥/KI etching
bath (b:KI:H,O with ratio of 19:2g:10ml ) for 20~60 min and tAe layer is also
etched laterally which allows us to separate PMM#Ablsheet/Au and mica.
Afterwards the PMMA/nanosheet/Au structures areipiat an /Kl etching bath for
15 min. After the Au layer is completely removedhe t PMMA/nanosheet is

transferred to a fresh water bath for rinsing.

With the new technique we can really avoid usingirbftuoric acid (HF) as an
etching bath and handling it with extreme care. FEwsv, for releasing
PMMA/nanosheet from @N4/Si substrate we have to use HF as an etching bath.

Now we have a PMMA/nanosheet composite swimmintherpurified water surface.

23



Mechanical Characterization of Carbon Nanosheets

Other substrates or devices, such as,/SiIQ SgN4/SiO,/Si, quarts, TEM grids, Si
substrate with window-structured openings, PDMSmsgtawith metal electrodes,
AU/Cr/SiIG/Si in transistor structures, can be used as nebstses for the
monolayer. By fishing out the PMMA/nanosheet witmew substrate and drying it
carefully with cleanroom paper and gently blow dgyiwith a small stream of
nitrogen, the transferring process is accomplishgaking the new sample on a
hotplate at 9@ for 2 min could also allow for a much better coht@aed an adhesion

between monolayer and new substrate.
Removal of transfer medium

For dissolving PMMA, the sample is mounted on aaflé sample holder. If the
monolayer is on a solid substrate, the samplenglgi immersed into an acetone
solution and then put into an ultrasonic bath for15 min. Later on the sample is
immersed into another acetone solvent and a meltisahe@nt for a short while, and

blown dry in a stream of nitrogen.

If the monolayer is suspended on the substratepvielg of PMMA is done either by
a home-made setup that obtains a smooth flowinkgafd or by CPD that avoids
surface tension induced damage to the monolayer.sé@imple in the former setup is
put in an empty glass vessel which is gradually emdothly filled with acetone. The
sample is immersed in acetone for 40~60 min, aed thut in methanol by the same
procedure, and lastly blown dry in a stream ofagén. By means of CPD (Tousimis
Autosamdri-815B, Series B), the sample that has bsaunted on a sample holder is
carefully immersed into acetone that fills the chamof CPD. After 60 min, the
whole chamber is cooled down with liquid €énd then liquid C@is introduced into
the chamber in a very fine stream to avoid turbegerLiquid CQ is going to
substitute acetone according to a predefined tibdeof 20 min). Finally the dryer
heats and pressurize @ its critical point and gas G(bleeds off to leave the

monolayer dry.
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2.2.4 Preparation of PDMS stamps

Polydimethylsiloxan (PDMS) is a silicon-based oliggyolymer which is widely used
in microchannel systems, medical devices and flexdbganic electronic devices. For
preparation of PDMS, 10 parts of prepolymer andaft pf curing agent by weight
ratio are put in a large petri dish and mixed umifiy with a glass rod for a couple of
minutes until the entire mixture is full of bubhléBhen the mixture is placed in a
vacuum oven to be degassed for 15 min. Afterwahas nixture is poured into
another petri dish with molds which are lying ftat the bottom, such as a pressure
cell or Si substrate. In order to avoid bubbles, tiew petri dish is degassed in the
vacuum oven again for 2 min. The petri dish isg¢farred to an oven and cured af(70
for 2h. The PDMS stamp is gently cut around thdaepatwith a razor blade and

removed carefully from the petri dish and also safea from the mold if necessary.
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Chapter 3
Bulge Test and AFM Point Deflection Method

3.1 Introduction

Bulge testing is one of the most important techeggufor the mechanical
characterization of freestanding thin films. It wiast introduced by Beams in 1959
[49]. In this technique, a membrane is clamped cerorifice with circular or
rectangular geometries. A controlled pressure i®umly applied to the film through
the orifice and the corresponding deflection of thembrane is measured. The
mechanical properties, e.g. Young’'s modulus anttlues stress, can be determined
from the pressure-deflection relationship. The atlwges of this technique are that it
can measure intrinsic membrane properties withoaty aubstrate effect,
microstructures of the membranes under load orashknd could be observed and

investigated to have more understanding of mechanis

In the past, sample preparation was very crucighéoresults, because the results are
quite sensitive to the dimension of membranes. Witle development of
micromachining techniques and improvements in Al analysis, many
preparation problems have been already overcomeheniulge test has been more
and more accurately understood. The initial stafeBlms, such as residual stress,
wrinkling, initial height, will have an influencenothe pressure-deflection behaviors
of thin films. Residual stress is an important paater in device fabrication and
affects performance of those devices. Failure tosicter the initial height of the
membrane will cause an apparent nonlinear elagtfavior [50]. The effects of
bending stiffness were investigated by Vlassak,[2hjd he found that a bending

momentum was only significant in the region clas¢hie edge of the membranes.

Until now, the deflection of a membrane was momitbby an optical microscope
either by viewing the membrane from the side [52bw using a laser interferometer

[53]. Both approaches have a rather low resolutiorthe range of hundreds of
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nanometers to micrometers. The atomic force miapse&nables the recording of the
sample topography with nanometer resolution angsesd as an indenter to perform
indentation on freestanding membranes with lowns#s [54] as well as on graphene
monolayers [55]. The combination of a bulge tedhvdan AFM has been reported
where the curvature of the membrane was deternbgedFM [56], while deflection

was measured with a laser autofocus displacemasbse

In our work, the mechanical characterization ofoocar nanosheets has been carried
out by means of an in-situ bulge test in an AFMemthe AFM is used to record the
deflection of the membrane’s centre either by dyically scanning a bulged
membrane (Line Scanning Method) or by staticallprapching the center of the
membrane and measuring the deflection with a selmsitirin the piezotube of the
AFM (Central Point Method). The technique also w&Hous to determine the creep

deformation and the ultimate tensile strength obca nanosheets.

3.2 Bulge test theory

Beams [49] and his coworkers derived a simple mtmldescribe the stress and strain
in the film. The model featured a circular bulgeédmbrane with spherical cap
geometry. From such an assumption, different eguastican be derived for thin
membranes with different initial conditions. In tf@lowing section, the models of

bulge test will be presented in a detailed way.

3.2.1 Spherical membrane equations

A bulged circular membrane is schematically showRig. 10, where P is the applied
pressureg is the stress of the membrane, t is the memblaokness, a is the radius
of the membrane and R is the corresponding buldjesaf its curvature, which is the
same in both radial and circumferential directiorls. Beam’s equation, the

relationship between pressure P and ssessaassumed to be
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- -

Fig. 10 Schematic diagram of a spherical cap gaegnused to calculate the stress and the
strain in a bulge test

P :%h (11)

The stress in the membrane is a sum of the stretching saedghe residual stress.

U:%‘HJO (12)

where £ is the average strain of the membrane, E is Youmgxlulus, v is

in-plane Poisson’s ratio, and,is residual stress.

The stress can be derived from the condition of the forceildgruum, resulting in

the standard formula for stress in a thin-walleldesjzal pressure vessel:

R°P = 2niRto (13)
PR

=— 14

2t (14)

To apply this to the bulge test, it is rewrittentémms of the deflection height of the
bulged film in the case where the bulge heightishnuch less than the membrane

radius, a. The bulge radius of curvature, R, cawiitten as:
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= (15)

The strain in the membrane can be similarly derivsthg geometry with the
assumption that deflection h is much more smalh thaThe strain is defined as the

change in arclength divided by the original arcténgith the following result:

Al _RO-a_2n

| a_g

(16)

By substituting Eq. 12 and Eq. 16 into Eq. 11,fthal form of Beam’s equation

is written as:

ot Yt
chla_gh+02§h3 (17)

where 6=8/3 and ¢=4, Y, the biaxial modulus, is defined alsE—
-V

3.2.2 Energy minimization method

One common approach to model the deflection behaigdhin membranes is the
energy minimization method. In this method the ghapthe deformed membrane is

assumed in such a way that the strain energy oitizde system is minimized.
Circular membranes

The solution for circular membranes can be deribgddefining the shape of the
deformed membrane. The first solution was derivedssuming that the shape of the

deformed membrane as that of a clamped circulae g ],

2

(]
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Fig. 11 Comparison of pressure-displacement relahip from three models.

where w is the vertical deflection of the membrane and the deflection atr =0,
which means the bulge height. This shape funcsoralid for very small deflections.
One can obtain the following pressure-displacenretdtion by means of energy

minimization method.

p-_Et (7‘f)h3+4agth (19)
@-v)\ 3a a
The second solution was derived by Lin [58]. Themhwas defined as a circular arc

assuming that the bulge height is much less thatilth radius:

el

In the same way, the corresponding pressure-displant equation is expressed as

3
16Et | 4ggp +_ LEEL

=50 o (21)
3a*(1-v?) A (1-v?)

The pressure-displacement curves correspondirfgetthtee models are shown in fig.
11. It was found that both energy minimization noekh predicted more compliant
membrane behaviors than the spherical membranetiequaoreover, the two

energy minimization methods showed a different ddpace on the Poisson'’s ratio.
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Square and rectangular membrane equations

Vlassak and Nix [59] have developed a model basedio energy minimization
method for analysis of the deflection of both squand rectangular models. The

potential energy of the total system can be wrigtgn

Et
2(1-v?)

] (exz +e, 2+ 2EE, +12 (1—V2)yXdexdy— [[ pwexdy  (22)

where ¢ and &, are the strain components in the x-direction antthé y-direction,

E, t and v are Young’s modulus, thickness and Poisson’s m@tithe membrane,

respectively, P is the pressure applied to the membrane.

Minimization of the above equation with respectth@ undetermined parameters
leads to a set of three simultaneous nonlinear temsa Considering the residual

stress in the membrane, the pressure-deflectiatiorship of a stressed membrane is
given by

Et

22 =) h (23)

ot
P:Cla_%h+c

where both parameters, and c, are functions of aspect ratio and Poisson’s ratio

and the values are given in table 1 for differeetmbrane shapes.

Table 1 Values of the,@nd ¢ parameters for different membrane shapes

Square Rectangular Long rectangular
(b/a=1) (2>b/a>1) (b/az4)
G 3.393 3.393>¢ > 2 2
6 -3
C, (0.800+ 0.062)'3 1.004>x, >0.82 (§(1+ V)j
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3.3 Line scanning method

It is well known that AFM is used to image specimé&y mechanically “feeling” the
surface with a sharp tip that is mounted on a l=vr. The lateral resolution is
determined by the radius of the tip. The sharperti, the higher resolution it has,
because the interaction area between tip and spadsna fraction of the tip radius.
The radius of an AFM probe tip is at best a fewamaeters and this limiting factor
determined the ultimate lateral resolution of anVA&perated at ambient conditions.
However, an AFM operated in an ultrahigh vacuumvealy low temperature, with a
carbon monoxide molecule on the tip, can achieveammic-scale image of the

pentacene molecule [60].

With the line scanning method in a bulge test,tf@mbrane is simply scanned with
the AFM. The deflection of the membrane is recorétedn the topographic AFM
image. The scanning range of an AFM depends osdaener, either sample scanner
or tip scanner. It is the scanning range of an AlWMch determines the maximum
membrane to be measured in a bulge test. The maximembrane size is thus

limited to 100um and the maximum deflection is limited tQu®.

3.3.1 Experimental description

The pressure cell is made from a hollow steel ddimwith two sideway openings for
introducing and measuring the gas pressure, anaiondar opening at the centre of
the topside for applying pressure to the membraseshown in fig. 12a. In order to
establish a gas-tight seal between sample and uyseessell, a layer of

polydimethylsiloxane (PDMS) with a thickness of 2nmwvas prepared on top of the
pressure cell. In order to achieve a uniform |l@fd?PDMS layer while still leaving the

circular hole open, two supports for the sidewayd ane screw with a needle-like
terminate for the central hole are used to adhestével of the pressure cell when it is

kept upside down during the preparation of PDM&tay
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Fig. 12 (a) A photograph of the pressure cell; e schematic diagram of an
experimental set up and the photograph of the pres=ll with one sample mounted; (c)
The schematic diagram of the bulge test.

Pressurized nitrogen is provided by a gas cylindénde Gas). The pressure is
controlled by a regulator and a loading valve o gias inlet, as well as by a tube
regulator on the gas outlet. The differential puessis measured with a pressure
transducer (HCX001D6V, Sensortechnics). It is cotew: with the pressure cell as
schematically shown in fig. 12b. The pressure rdadeom 0 to 1 bar and the output
signal is voltage. The output voltage is measuréd w digital multimeter (VC840,

\oltcraft). The conversion from 1 mV voltage to ggare is 25 Pascal.

In line scanning method, the deflection of the meanb is measured with an AFM
(NT-MDT NTEGRA) in contact mode by employing a pphaim-coated silicon
cantilever (force constant: 0.1 N/m). The platinaoating can reduce the adhesion

between the tip and the suspended monolayers. Soandata acquisition were
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conducted in constant height mode with a scan-spédd-8 um/s and a very low
feedback gain of 0.01~0.02, while scans for imagwege conducted in constant force
mode with a scan-speed of LB /s and a feedback gain of 0.35. The latter gpttin
with a faster scanning period yields an improvedage quality of the whole

membrane. It is not as gentle and the probabifityipture is enhanced.

The sensheight signal in the AFM instrument wasbcated by using grating sets
(Calibration grating set TGS1, NT-MDT) and deflectiwas acquired from the
Sensheight image. For the substrates usually halighd obliquity as a result of the
PDMS layer underneath, it leads to a higher latienade as well as a higher vertical
force on the membrane when the AFM probe tip iswsicey upward. To avoid the
error from the height difference between the fodvand backward images, either
forward or backward images or their mean valuesuassl for data acquisition. The

correction due to point load from the AFM probeuiil be discussed later.

(@) (b)

Pressure =750 Pa

1l J \ 1.7|um

0.2 ym

Fig. 13 (a) AFM image of a freestanding membran¢hauit applying pressure and |a
downward deformation of 0@m; (b) AFM image of the same membrane with a pressti
750 Pa and an upward deflection of 1.67. The scale bar is 20n and the membrane hag a
width of 4lum.
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3.3.2 Results and discussions

Fig. 13a shows the AFM image of a membrane withapplying gas pressure,
whereas a downward step height of ~200 nm was wbdexrhich is caused by the
point load of the AFM probe tip. The step heighih d@ decreased by reducing the
force of the AFM tip. Fig. 13b shows the AFM imagfethe same membrane with an
applied pressure of ~750 Pa, an upward deflectfidt6@0 nm was measured at the
center of the membrane. It was found that the nay®oladhered strongly to the Si
substrate by Van der Waals interaction. During wWiele loading and unloading

process, no lifting events along the border areniesl.

Test cycle 1 (0-->780Pa) A
S Test cycle 2 (0-->1350Pa) A
{Test cycle 3 (0-->2262Pa)

4 JTest cycle 4 (0-->5050Pa) A

Pressure (KPa)

00 05 10 15 20 25 30 35

Deflection (um)

Fig. 14 Pressure deflection relationship of a carbanosheet with four test cycles, the
maximum strain is 2.08 % at a pressure of 5050 Pa.

Fig. 14 exhibits a typical nonlinear pressure-dgiten relationship of carbon
nanosheets by means of a line scanning method. §aeoessive loading cycles
ending at elevated pressures are carried out andainesponding experimental data
is presented with different colors in the plot dhd repeatability of measurements is
thereby demonstrated. The size of this membrar#@6i$x 73.zum and the maximum
strain at the highest pressure is 2.08 %. Afterembions relating to the point load

produced by the AFM tip, Young’s modulus and realdsiress can be determined

from the fitting curve.
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3.4 Central point method

3.4.1 Introduction

In the last section the line scanning method wiized to determine the deflection of
the membranes. However, this method has some abdisadvantages. Firstly, the
membranes can easily become ruptured during thsgaprocess due to the lateral
force of the AFM tip, especially for the transfetfreanosheets with even a tiny
amount of residual PMMA on the surface. Secondlye tmethod is very
time-consuming due to the scanning at a low speddlze subsequent data analysis.
Thirdly, the measurement cost is high, once a manwis ruptured and the AFM
probe would get contaminated and would be unusdlblat is why it is necessary to

find a new way to perform a bulge test more pro@ett and conveniently.

3.4.2 Experimental description

In order to minimize the failure in measurementgeatral point detection method
was utilized in the mechanical characterizatiomlofathin membranes in bulge tests.
Instead of line scanning, the AFM tip was positisenply on top of the membrane’s

center to detect the deflection of the membrane.

The determination of the center of a membrane wase cdoy a well-controlled
positioning system of the AFM instrument that hasiaimum movement of 0.1 um.
The membrane was positioned very close to the AlpMwvith the assistance of an
optical microscope. As shown by the scheme inXky. the sample is firstly moved
with larger steps (e.g. 5 um) using the sampleestagntrolled by the positioning
system. The height variations between steps weretared with the AFM tip. There
will be a detectable variance between the stepa tited substrate (red dots on the
substrate) and the step from substrate to a susganémbrane (two red dots in the
black frame). After the rough position of the meanw®’s left side was determined,
smaller steps (e.g. 0.5 um) were taken to find that transition location more
precisely, as shown in the lower-left enlarged ®after the transition position from

the substrate to the membrane was determinedathpls will be moved to a distance
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equal to half the width of that membrane, whichdie#o the central position in the
horizontal direction. The same procedures can peated to determine the transition
position from the substrate to the membrane oridper bottom side, afterwards the
sample is then to be moved a distance equal tatmlength of the membrane, which
leads to the central position in the vertical di@t The dimensions of the

membranes are measured with an optical microscefoeeball other measurements.

Substrate

Move half width
of membrane to
the central point

Fig. 15 Scheme of central point determination: Defsresent the positions of the AFM
tip. The height variationsf larger steps (red dots) on a substrate arereiffdrom that of
from a substrate to a suspended membrane. An edl&érgme describes smaller steps| to
detect the sides of the membrane. Move half thehwad the membrane to the central
position in the horizontal direction. The same pres can be done to move the
membrane to the central position in the vertice¢éation. The central point is shown in|a

yellow dot.

Once the AFM tip is positioned above the centr¢hef membrane, by switching on
the feedback gain, the piezotube scanner will mgvéhe membrane up to a contact
with the AFM tip. After the reading is recordedgtBcanner will move down the
membrane by switching off the feedback gain. Défdr pressures give rise to
resultant readings from the scanner’s movements. né&ed a reference on the

substrate to determine the true deflection of thambrane.
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As shown schematically in fig. 16, the substratst fmoves up to get into a contact

with the AFM tip and the distance is recorded ds In the same way, the central
point of a membrane can be moved up to the tip aitlistanced, . The deflection of

that membraned is computed asd,—d,. The red and green lines represent the

deflection of the membrane due to a lower and hdrigressure, respectively.

In reality, the substrate has an inclination an@lewhich can be used to figure out
the initial height of the central point without dyipg pressure. Considering the
elevation of the substrate which resulted fromda@rmation of PDMS beneath the
sample and the thermal drift on the AFM itself adlwseveral reference points on the
substrate were taken in order to eliminate thegectsf as shown in fig. 16c. The

initial height of the central point O is determinas]

(@)

do

()

Substrate

Fig. 16 Schematic diagram of the central point roétim a bulge test: (a) The Piezotupe
moves the substrate up to contact with an AFM (). The Piezotube moves the
membrane up to contact with the AFM tip. (c) Thaetcal point “O” and three othef
reference points “A”, “B” and “C” on the substradee presented as yellow dots and the
scanning frame is shown as a red frame.
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hO:hC+hB_hA (24)

Once the initial height was known, only one refeepoint (e.g. point C) will be
measured as a reference for each measurement,iagstn@ variation between the

other two references (e.g. point A & B) keeps canstluring the measurements.
3.4.3 Calibration of sensor height signal

To examine the validity of the central point methodcomparison with the line
scanning method, pressure versus deflection cloVese membrane were obtained
from both methods. All the experimental data werespnted in fig. 17a. It was
observed that the deflection signals in the lirenstng method are much higher than
that in the central point method at the same apgas pressure. For confirmation, we
employed both the contact mode and the tapping maodethe different cantilevers
have been used as well. This indicates that thekrgadings from oscillograph panel
in the software are not yet calibrated. The calibragrating set TGS1 (NT-MDT)
contains three grating TGZ1 (213 nm), TGZ2 (113.5:2 nm), TGZ3 (54Q:-3 nm)
with different step heights. The height signal aied from the oscillograph is exactly
two times smaller than that from Sensheight im#@diethe deflection data need to be
corrected by multiplying by a factor of 2. Afterroecting the data, both methods are

in good agreement, as it was demonstrated in Tilg. 1

(a) 3.0 Central Point Line-Scannin (b)3'0
@ Contact Mode 9 P
(rianglar cantilever) Measurement Measurement [ J Qentral Point Measurement
2.54 O Contact Mode o u 254 B Line scanning Measurement »
— (retangular cantilever)
E 204 Tapping Mode C’ ’CE 204 P
™ o
= u X u
15 (o4 ® 15 L]
7 ] 3 "
g 1.0 » 8 1.0- )
o ~O ] E o n
05 &n 05 a
0.0 @ 0.0 ([ ]
0 200 400 600 800 1000 0O 200 400 600 800 1000
Deflection (nm) Deflection (nm)
Fig. 17 Pressure vs. deflection curves determinetth whe central point method in
comparison with the line scanning method: (a) Befmorrecting the data, a large deviatipn
was found. (b) After correcting the data, both rodthare in agreement.
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3.4.4 Deflection correction

The deflection setpoint can be preset in ordedjast the force which the tip applies
to the nanosheet. This force leads to an indemtaisoa step between the silicon frame
and the nanosheet. A series of setpoint settingls thie resultant step heights is
presented in fig. 18. The linear dependence showscaeasing step height as the
result of a reducing deflection setpoint. The dtemht tends towards vanishing at a
zero setpoint, which corresponds to the deflectimine of an unperturbed cantilever,
e.g. far away from the sample. In other words thatitever is not bent at the
deflection value of zero and therefore it doesaply any force to the nanosheet at

this deflection value.

In the central point method, the measurements wsually performed with a setpoint
slightly higher than zero which leads to a certsigp height. This quantity was
measured on nonpressurized membranes and it wdeyadpo correct the measured
deflection of the nanosheets as shown in the fatigwiagram. The deflection of the

membrane h is given by the AFM height signghhand the step height by

(nm)
S

O T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Setpoint (nA)

Fig. 18 Step heights between a membrane and arsiliame as a function of the setpoint
determined in an AFM.
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hcorrec’[ed = hmeasured + 5 (25)

If we consider the main energy contributions tohsacsystem, the energy from the
AFM tip is balanced by the lateral tension of thembrane, the bending stiffness at
the boundary, the curvature energy around thethip,adhesion energy between the
AFM tip and the membrane. The energy contributedhieybending stiffness is much
smaller than that from the tension and can thusidigected. A small tip radius in
comparison to the membrane dimension allows usegleat both the curvature
energy and the adhesion energy related to theTtpsimplify the calculation, the
tension energy (or the stretch energy) of the mam#brs assumed to be the only
contribution. Without applying a pressure, the memk has a prestress that
dominates the tension energy of the membrane. Admplying a pressure, the

indentation depthd can be obtained from total stress in a bulged mang) in

comparison to the step heigldf, from the prestress of a non-pressurized membrane,

5=4,

(26)

Note that one approximation of this correction sohe@ssumes a constant step height,

i.e. =29, this simplification results in an underestimatiminYoung’s modulus and

an overestimation of the residual stress. Nevestiselall the data could be treated
with the full correction scheme. In order to avdltermal drift from the AFM

cantilever and to obtain constant force duringvithele measurements, the setpoint is
always set at the same value as that of the unpeducantilever and the feedback

gain signal is also set to a constant, e.g. 0.25.
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Fig. 19 (a) Pressure-displacement curves of thwadithg and unloading tests before the
deflection correction; (b) Press-displacement relationship afithe deflection correctiol

Table 2 Young’s modulus and residual stress befodeafter deflection correction

1st Test Cycle 2nd Test Cycle| 3rd Test Cycle

Load Unload | Load Unload | Load Unload

Young’s Modulus

Young’s Modulus
Corrected(GPa) 8.86 11.2 9.55 11.2 9.37 10.7

Residual Stress
Not-Corrected(GPa) 49.4 321 43.9 305 42.9 32.1

Residual Stress

Fig. 19a shows an example of the pressure-dispkaeourves of three successive
loading and unloading measurements before deflectorection. It can obviously be
observed that all the displacements at zero predserame zero after the deflection
correction, as presented in fig. 19b. Table 2 prissa detailed comparison of Young’s
modulus and residual stress before and after tlikectien correction. A small
increase in Young’s modulus and a decrease indhiglual stress were found. The
detailed determination will be explained in the tnehapter.
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3.4.5 Uncertainty analysis

The precision of the bulge test describes how ctosember of measurements agree
with each other, which is limited by random errofee accuracy of the bulge test
describes how close the measured values are toubevalue, which is limited by

systematic errors.

Estimation of the random error in a bulge test, Zjcan be divided into five parts.

ED(h—ijxa“xczx:t—LX(l—v) (27)

, P . . - .
The first termF Is determined from the fitting curve for the pragsdeflection
relationships. In this term, the pressure was nredswith a pressure transducer and
the output voltage was measured with a digital mmgter. The random error in the
pressure measurement is from both the transducer the multimeter. The
displacement was recorded from a Sensheight sign#ie AFM which has been

already calibrated with the standard calibraticatiggs. The random error of the term

P )
F was estimated as 1 %.

The second terma® describes the half width of a membrane which wassuared

with an optical microscope and further examinedhwat SEM. Because Young’s
modulus is proportional to the fourth power of vmd@a larger random error of

approximately 6 % is estimated for this term.
The third term is the parametey, :ﬁ which was taken from a chart in the
g(v,b/a

literature [59]. The random error is mainly dueneasuring and reading. A 3 %
random error is thus estimated. The thickness hadPbisson’s ratio are constants
which do not contribute to a random error. In a# achieve approximately 10 %

random errors in the bulge test, as shown in Eq. 28

43



Mechanical Characterization of Carbon Nanosheets

Table 3 Uncertainty analysis of bulge test

E
Error Components Error Descriptions Error Estinmatip
Young’'s Modulus P P
Ac, Standard deviation of
- — - 1%
h (o} curve fitting
Aa
a 4 a Measurements errors 6 %
b Ag
g V’E 3 g Measurements errors 3%
At Constant f I
t ‘_ onstant for a 0%
t measurements
Ad-v Constant for all
1-v) ‘ d-v) 0%
1-v measurements
Summation 10 %
ACD)
3 —
E: h +4%+3£+E+A(1 V) (28)
E P a gl |t 1-v
h3

To estimate the systematic error in a bulge tbstaccuracy of values (e.g. thickness,

Poisson’s ratio and constarg(v,b/a)), the calibration of the measurements (e.g.

pressure transducer, AFM, SEM) and the reliabdityheoretical calculations have to

be taken into account. The errors from the AFM, S&Mi the pressure transducer

sum up to 15 %. The accuracy of the constgfit,b/a) gives a contribution to

Young’s modulus uncertainty of 9 %. The monolayeickness uncertainty was

estimated to be 15 %. Thus these error contribstaaid up to about 40 %.
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3.5 AFM point deflection method

Apart from the bulge test, the point deflection hoet has been another technique for
the mechanical characterization of freestanding fibms with very low stiffness [61].
Unlike the uniform pressure on thin films in a bailigst, a spherical nanoindenter or
an AFM tip is utilized to apply a small concentchteansverse point load at the center
of a thin film. Young’s modulus and residual strem®e determined from the

corresponding force displacement relationships.

Theoretically, there are different regimes of bebafor thin films subjected to point
loads, such as plate, linear membrane and nonlmearbrane. Focused on literature
results for point loads, Komaragiri and his co-wes provide a comprehensive
theoretical framework that describes the effectgrestretch, film thickness and loads
[62]. Experimentally, freestanding circular elas@nfilms were measured using
spherical indenters. It demonstrates that soft nadéeand ultra-thin films with
load-deflection stiffness on the order of 0.01 Ndam be characterized with such an
experiment and theoretical framework [63]. A higineughput mechanical
characterization (HTMECH) apparatus was construfdgegolymer films in 10~1000
um thickness [64] and it allows measurements fromariséatic to dynamic
deformation and characterization of the viscoatégti The point deflection method
using the AFM tip as an indenter has attractedarebers to evaluate the mechanical
response of nanoscale freestanding membranes tentaitbn. The graphene
monolayer has also been investigated by the pafieaction method in an AFM

(nanoindentation in an AFM) [65].

In this section, we will introduce the point detiea method in an AFM for the
mechanical characterization. The cantilever cdiibnaand some results will be
presented and discussed. The boundary constralrather limitations of this method

will also be discussed.
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3.5.1 Experimental description

(b)

Fig. 20 (a) A schematic diagram of the point deftec method using a nanoindenter for a
freestanding thin film [63]. (b) A schematic diagraf the point deflection method usir|g
an AFM tip as an indenter fia carbon nanoshe.

The point deflection method using a nanoindentacieematically shown in fig. 20a.
A spherical indenter is usually utilized to applyoad on the freestanding membrane
[63]. The indenter is driven by a load cell whishnhounted on a linear screw-driven
positioning stage. The deflection of thin films wbbe determined in various ways,
for example by light interferometer and strain stagn the film itself. One can also
measure the displacement directly using an opéinabder built into the positioning

stage.

The point deflection method using an AFM tip asradenter is schematically shown
in fig. 20b. First of all, the central point of aeéstanding membrane can be
determined according to the method mentioned inlabesection. For polymer thin
membranes with thicknesses bigger than 20 nm, tit@deamembrane can be imaged
using the AFM and the central positions are thusrd@ned more precisely. A load is
applied by an AFM tip with the radius of 20~50 nithe maximum load, i.e. the
maximum bending of the cantilever, is defined bgsetting a DFL signal for the
guadrant photodiode. The deflection of the cangifevis recorded from a
force-distance curve. The force constant of theileaer has to be calibrated in order

to subtract the cantilever stiffness from the fedcgtance curves.
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3.5.2 Calibration of cantilevers

The spring constant of a cantilever has to be kil in order to calculate the exact
force applied through this cantilever. For a regtdar cantilever, Sader’s method [66]
is believed to be very practical and accurate. Meehanism of calibration is based
on a shift in the resonant frequency of the cavgildrom a vacuum to a fluid, whose

density and viscosity are known,

1/2
u)vac:wf (1+%f:_:])rr(mf)j (29)

C

where p, is the density of the fluidp, the areal mass density, . the vacuum
resonant frequencygp, the resonant frequency in fluid;, the real component of

the hydrodynamic functiod” . The spring constank is given by

k=0.1906, b*LQ; T (o ) * (30)

where b and L are dimensions of the cantileve, the quality factor,I'; the

imaginary component of the hydrodynamic functibn

The dimensions of the cantilever can be determwigid an optical microscope. Fig.

21a shows an optical microscopy of an AFM cantitéhat has a length of 222.8n

(b)

Fig. 21 (a) The optical microscopic image of an AE&htilever. (b) The amplitude of the
oscillation of the cantilever as a function of thecitation frequency with a resonance
frequency of 21.434 KHz and a Q factor of 75.
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and a width of 3um. The resonance frequency of the cantilever carebarded by
the AFM software. The Q factor was calculated frdm graph of the resonance
frequency peak. It is equal to the resonance frequelivided by full width of that
peak at maximum magnitude multiplied by 0.707, \whgives rise to half of the
initial maximum energy in the resonator. As showrfig. 21b, the cantilever has a
resonant frequency of 21.434 KHz and a Q factor7®f The force constant is

therefore estimated to be 0.182 N/m.

Table 4 Cantilever’s specific for calibration ofrisyyg constant

cantilever Cantilever Resonance Quality factor Force
length (L width constants

gth ) W) frequency o) | (Q) ©)
222.8um 35.0um 21.434 KHz 75 0.182 N/m

3.5.3 Results and discussions

The point deflection method has been firstly useatieck the membrane stiffness.
Two different forces (7.25 nN and 21.75 nN) werglegol and the corresponding
deflections of the cantilever were recorded. Thapbted stiffnessS of the AFM

cantilever in contact with the membrane (a NBP Tosaieet) is given by

1_
3= (31)

where S, is the AFM cantilever stiffness an&, is the membrane stiffness which

can be computed from the equation.

Fig. 22 shows an example of the determined memlstfiieess as a function of the
eccentricity ratio 2r /a, where a is the diagonal dimension of the membrane and
r is the distance from the membrane center to tis&tipo where the load has been
applied, 2r /a=1 corresponds to the corner of the membrane. lcatds that the

measured stiffness is independent of the eccemytraiio in the range of 0~0.5.
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Fig. 22 Variation of the membrane stiffnessaS a function of the eccentricity ratio.

The point deflection method has been carried outhenfreestanding PS/nanosheets
bilayer membranes. The force distance curves tleae \applied on a silicon nitride
substrate were taken as a reference, which is b@sdélde assumption that once the
AFM tip contacted the substrate the cantilever wouhdergo a simple bending

without penetrating into the surface.

Fig. 23aexhibits a force-distance curve with respect toAR® tip on the substrate
and its linear behavior representing the stiffnesshe AFM cantilever. The force
curve with respect to a PS/nanosheets membrangosnsin fig. 23b, a nonlinear
deformation was observed from the force curve. displacement was recorded from
the Z-piezo sensor and it contained both the digphent of the membrane and the
bending of the cantilever. As discussed abovecémtilever’s displacement has to be
subtracted in order to obtain the pure load-indemadepth relationship. The
displacement of the membrane is equal to the Zepikgplacement minus that of the

cantilever,

o, =0,

membrane piezo ~

0, =0,

cantilever piezo ~

F/k (32)
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a0 G0 04

Fig. 23 (a) Force-distance curve with respect to AFM tip on a substrate; (b
Force-distance curve with respect to an AFM tipaofreestanding polystyrene/nanosheet
membrane. (red curve: snap in; blue curve: retract)

where F is the force applied with the AFM cantilever aikd is the spring constant
of the cantilever. In fig. 24, the lower red cusieows the load vs. indentation depth
relationship derived from the original force curaed the upper green curve shows

the relationship after subtracting the cantilev#iness.

Both the carbon nanosheets and PS/nanosheetsrbigstem have a much lower
thickness (in the range of nanometers) comparell tivégir dimensions (in the range

of tens of micrometers). The classical plate theenych is based on the assumption

25
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Fig. 24 Load vs indentation depth derived fromdhginal force curve (red one) and logdd
vs indentation depth after subtracting the cargitestiffness (Green one).
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that stretching in the plane of the film is neddigi compared to the bending
deformation is not suitable to interpret such systeThey are supposed to be in the
linear membrane regime where prestress is grdaerthe bending stiffness, as well
as the load is still small enough to balance tkstpain and to avoid a large deflection.

In this regime, the relationship between force defliection can be expressed as [67],

F:n008+§f (v) 5° (33)

where F is the applied forceg is the displacement at the central point, is the

prestress,f(v) is a dimensionless constant. Young’s modukiscan be derived

from the cubic term in the equation.

Table 5 A comparison of the point deflection metlaod the bulge test

Method PS2h_G1 PS2h_ G2 PS2h_G3 PS2h_ (G5
Point Deflection Method 4.45 GPa 3.08 GPa 6.0 GPa 1.14 GPa
Bulge Test 2.05 GPa n.a. 2.8 GPa n.a.

A series of samples have been measured by usifgtbetpoint deflection method
and the bulge test. The results were shown in tabMoung’s modulus determined
from the point deflection method exhibits a biggeattering in comparison with that
of a bulge test. It indicates that the point ddftec method has some limitations: (1)
the deformation in the point deflection methodather small and the elastic response
is largely influenced by the prestress; (2) the tgdius is not quantitatively
determined and the uncertainty is thus much big@rthe membrane’s stiffness is
not sensitive to the central position; (4) the emunais derived for circular membranes,

which needs to be further modified for square awangular membranes.
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Chapter 4

Mechanical Properties of Carbon Nanosheets

4.1 Adhesion and corrugation of a carbon nanosheen a substrate

4.1.1 Introduction

Interfacial adhesion describes the adhesion in lwimterfaces between phases or
components are maintained by intermolecular forcegjn entanglements or both,
across the interfaces [68]. Interfacial adhesioayplan important role in wide
categories from construction materials to opticatings, from block copolymers to
cell adhesion. In MEMS systems, one common failarechanism is adhesion
between structures that prevents the normal marahfunction of the devices [69],
which is due to their large surface-to-volume ratitydrophobic self-assembled
monolayers (SAMs) have been used as coatings iromachines for the purpose of
adhesion reduction, which cause the apparent wdrladimesion of polysilicon
cantilever beams reduced by four orders of magei{i@]. The interfacial adhesion
of a SAMs-based system to a substrate is rathengtdue to covalent siloxane

(Si-O-Si) bonds to the surface or metal thiolate<®) bonds.

In the case of carbon nanosheets, their covalentiddo the surface have been
already cleaved and some free radicals are constygumrmed. If a carbon
nanosheet is transferred to a new substrate, thdanial adhesion is mainly due to
van der Waals interactions rather than previousmited bonds. How big the
interfacial strength is or how much force it neéapeel the carbon nanosheet from
the surface, the answers to these questions ayeiwgrortant in determining the
performance and the reliability of the nanosheatsed MEMS systems or the
flexible organic electronic devices. They are intpot to build a fundamental

adhesion model for a monolayer-substrate system.
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4.1.2 Evidence of strong adhesion between a nanoshand a substrate

In the mechanical characterization of suspended tembranes, one of the most
crucial procedures is mounting the membranes. Emicnductors, the membranes
are prepared on a sacrifice layer by sputteringapor deposition. The substrate and
sacrifice layer are then selectively removed frdra backside and the suspended
membrane to be measured is supported by the sactdyer patterns that are not
removed. In the case of polymers, the membranefoareed by casting the film in a
mold composed of two clamping plates that fit ittie mounting metal disks. In our
experiments, the nanosheet is transferred togetiiter a transfer medium onto a
silicon substrate which has structured orificese Ttansfer medium is subsequently

dissolved in acetone and only the carbon nanoséeft on the silicon substrate.

We observed that carbon nanosheets adhere to aelsstrery strongly. Even the
treatment in an ultrasonicating bath is not ablesdparate the nanosheets from the
substrates. One argument was that delaminationigiets will form unless there is
covalent bonding to the surface. It is speculabed the nanosheets might slip on the
surface during gas pressure loading. If such aisigpevent really occurs, we could
immediately find out with the central point methiodthe bulge test. Here we show

the result from one experiment where the deflecbbra membrane was recorded

(a) (b)
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Fig. 25 (a) Deflection of a nanosheet keeps cohstara pressure of 1375 Pa, which
indicates a time-independent behavior; (b) Straithe nanosheet also keeps constant.
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under a certain pressure for 1h. Due to the unoéiga in pressure controlling, the
pressure applied to the membrane was 1375 Pa. The deflection of that membrane
was 160715 nm and the corresponding tensile strain was 1048008 %, as

shown in fig. 25a and 25b, respectively. It turng that the interfacial adhesion is

very strong and a slipping of the monolayer dupréssure loading is impossible.
4.1.3 Interfacial adhesion between a carbon nanostieand a substrate

To simplify the interfacial interaction betweenalmon nanosheet and a substrate, we
first consider an ideal substrate with a perfecligt surface. We take the

Lennard-Jones potential model which describes riteraction of a pair of atoms or

w33

where ¢ is the depth of potential wellly, is the separation at which the potential is

non-polar molecules,

zero, r is the distance between the atoms. The term describes the attraction at

long range due to van der Waals forces and Londgpersion forces. Tha ™* term

describes the repulsion due to overlapping eleabrbitals. For one atom on an ideal
surface, we integrate the energy between this raeeand all the atoms in the
substrate to obtain an atom-surface potential dneh tintegrate an atom-surface
potential for all atoms in a flat monolayer. Theenmaction potential between a flat

monolayer and a flat substrate surface can beenrés [71]

V(r)=-T, B(%)S —%{%ﬂ (35)

where I, is the interfacial adhesion energy per unit argaand c, are constants

for attractive and repulsive forcedy, is the equilibrium separationr is the
distance between the monolayer and the substraten\he distance is equal to the
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equilibrium separation, the interaction potentedehes a minimum and the interfacial

adhesion energy corresponds to the depth of thgemell at the equilibrium.

The separation between a carbon nanosheet andstiegalran be estimated from the
height profiles which are determined by AFM and tiiekness of carbon nanosheets

which is determined by XPS. XPS spectra indicatd the thickness of the BPT

nanosheets ranges from 8.5 to 95 The AFM height profiles exhibit that BPT

nanosheets have a thickness ranging from 12.0 1@ A4 It indicates that BPT
nanosheets that have been transferred to a s@bbtra¢ a separation values ranging
from 3.5 to 4.5A. For a graphene monolayer, the equilibrium sefmardietween it
and an oxide substrate was assumed to be simildretanterlayer spacing in bulk

graphite (3.4A) and the AFM measurements reported the heightimgrfgpm 4.0 to

9.0 A [72, 73].

The adhesion energy between a carbon nanosheet antstrate has not yet been
experimentally measured so far. For a graphene lagag the adhesion energy was
estimated according to the interlayer interactioargy in graphite, which has a value
of 0.6 eV/nni (0.096 J/M). In the case of the carbon nanosheet, we estithate

adhesion energy as 30 m/rbased on the adhesion energy of the hydrocarimons

the range of 20~36 mJfii1, 74-75].

By taking the first derivative of equation (2), then der Waals interaction between a

monolayer and a flat substrate is presented as

] e

When the distance is equaldtd 65, , the van der Waals force reaches its maximum.
We obtain a maximum van der Waals force of 120 M#king the equilibrium
separation as & and the adhesion energy as 30 miJ/fme force is approximately

half of the value for a graphene monolayer (~230aNIF5].
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4.1.4 Corrugation of carbon nanosheet on a substrat

nanosheet

Fig. 26 (a) Schematic illustration of a flat carbmanosheet on a flat surface with a separation

of h,; (b) Schematic illustration of a carbon nanosleeed corrugated substrate surface with

a corrugation wavelength. .

We have discussed the ideal case for a flat canlamosheet on a flat surface, where
the van der Waals force can be estimated fromdhesaon energy and the separation,
as shown in fig. 26a. In reality, the surface ofsabstrate usually exhibits a
nanometer-scale roughness which can be assumede tairtusoidal with an

wavelength A and an amplituded, as shown in fig. 26b. When the carbon
nanosheet is transferred onto a corrugated surtheeyan der Waals interaction
between a monolayer and a substrate tends to econtbe monolayer to the

corrugation, however, the elastic strain energycwhiesulted from corrugation tends
to counteract the corrugation and thus form a fradrphology. Since a carbon

nanosheet has a lower stiffness than a graphenelayen, we believe that the carbon
nanosheet is much more conformal to the substrattace than the graphene
monolayer. Furthermore, considering the transfediome (double layer PMMA) is

not yet removed after the carbon nanosheet isfaand to the substrate, we believe
that the elastic strain energy is contributed kodtim the transfer medium and the

carbon nanosheet.
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Fig. 27 (a) and (b) AFM images of SISi substrate topside surface without and wit
BPT carbon nanosheet and their corresponding hpigfiites; (c) and (d) AFM images g

the backside surface of a SiSi wafer without and with a BPT carbon nanoshewt
their corresponding height profiles.

D -

The equilibrium morphology is thus determined bynpetition between the van der
Waals interaction and the elasticity of the PMMAJasheet layer. If the corrugation
wavelength is much larger than its amplitude, thenatayer tends to completely
conform to the surface with the same corrugationelength and amplitude. If the
wavelength is comparable to or even smaller tharathplitude, the monolayer tends

to have a flatter morphology with similar corrugati wavelength and smaller
amplitude.
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To investigate corrugation of a carbon nanosheea cubstrate, we take a SISi
wafer (with a thickness of SpO~300 nm) which is frequently used to measure
conductivity of an annealed carbon nanosheet atsdaaca very basic embodiment for
building electronic devices as well. The surfaces i@und out to have long range
corrugations which are multiples of the correlatiength of 39 nm and the AFM
measurements indicate that the correlation len@ti@8onm (amplitudes: 0.196nm,
0.294 nm, 0.392 nm) and 117 nm (amplitudes: 0.284M392 nm, 0.589 nm) are the
dominant surface morphology, as shown in fig. 2&H#er the carbon nanosheet
transferred onto the SyQurface, the same corrugation wavelength and amndgliare
observed which implies that the nanosheet conforerg well to the surface. The
RMS roughness within a scanning range of Sum in both cases is very close
(substrate: Sg=0.87 nm; nanosheet: Sq=0.98 nm).h#e also measured the
backside surface of a Si@5i wafer as a rough supporting surface for thdaar
nanosheet. The surface is dominated by corrugatarelength of 78 nm and 118 nm
with a larger amplitude of 1.5 nm. The PMMA/nanashen the backside was
determined to have the same corrugation wavelenitha smaller amplitude of 0.15
nm. After the PMMA layer was removed, the nanosheetthe same amplitude as the
bare surface, as shown in fig. 27d. The RMS roughrad the nanosheet is pretty
much the same as that of the bare surface (sutisBgt2.14 nm; nanosheet: Sq=2.11

nm).

In conclusion, carbon nanosheets are found to hasteong adhesion to the substrate,
which is mainly due to the van der Waals interacbetween nanosheet and substrate.
The van der Waals force was estimated to be ~12@ MRich is half of that of a
graphene monolayer. Our experiments exhibit thatbbara nanosheets have a
morphological corrugation with both wavelength aardplitude conforming to the

surface with different roughness.
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4.2 Local mechanical properties of freestanding cémon nanosheets

4.2.1 Adhesion between an AFM tip and a freestandghnnanosheet

The adhesion between an AFM tip and a freestandiagomembrane can be
characterized through the force-distance curve hwtisplays the cantilever’s normal
deflection versus the cantilever-sample displacem&he pull-off force is the
resulting change in force relaxation where the amMeebond ruptures in the course of
retracting the tip. The force may come from elesttc interaction, capillary
condensation, or van der Waals interaction. Werdeted the pull-off forces both for
the nanosheet supported on a silicon nitride fram&nosheet/substrate) and a
freestanding nanosheet. Four different positiongehbeen chosen to derive the

force-distance curves, as shown in fig. 28.
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Fig. 28 Force vs. distance curves generated olicarsihitride frame (Left column: blue
curves) and a freestanding nanomembrane (Rightrrololive curves), the corresponding
pull-off forces are presented.
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The experiments were carried out at room temperaf@d.0C) and at a relative
humidity (48 %). The pull-off force is independeat relative humidity for a
hydrophobic tip, while exhibits an obvious deperaefor a hydrophilic tip. M. He
and his coauthors refer to three distinct reginfeb® pull-off forces as a function of
relative humidity: van der Waals regime, mixed \dmm Waals-capillary regime, and
capillary regime respectively [77]. The relativentndity in our experiments is in the
mixed van der Waals-capillary regime. The capillagndensations keep constant
both for nanosheet/substrate and the freestandamgpsheet, because there is no
influence on Laplace pressure or surface tensiom fthe substrate beneath the
nanosheet. The van der Waals interaction betwgerand nanosheet/substrate is
contributed from both tip-nanosheet and tip-sulbstrateractions, which is bigger
than a simple tip-nanosheet interaction. Morecaeother main contribution to a high
adhesion between tip and nanosheet/substrate elabtostatic interaction. Because
the semiconductor substrate is placed on a PDM8pstand not directly grounded, an
electric charge may appear on the surface of thetsate. From the above analysis,
the adhesion between tip and nanosheet/substrateldsibe much higher. We
observed that pull-off forces for the tip-nanoshsdistrate system ranges from 15 to
16 nN, which are 5~6 times bigger than the pulldoffce for the tip-nanosheet

system.

This observation also gives us a hint as to whylitteescanning method in a bulge
test is very destructive. Rupture events occuinepbsitions where the tip is scanning
from the silicon frame to a freestanding nanoshéete an abrupt change in adhesion

causes the rupture of nanosheets.
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4.2.2 Deformation of a freestanding carbon nanoshedue to an AFM tip

Bending stiffness can be derived from continuum maeas. Based on Kirchhoff
hypothesis, there is a linear relationship betwienclassical bending modulus and
Young’s modulus. Bending stiffness of carbon naeesh can be roughly derived

from the following equation [78]:

Et®

D= a) (37)

where E and v are Young’s modulus and Poisson’s ratio, t the brame thickness.
If we take a typical Young’s modulus of 10 GPa amdPoisson’s ratio of 0.35,
thickness of 1 nm. The bending rigidity was compute be 9.5<10*°Nm. In the
plate regime, the stretching in the plane of tha fs negligible in comparison to the
bending deformation. While in the membrane regirttee bending stiffness is
negligible in comparison to the stiffness generdigdrestrain or stretching arising
from large deformations. Carbon nanosheets areemtembrane regime and we can

neglect contribution from the bending stiffnessafbon nanosheets.

(@) (b)
—&- 10 nN - 10nN
800{ = 18nN 0201 4 180N
’é‘ —— 25nN - 25nN
i’ goo{ @—E—E—E—&—8—~® 015] ¢——¢——06—0¢—¢
5 g
a c
5 400 '§ 0.104
IS I— g — B —m—HB —pg—@u O
8 200- 0.05-
£ D D\
0+— ; . : : : ; 0.00+— : ; . . : .
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Time (minutes) Time (minutes)
Fig. 29 (a) Indentation depth with different forcg@®ws a time independent behavior; (b)
Strain of nanosheets with different forces alsoagha time independent behavior.
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We want to understand the local deformation of tb@a nanosheet that is in contact
with an AFM tip. Does the AFM tip cause any pernrdraeformation of the carbon
nanosheet around the tip? What is the secure fbatecan be applied to the carbon
nanosheets without breaking them? For that purgegh,indentation depth and strain
of an unstressed membrane were measured withethfféorces over time, as seen in
fig. 29. Neither indentation depth nor strain shotwvae dependent behavior. It
indicates an equilibrium in the global deformatiahich is balanced between the
force applied via an AFM tip and the stretchingrggeand the residual stress of the
membrane. No permanent local deformation aroundoanthder the AFM tip was
detected. However a large force will cause a peemtadeformation and will even
break the membrane. Our experiments suggest aeséage range until ~30 nN. In
experiments, the forces to be applied are limitethiv O ~ 5 nN to avoid large

correction parameters.
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4.3 Elastic properties of carbon nanosheets

4.3.1 Introduction

Elasticity describes the tendency of a materialenrekternal stress to return to its
original shape when the stress is removed. Linkstieity is characterized by the
relationship defined as Hooke’s law where the rafigtress to strain keeps constant.
During the tensile test along an axial, the rafizmiaxial stress to uniaxial strain is
called elastic modulus or Young's modulus whichaismeasure of stiffness or
elasticity of a material. Axial strain is usuallgcampanied by transverse strain in the
other two directions. The ratio of transverse awmdlastrain with a minus sign is
defined as Poisson’s ratio. Most common materialéeha positive Poisson’s ratio

ranging from 0.08 to 0.5, with few exceptions sashcubic “single crystal” pyrite

(—%) [79] and reentrant foam (-0.7) [80].

The elastic responses of alkanethiol SAMs have beastigated by simulations [81]
and experiments [82-84]. The elastic moduli havenbeeported to have a huge wide
range from 0.15 GPa to 75 GPa. There was also @@l@hether the elastic response
is dependent on the number of carbon atoms in tbkeaular chains, with some
suggesting independent behavior [81] while somebiely dependence [83-84]. All
the research works were limited to normal stresallg applied to alkanethiol SAMs
on substrate where the substrate effect may acdourthe huge difference among
them. Furthermore, an adhesive force between an ApMnd the substrate and a

capillary force must be taken into account to odrtike results.

Carbon nanosheets provide a system that enablégraplateral stress to SAMs and
measurements of its elasticity as well. As a quasidimensional material, carbon
nanosheets may shed light on the understandingeoélasticity in low-dimensional

material and bring challenges to experiments akagdaheoretical models.
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4.3.2 Determination of elastic modulus of carbon nasheets
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Fig. 30 Pressure and deflection relationship ofBPW nanosheet with three loading and
unloading test cycles and the corresponding elgsfitting curve.

The central point method in a bulge test is utdize investigate the elastic response
of carbon nanosheets. A typical pressure deflecttationship obtained from a bulge
test is shown in fig. 30. In order to evaluate teproducibility of those results, we
applied three loading and unloading test cyclesvds found that three test cycles
were also quite similar. This indicates that thisreeither a sliding of the nanosheet
on the substrate nor a small permanent deformatidhe nanosheet which resulted
from pressure loading. It turns out that the charazation method is very reliable

and has a good repeatability.

For each loading and unloading curve, we find thatloading curve is slightly higher
than the unloading curve. The difference can beaed with a longer period of time
to reach the equilibrium. This hysteresis is bal@vo relate to the viscoelasticity of

carbon nanosheets, which will be investigated enrtéxt section in detail.
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For the determination of the elastic modulus arel résidual stress of freestanding
carbon nanosheets, the thickness and Poisson Inatte to be estimated. The
isotropic upper limit of the Poisson’s ratio is Ofe Poisson’s ratio of polymers is in
the range of 0.3~0.4. Carbon nanosheet is strulstlikee amorphous polymers. The

Poisson’s ratio is assumed to be 0.35 in all olowations. Such an assumption will
only contribute to systematic errors in the deteation of Young’s modulus and the
residual stress. Further experiments need to beris to determine the true

Poisson'’s ratio of carbon nanosheets.

Table 6 Poisson’s ratio of various materials [85]

Carbon & Silicon Polymers Metals, Ceramic & Glass
Graphene 0.165 Polycarbonate 0.3f Gold 0.42
Isotropic Graphite] 0.31 PS 0.33 Copper 0.33
Diamond (natural) 0.1~0.29| Polyvinyl Chloride | 0.38 Aluminum 0.36
Diamond-like Poly methyl Hafnium
0.22 0.37 0.18
Films methacrylate Carbide
Polyethylene
Silicon (111) 0.27 0.43 Glass 0.18~0.8
Terephthalate

The thickness of nanosheets is determined from XP&ctra. Considering the

attenuation of photoelectrons that penetrate throBT SAMSs, the thickness is
calculated from the formuldg =12exp(-t /A, co® ' where A, indicates the

inelastic mean free path (Au 4f). The inelastic m&ae path is the crucial parameter

in determining the film thickness. Lamont reportindit the attenuation length of

electrons in alkanethiol SAMs can be described gy &xpressionA =0.38%%
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where E denotes the kinetic energy of photoelectrons [86)vas believed that

Awer also depends sensitively on the film density whican locally vary

significantly and the value 34 is achieved by using the Gries formula and an

effective density of 1.63 g/chiior the BPT SAMs [87].

Fig. 31 shows XPS spectra of C 1s, S 2p and Awdibns of both BPT SAMs and
NBPT SAMs. It was calculated that BPT SAMs usublye a thickness of 10400.7

A and NBPT SAMs 12.50.84, with the inelastic mean free path value on\’SEB8].
Electron-induced irradiation could slightly decredke thickness of BPT nanosheets
to ~9A. From a mechanical point of view, the main conitidn to elasticity is from
biphenyl rings and the functional groups have mleds effect on the mechanical

properties. In our work, we take the thicknessavbon nanosheets as 1 nm.

C1s S2p Au 4f

NBPT

Intensity (a.u.)

BPT
280 284 288 292 160 164 16880 84 88 92
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Fig. 31 XPS spectra of BPT and NBPT SAMs on Au amef acquired with a

monochromaticAl-K , source and the effective thickness is determineddgparison

of Au 4f intensity of a clean Au substrate and thfahe samples.
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Table 7 Young’'s modulus of a NBPT nanosheet

Young’'s Modulus

Loading Unloading Average Value
(GPa)
Test Cycle 1 10.2 11.2 10.7
Test Cycle 2 11.2 12.2 11.7
Test Cycle 3 10.2 12.2 11.2
Table 8 Residual stress of a NBPT nanosheet
Residual Stress
Loading Unloading Average Value
(MPa)
Test Cycle 1 52.7 44.3 48.5
Test Cycle 2 46.5 37.2 41.9
Test Cycle 3 50.7 37.3 44.0

Table 7 and 8 present an example of Young’s modamalsresidual stress for a NBPT

nanosheet with three successive loading and umgadycles. Small differences

among these measurements are observed which ieslit@t this method is quite

repeatable. The values obtained from unloading areagents show a higher Young’s

modulus and lower residual stress compared witlsetlfor loading measurements,

which is also correlated with pressure and defbectelationships in which loading

curves are slightly higher than unloading curvelse Bverage values are taken to

estimate Young’s moduli and residual stress moeeipely.
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4.3.3 Electron irradiation dose effect

In order to understand the low energy electronsiged crosslinking process in the
formation of carbon nanosheets, we measured thdnanemal properties of carbon
nanosheets as a function of electron doses. Thfiegedt kinds of molecules with
biphenyl rings have been used to prepare carbooshaets for comparison. They are
4’-[(3-trimethoxysilyl)propoxy]-[1,1’-biphenyl]-4-arbonitril(CBPS),
4’-Nitro-1,1’-biphenyl-4-thiol(NBPT) and 1,1’-biphmgl-4-thiol (BPT). Fig. 32 shows
the evolution of the mechanical stabilities durthg cross-linking process, Young's

modulus of carbon nanosheets as a function ofiated electron doses.

Below 20 mC/crf, cross-linkages in SAMs are not mechanically staough to
support and to form suspended carbon nanosheetantsict membranes can be
obtained. From 30 mC/cnio 40 mC/crfi, more and more cross-linkages are formed
and promote stabilities of suspended carbon naetsheery few intact membranes
can be obtained. For CBPS nanosheets, Young’s medvuth an electron dose of 30
mClcnf is a little bit higher than that at 40 mCferithe results can be interpreted in
the way that incomplete statistic values from véew intact membranes might

overestimate Young’s modulus.

In case of BPT nanosheets, when the irradiatiortrele doses are above 50 mCfecm
cross-linkages are getting saturated and Young®umare in the range of 6~8 GPa.
In case of NBPT nanosheets, the mechanical stdfneshibits quite stable
characteristics when the electron doses exceed G@mh and Young’s moduli of
carbon nanosheets tends to keep constant at 8~20 GBPS nanosheets show a
similar behavior in the mechanical stiffness. Bustill shows a small increase at
higher electron doses. Since CBPS SAMs are preparedSgN, substrates,
considering the secondary electron yield, we caaestime the same electron dose as
that received by BPT and NBPT SAMs on an Au subestiahas been demonstrated

that the degradation of SAMs is strongly depend@ntonductivity of substrate [34].
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In the same way, at a given electron dose, arorB&Ms on semiconductor substrate
endure different crosslinking compared with thosentetals. In our experiments, we
use conductive pure silver paint on the subst@agraund the sample, but a possible
static charge buildup may still exist, we needHartinvestigation on the charging

effect of CBPS nanosheets onNGj substrate due to the electrons.

4.3.4 Size effect
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Fig. 33 Young’'s modulus and residual stress asetifon of membranes’ width and area.

As shown in fig. 33, smaller membranes tend to l@kla higher Young’s modulus,
while residual stresses don't display a size depenidehavior. The phenomenon may
be interpreted under two aspects: (1) Limitatioristtee theoretical formula in
determining nanoscale membranes and in boundaryditemmss of the
monolayer/substrate system due to the interfacdhksion; (2) Large random errors
in determining the central point of membranes wsihes smaller than 3Qm.
Accordingly the membranes’ sizes ranging from 3®@aum give more consistent

values.
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4.4 Viscoelasticity of carbon nanosheets

4.4.1 Introduction

In the previous section we assumed that carbonshaets behave as a linear elastic
material in small strains which can be describedHbypk’s law. However, in reality,
all materials deviate from Hook’s law in variousysafor example, both viscous and
elastic characteristics under a constant load,afleccviscoelasticity. Viscoelasticity
refers to the deformation exhibits time-dependetiayior, which manifests itself in a

number of ways, such as creep, relaxation and tegse

Creep describes that strain increases with timestuadconstant load and creep rate
increases at elevated temperatures. This charstatezkists in many materials, such
as metals, ceramics, polycrystalline solid, polysn@nd so on. Sliding and climbing
of dislocations, sliding of grain boundaries andfudional flow are the basic
mechanisms of creep in metals and polycrystalloigls. In polymers, there are two
types of bonds: strong chemical bonds along thenrolaains in polymers and weak
intermolecular bonds. It’'s hard to determine whigbe of bond determines the creep
behavior of polymers. Regel [89] reported that avitvlet radiation can break
chemical bonds in the main chain of polymers amddfeep rate increased by a few
orders of magnitude. In the same way, both actigeid media and hydrostatic
pressure can influence the intermolecular intevaciind reduce them, which leads to
a significant increase of the creep rate. In cdserasslinked polymers, a constant
load leads to a creep deformation and the equilbbrcompliance will be established.
After the load is removed, the recovery deformatioltows a mirror image of the

creep deformation and no permanent flow phenomppaaa [90].

Carbon nanosheets can be considered as a crossRikeolymeric network. The
creep and recovery deformation are expected toHdsereed. In this section, we
employ an experiment to determine the creep defitomainder a constant load. We
will present the results on the initial strain whidse creep occurs, creep rates as a

function of applied stress and discuss the recodefgrmation as well.
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4.4.2 Experimental description

Fig. 34 A schematic diagram of the time-dependefarihation determined by the AFM.

The time-dependent deformations were carried oytdsjorming bulge testing in an
AFM. The central point method is chosen for probihg small change in the

displacement of the membrane under certain pres8argshown in the scheme fig. 34,

the deflection of a carbon nanosheet could be méted ash, that is measured at
time t,; At time t;, the carbon nanosheet experiences a small deformthtat leads

to a deflection increasing td, .
The tensile train can be derived from the followfagnula

2K

"% (38)

where h is the deflection anda is the half-width of membrane.

The creep rate is equal to the derivative of tleegrstraing with respect to timet

de_d(2n")_4nh h-h, (39)
dt dt(3a®) 3a° t-t,

The creep rate has a unit of percentage of elamgatour or % of elongation/second.
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4.4.3 Results and discussion
Hysteresis in Carbon Nanosheets

In section 4.3, we observed that the loading porabthe pressure-deflection curve
was higher than the unloading curve. We considsueti a small hysteresis loop as an
indication of specific characteristic of the vistasticity in carbon nanosheets. The
pressure-deflection curves can be converted irgosthess-strain curves in terms of

the equations mentioned in section 3.2.

Fig. 35a shows the stress-strain curves of thrediccyoading and unloading
measurements with a maximum strain at 0.85 %. Taepsesent very little hysteresis
between the loading and unloading curve, as wedl sigyht deviation existing among
those cyclic measurements. The stretching enersgipdited as heat in the loading
cycles and the energy loss is equal to the areaeket the loading and unloading
curves. Fig. 35b also shows three stress-strainvesurof loading-unloading
measurements, with increasing maximum strains &5-9o, ~1.2 % and ~1.7 %,
respectively. The hysteresis loops between theingadnd unloading curves were
observed to increase with increasing the tensii@nst The dissipation energy as a

function of the stress level could be further inigeged and determined.
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Fig. 35 (a) Stress-strain relationship of threecsasive loading-unloading measurements
with the same maximum strain up to ~0.85 %. (b)e&tstrain relationship of thrge
loading-unloading measurements with different maximstrains at ~0.65 %, ~1.2 9%,
~1.7 %, respectively.
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Tensile creep and stress relaxation in carbon nanbsets

Creep refers to the general characteristic of wke=tic materials that undergo an
increased deformation along time when loaded uraletonstant stress. Stress
relaxation describes another characteristic of ogkxstic materials. The stress

undergoes a relaxing process while under a fixeel lef strain.

In our experiment, the deflection of carbon naneshean be recorded with time at
room temperature. During the whole measurementpthssure is kept as stable as
possible, however still a small decrease in presaw@s observed as a result of stress
relaxation. A quantitative analysis was possiblebéocarried out by means of the
central point method. As shown in fig. 36a, thaistfluctuates randomly from 0.816 %
to 0.824 % when the nanosheet was stressed at P26 When the membrane was
stressed over a certain limit, the creep deformatian be clearly observed with the
AFM. The deflection of the membrane was measuregfyetwo minutes. A linear

relationship between strain and time and the §ttarve was plotted in fig 36b.

The determination of the starting point of creep carbon nanosheets is very
important for engineering this material. It depemaisthe stress accumulated in the

membrane that can overcome certain energy baaretsalso relates to the sensitivity

(a) (b)
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Fig 36 The time-dependent deformation of a carbamosheet: (a) Random variation pf
strain under an external tensile stress of 156 MB#;An obvious time-dependent
deformation under an external tensile stress of\P&.
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of instruments used for measurements. In caseneérabrane that has a width of 60
um and a deflection of 120 nm, the AFM can deterndimem variation in deflection
every 2 min, the corresponding sensitivity of tiraia rate is in the range of $910°
s*. However, the sensitivity of the AFM in determigithe strain rate is rather limited
by the pressure supply which fluctuates randomly aauses big errors to the

deflection signal. As a result, we could deterndrgtrain rate in the range of 16",

Table 9 Creep strain and creep stress at startiimg jon different samples

Sample Cre((e(;))strain Creep stress (MPa Youn(ijgpl\i())dulus
NBPT_I2 0.93 257 6.86
NBPT_EZ2 1.09 287 9.81
NBPT_E4 1.01 320 9.66

Table 9 shows the results of strain and stresesabove which a creep behavior was
detected by the AFM instrument. The creep strangea from 0.9 % to 1.2% and the
corresponding stress from 250 MPa to 320 MPa. Qarmnosheets with bigger
Young’'s moduli creep at a higher tensile strainiclwhmplies that the microstructures
of carbon nanosheets play an important role botélasticity and creep properties.

The strain rates at the beginning of the creepab® variable from membranes with
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Fig. 37 (a) Creep deformation of a BPT carbon nheet (b) Stress relaxation of the same
carbon nanoshe.

75



Mechanical Characterization of Carbon Nanosheets

different stiffness and range froh.5x10°s™ to 3x10°s™.

As shown in fig. 37a, at a large time scale, strainot linearly proportional to time
and the growth exhibits a logarithmic growth alotne, accompanied with a
decreasing rate. The decrease in the strain ratelased to work-hardening of
materials. Fig. 37b shows that the stress is dtsol\g decreasing with time, which
can be explained by stress relaxation. In our expsarts, we focus on creep behavior

rather than stress relaxation.

Creep rate of carbon nanosheets

The creep rate?j—f depends on the stress level and the temperatwan be roughly

derived from the slope of the creep curve. We olesénat the creep rate of carbon
nanosheets at room temperature is proportional toainsile strain and tensile stress,
as shown in fig. 38. Unlike polymers whose credp muld span several orders of
magnitude under different stress levels, carbonostaeets display a rather stable
creep rate in the range of 16", even though being under a tensile strain 3.5 &b th
will lead to rupture. Furthermore, the creep rateather low compared to polymers.
Traditional plastic polymers, such as polyamide )(PAolyethylene (PE) and

poly(propylene) (PP), have a creep rate in theeasfgl0*~10%s" under a very low
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Fig 38 (a) Creep rate as a function of tensileirstthe creep can be only observed abgve
certain strain; (b) Creep rate as a function ositerstress and the corresponding power
law creep fitting curve.
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stress level, e.g. 14 MPa [91]. Enhancement ofktaste to creep for polymers is
favorable to realize by incorporation of micro-r@no-sized inorganic particles in the
polymer matrix or distribution of inorganic netwarkn the soft organic polymer
matrix. Here carbon nanosheets exhibit a very hegistance against creep which
normally leads to failure. It indicates that thetnxaof cross-linked SAMs is quite
dense and close. Such unique and intrinsic straichnoperties of the matrix in a
carbon nanosheet could be further proven by the gmasneability and ion

transportation experiments.

Recovery of carbon nanosheets

In many high polymers, creep under a constant t@adbe subdivided into reversible
and irreversible components. To understand thas#le creep in carbon nanosheets,
we employed two different experiments: (1) Repéat treep tests after a certain
period of time and examine the recovery from thosep curves; (2) Measure the
steady-state deflection at a lower stress levenabrds the membrane is loaded to a
higher stress level and held for a certain petiogely unload the membrane for another
certain period and load it to the same lower stresgel and measure the

corresponding steady-state deflection.
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Fig 39 (a) Three creep deformations were recordedan temperature, the second test

was carried out 200 min after unloading and thedth60 min, respectively; (b) Deflection

of a BPT nanosheet at 1®.1 KPa before loading to a higher pressure (~4)KPanin

and 60 min after unloading, respectively.
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The results from the first experiment were preskmtefig. 39a. Three creep tests
were recorded at room temperature. The secondhanmadcreep tests were carried out
200 and 160 minutes after the last creep testeotisply. It indicates that carbon
nanosheets undergo a slow recovery after creepadinig. It is also worthy to
mention that stress relaxations were observed gesethcreep tests. The final
steady-state stress in the second and third cestp dre 98 % and 94 % of that in the

first creep test.

The second experiment was presented in fig. 39. Mkeebrane’s deflection was
stabilized at 2.4um under a constant pressure ~1.6 KPa. The membraséaded to
~4 KPa for 5 min and was thus unloaded. After 1 thexmembrane was again loaded
to ~1.6 KPa, the resultant deflection was obseteedecrease from 2.75m to 2.56
um. After another 60 min, the deflection at ~1.6 Kies stabilized at 2.3Gm, which

is pretty close to the first steady deflection.

Both experiments demonstrated recovery of carbmosteeets after creep unloading.
It seems that most of the creep deformation coetbver after a certain period of
time, which implies that constant load leads to lewsprocess of molecular

rearrangement that is temporary and reversible.

In summary, we have characterized time-dependeqepties of carbon nanosheets.
Carbon nanosheets show typical viscoelastic behaddigh polymers. Hysteresis,
creep and relaxation were observed and the minirstain that causes creep was
thus determined. The creep rate increases witesstexels but appears to be rather
stable in the range of P&™. Recovery from creep deformation is also demotestra
The mechanism for the creep and recovery in carfamosheets is still not clear and

further investigation should be performed.
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4.5 Rupture of carbon nanosheets

4.5.1 Introduction

Ultimate tensile strength describes the maximunengfth that a material can
withstand when subjected to an external tensions lbne of the most important
parameters for material engineering and applicafidrom which the failure of

devices can be estimated under certain workingitiond.

For bulk specimens, the common way to determinsileestrength is a micro-tensile
testing machine where the specimen with a fixedgection is clamped and pulled
with a controlled and gradually increased forceluintails. For single molecules, the
kinetics of bond rupture can be directly measuréti an AFM and some theoretical
models have been introduced to explain bond rupf@2$. However, the tensile
strength and the rupture mechanism of ultrathinomsmbranes are not well
understood. Watanabe [93] reported the ultimatsileerstrength of ultrathin (20~40
nm) crosslinked organic macromolecules (e.g. melamesin, urethane resin and
phthalic resin) by means of the bulge test. Theentesl tensile strength of these

nanomembranes is approximately 25% of the valuedaventional materials.

Since the carbon nanosheet is a new 2D polymerterrah determination of tensile
strength is very important for the application loistmaterial. The rupture mechanism
of carbon nanosheets is also crucial due to thetura involving breaking bonds on
the atomic level including the rigid covalent bamgliand weak interactions between
molecular domains. It may serve as a bridge toaektthe energy landscape from a

single molecular bond rupture to the fracture o€raacopic materials.

In this section, rupture testing is simply perfodmm a bulge test in order to
determine the ultimate tensile strength of carbanosheets. The burst pressure is
used to calculate the ultimate strength. The tersilength of BPT nanosheets and
NBPT nanosheets are compared in a basic statistic Whe mechanism will be

discussed in a preliminary way.
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4.5.2 Determination of ultimate tensile strength

The bulge test technique is used to determine ltmate tensile strength of thin
membranes from the burst pressure. For a smalled&fh compared to the
dimensions of the membrane, a spherical shape raagsbumed and other higher
order geometrical terms are neglected. As we déstidefore, the relationship
between stress and pressure in a thin walled syahgmiessure vessel is

- PR

. (40)

X

where o, is the stress in thex direction, P is the pressure applied to the
membrane,R is the radius of curvature and is the thickness of the membrane,

is a constant that is dependent on the geometrth@fmembrane. Substituting
R=a’/2h for in this equation,

_ Pa® _pa?
* 2cth  cth

(41)

where a is the half width of the membrane in the direction, h is the deflection

of the membranec, = 2c, is a geometric parameter. For rectangular memBrane

is a function of aspect ratio. Long-rectangular nsea much higher aspect ratio

b/az=4.

Y D circular
3.393----- square
¢ = (42)
c(b/a)------ rectangular
y SRSV long-rectangula
The strain can be obtained from the geometric censitns:
arcsing -2 (E+6i)‘E 2
. _RO-ap R. R 6R" R_2M (43)
a a 3a

a
R R
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Because rupture events occur usually at higherspresand the corresponding

deflection is rather determined by the stretchimgrgy of the membrane. The

deflection of a membrane at higher pressure anddhstantc, are given as

Pa‘(l-v ))1/3

h=( o 49
% ..................... circular
(0.8+0.062 )°------ square
- ° (45)
gv,.b/a)=----eee rectangular
43(1+ S R long-rectangula

where g(v,b/a) is a function of the Poisson’s ratio and the aspatio of the

membrane and the value is taken from the literature

Here we neglected the influence of residual stoesthe ultimate deflection as well as
the influence of the tensile creep at a higher .I&@ath assumptions overestimate the
ultimate deflection value to some extent and thodevestimate the ultimate tensile

strength of carbon nanosheets. Combine it with @uggation for calculating

membrane’s stress and ultimate tensile strgssand the corresponding ultimate

strain £, may be presented as follows:

. EP’a®> c
o, = X2
t?(1-v) ¢’
£, = 2 ( Pa(l- V))zls
3 GEt

(46)

If the residual stress is taken into account, tledledtion will be re-estimated
according to the pressure ratio that are both lsalhty residual stress and stretching

energy of a membrane.
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P=R+P,=nP+(1-n)P

!
nP=2Ch (47)

: _ C,Et 3
d-nP a“(l—l/)hZ

Deflection values are calculated from both lineamt h for residual stress and

cubic term h,* for the stretching energy and compared to eacér,dbly adjusting the

ratio n of two parts of pressure until two deflection \educonverge l{ =h, =h).

Substitute the new deflection value into equation (44), the ultimate tensile

strength is thus corrected.

In case of a membrane with a residual stress olG0-MPa, the pressure which is
used to balance the residual stress is estimatdak th5~25 percent of the whole
pressure that is applied to the membrane. It gngs to an additional correction

factor to enhance the ultimate tensile strength wg0 MPa.
4.5.3 Results and discussions

When a differential pressure is gradually incregsand is applied to a membrane, a
rupture incident occurs at the point where thesaresswas recorded as burst pressure.
There are several ways to monitor the rupture ahbranes. The first one is to land
the AFM tip directly on the membrane and obsenreertipture from a DFL signal of
photodiodes. The advantage is that the rupturel@mtican be precisely and directly
determined and the disadvantage is that the inflieh the AFM tip has to be taken
into account. The second way is to observe witloptical microscope whether the
membrane is still intact. This is a nondestructivethod and it has yet rather bigger
uncertainty compared to the fist method. Duringspoee loading in our experiments,
the membranes are examined immediately after thgspre is increased. Small steps

are chosen when the pressures are close to theaésti burst pressure.
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Fig. 40 (a) Histogram of the ultimate tensile sgtnof NBPT nanosheets; (b) Histogram |of
the ultimate tensile strength of BPT nanosheets.

B

Tensile strength from dynamic pressure loading ifferént from static pressure
loading. The former causes instabilities on the ioame under a tension state, which
may reduce the tensile strength value accordinBby.avoid that, gas stream is
controlled as smoothly as possible in the experimdmading history and loading
rates are considered to have influences on theineig@vents. More frequent loading
cycles will cause the membrane to break easilyrasalt of continuously cumulative
permanent deformations. Therefore less loadingesyere preferred especially at

higher pressure. The thermal effect of light shgnimthe optical microscope

Fig. 40 shows the statistical histogram of themuatie tensile strength of 6 NBPT
nanosheets and 12 BPT nanosheets. The tensilgthtrenNBPT nanosheets ranges
from 430~700 MPa where a narrow peak is locateeb@0 MPa. The tensile strength
of BPT nanosheets has a relatively wide distrilbytigith a major peak at ~480 MPa.
These results indicate that NBPT nanosheets arbanaally more stable than BPT
nanosheets. From the wider distribution of BPT steets, we can derive that there
are more random defects in the membranes. AccotdiX®S spectra, NBPT SAMS’
thickness is determined as ~1.3 nm which is redstivhigher than that of BPT
nanosheets with a thickness of ~1 nm. This alsgestg a better structural ordering
of NBPT self-assembled monolayers. In aromatic SAlglsenyl rings and their
functional groups will introduce stronger interacis between molecule and substrate,

as well between adjacent molecules. During the &bion of the standing-up phase of
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SAMs, hydrophobic interaction may become a comgpetiniving force as the
interactions of head-head group and molecule-m@edBiphenylthiol molecules
with a smaller dipole moment tend to have a higttsorption rate which may create
a bigger energy barrier for new molecules. It @gplains why the exchange rate of
BPT SAMs replaced by NBPT SAMs is three times lowamn the other way round
[94]. The NBPT molecule has a larger dipole monaerd the mobility of molecules
in solvent is expected to be better than BPT mdéscd he mobility of molecules that
are already bonded to the substrate reduces thgyearrier for new molecules and
thus results in a good packing density of the mayers. Among all other
nanomembranes, IPN nanocomposite with organic-amocgnetworks exhibit the
highest tensile strength as 105 MPa [109]. Terstilength of carbon nanosheets is

4~7 times higher than IPN nanocomposite.

Fig. 41a shows the tensile strength of three carcNBPT membranes as a function of
diameters. With the decrease of dimensions, the breames exhibit an increasing
ultimate tensile strength. Fig. 41b shows thatdiheular nanomembranes have higher
tensile strength than square membranes do. Withifaron pressure applied, the
circular membranes have a uniform stress distobutHowever square membranes
bear a stress that gradually decreases from thelenad its sides to its corners. Such a

non-uniform stress distribution enhances the pdggilof a rupture event and thus
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Fig. 41 (a) Tensile strength as a function of membs’ diameters; (b) Circular membranes
show higher tensile strength than square membidmes
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reduces their ultimate tensile strength.

The rupture mechanism of carbon nanosheets isrredineplex. If SAMs are regarded
as an ideal two-dimensional system without defetis,fracture will be only related
to the breaking of covalent bonds. In realitysitniell known that SAMs contain a few
defects. First of all, some defects are caused hey substrate, such as surface
impurities, gold vacancy islands, defects at goidtalline grain boundaries, defects
at gold step edges and so on. Secondly, some dedeetformed as a result of the
impurity of molecules, impurity of the solution duy preparation, and the humidity
and oxygen content in the atmosphere of the seolutiastly, the formation of SAMs
is a thermodynamic process and some defects ameébrdynamically due to
desorption of molecules from the substrate. Bedidese defects formed during SAM
preparation, new defects may be introduced intoafayers during the crosslinking
process. It was reported that electron irradiatrath a very low dose leads to
noticeable reorientation of SAM constituents, dreapotential sites for the exchange.
As a result, creation of irradiation-induced defestems to occur with a higher rate

than crosslinking at the initial stage of irradvati95].

Carbon nanosheets contain densely and uniformlyilalitsed covalent bonds. They
come either from the molecules themselves or fannthie crosslinking process.
Carbon nanosheets contain the relatively weak bondsgferent kinds of defects and
among those molecular domains as well. During pressoading, the monolayer
undergoes a series of structural rearrangementsevdtieess is built up as stretching
energy, and dissipated as thermal fluctuations. Wiilee mechanical stress
accumulated in the monolayer exceeds relativelykwaands in those defects or
among molecular domains, weak bonds are to breakdafects may grow and

coalesce consequently until a rupture event ocdursrefore more experiments need
to be carried out, for example observing defectswgn with high-resolution

transmission electron microscope (HRTEM) and obegriree radicals with electron

paramagnetic resonance (EPR), to obtain a betttcamplete understanding of the

rupture mechanism of carbon nanosheets.
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4.6 Multilayer carbon nanosheets

A multilayer system consists of a series of thim§, either metal, dielectric or
polymer thin films, which are constructed in a asrtway to meet a variety of
requirements. Multilayer optical coatings are vanportant in advanced lenses and
mirrors, optical fiber telecommunications. MultiExypolymer films are mainly used

as food packages and multichannel medical bags.

Multilayer devices are prepared in various waysltléyer inorganic thin films are
usually prepared by vacuum deposition, such astesmg and evaporation.

Multilayer polymer films are produced using co-esion and lamination techniques.

In this section, we introduce a technique to faddgcmultilayer carbon nanosheets
that could also be transferred to other substrdies.mechanical characterization has

been performed on these freestanding multilaydyarananosheets.

4.6.1 Fabrication of freestanding multilayer nanoskets

Fabrication procedure is schematically shown in. #@. First of all, carbon
nanosheets together with double layer PMMA (130RWtMA 50K/ 260 nm PMMA
950 K) are transferred on a silicon nitride sulist@@d50 nm SN4/10 nm SiQ/Si,
CryTec). After being baked at @0 for 2 min, the sample is mounted on a Teflon
sample holder and immersed into acetone solventtamglsonicated in an ultrasonic
bath for 15 minutes. Afterwards the sample is dnggth methanol and blown dry
with nitrogen. It is possible to examine the congabess of the monolayer with an
optical microscope. The second layer of carbon sla@ets with a PMMA double
layer will be transferred onto the first monolayEhe same procedure is repeated to
dissolve PMMA on the monolayer. The sample needieetohecked up with an optical

microscope to make sure that each new layer is [eiaty transferred.
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Fig. 42 Schematic diagrams describes the fabricatimmcedures of a freestandir

g

multilayer carbon nanosheet.

When the desired number of layers has been readtesh PMMA will be sp

in

coated onto the last layer of multilayer carbon astireets. Connections between

PMMA and the edges of substrate need to be brokemywa sharp blade, so that the

HF solution can easily penetrate the interfaceet few seconds, the sample could

be taken out from HF solution for further transifegr For the purpose of mechanical

measurements it will be transferred to the silisoibbstrate with window-structu

red

openings. Fig. 43 shows the optical microscopicgesaof a single layer, double layer

and four multilayer carbon nanosheets in a suspksidte.
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Fig. 43 The optical microscopy images of freestagaiarbon nanosheets: (a) single lay|
(b) double layers; (c) four multilayers. Scale [20um
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Since carbon nanosheets are quite flexible and haedatively low stiffness, folds
may exist in the nanosheets when they are traesfeto new substrates. Once
nanosheets are made freestanding, they have nem@oin to adjust themselves and
counteract those uneven morphologies. For a smgieolayer, such folds cannot be
observed on the freestanding nanosheets with apabphicroscope. However, in
multilayer carbon nanosheets, those folds probablisting in each layer are
embedded in the system and could not be relaxed ieva suspended state. That is
the reason why folds may often be clearly obsemedultilayer carbon nanosheets.
These folding features are one of the disadvantafesultilayer carbon nanosheets.
On the other hand, microscopic cracks and holesyels as invisible molecular
defects can also be embedded in a multilayer stiicknproves the mechanical
stability of suspended multilayer nanosheets ardemhance the yield of suspended
multilayer nanosheets in even bigger sizes. Faldscaacks are shown in fig. 43 with

black and white arrows, respectively.

4.6.2 Mechanical properties of multilayer nanoshest

The mechanical characterization of multilayer ndweess is carried out by means of

bulge testing. For larger membranes (x2), the central point can be precisely
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determined with a micro-positional system in an Akdtrument. In case of smaller

membranes, we need to scan the membrane to fingethieal position.

We prepared multilayer nanosheets with various dsioas, such as of rectangular
and circular shape, as well as of various sizas #iqum in diameter to around 30 by
60 um in dimensions. The thicknesses are estimatedetaa mumber of layers
multiplied by 1 nm. All the results were presentadtable 10. Basically, circular
membranes have shown to be in agreement with ehehn, @ven though they have

different dimensions with up to five times of size.

For measuring the small membranes with diametdosvb®0 um, we have to scan the
membrane to determine the central point due tanttreased difficulties in the central
point method. The deviation between rectangulararadilar membranes was not so
prominent. Such a random error is acceptable, Isecéoids and cracks are also
playing an important role in the mechanical stifmef multilayer nanosheets. Such

influence is not easily to be quantified and takea account.

Table 10 Young's moduli of multilayer carbon nanesis

Number of Young’'s Modulus Dimension
Geometry Sample
layers (GPa)
XZB004_D5 2(~1.3) 5.6(~8.8) 34.3X58.3um
Rectangular
XZB004_D4 2 9.3 33.5X57.0um
Membranes
XZB010_F2 4 9.7 30.3X37.6um
XZB010_2 2 6.1 20 um in diameter
Circular
XZB012_3 3 6.7 4 um in diameter
Membranes
XZB012_4 4 6.8 5 um in diameter
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It is worthy to mention that sample XZB004_D5 andB004_D4 are different
membranes on the same substrate and they alsodmauar sizes. But Young’s
modulus of XZB004_D5 is about 40 % lower than tlodt XZB004_D4. The
explanation for such an abnormal phenomenon wowdthat double layers in
XZB004_D5 are not complete. From an optical micopgcimage we found that the
membrane consisted of a complete first monolaydramly part of (about 30%) the
second layer. If we take the thickness as 1.3 nmuny¥’s modulus would be 8.8 GPa

for sample XZB004_D5, which is pretty close to #tadue of sample XZB004_D4.

In summary, we have successfully fabricated muykitacarbon nanosheets. The
average Young’'s modulus is demonstrated to be sieryar to the single layer carbon
nanosheet. However, there are some open questltatsg to multilayer nanosheets,
for example, what interactions are there betweerh eaonolayer? How do they
influence the mechanical stiffness? For answerimgseé questions, further

experiments need to be designed and a theoretmddlns required as well.
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4.7 Annealed carbon nanosheets

4.7.1 Introduction

In material science, annealing is a heating treatntbrough which desirable
properties of materials can be achieved. For melas, treatment will alter the
microstructures and phase structures and it prevédeay to adjust the strength and
hardness of that material. For polymers, annealargrelieve the internal stress and
also bring some changes in morphology, crystalbmat chain mobility and
thermodynamic properties. Apart from tailoring pedges of the original materials
via annealing treatment, organic polymers can #soutilized as a precursor to
prepare other inorganic materials. Kyotani [96] ared that highly orientated
graphite was prepared from polyacrylonitrile (PAN)y making use of the
interlamellar openings of montmorillonite (MONT) astwo-dimensional space for
cabonization, whereas carbon atoms from PAN betWw#®NT are further subjected
to annealing treatment after being released fromNWIOThis research suggested a
way to prepare the multilayer graphene from orgamadecules or polymers that are
constrained in a limited space. Carbon nanotubék diameters in the range of
40~200 nm have also been prepared from PAN usipgraus aluminium oxide

template via high-temperature pyrolysis [97].

Cross-linked aromatic SAMs were found to have ahhigermal stability with an
annealing termperature of ~1000 K [98]. Molecularface patterns can be created
due to desorption of non-crosslinked molecules aaodservation of crosslinked
structures after annealing treatment. Such a nexstem provides a molecular route
to prepare new two-dimensional carbon networks whnected to an annealing
treatment. Firstly, the monolayer could provideagbon matrix as a precursor for the
molecular rearrangement at high temperature. Ségadhd limited number of carbon
atoms allows the formation of new structures witte tthickness of only one
nanometer. In this section, we will discuss theicttral transformation of carbon

nanosheets upon annealing treatment as well asieehanical properties.
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4.7.2 Structural transformation of carbon nanosheet upon annealing

The electrical properties of annealed nanosheete baen determined both with a
two-point measurement in UHV and a four-point measient under ambient
conditions [99]. It was found that the annealingatment can transform carbon
nanosheets from an insulating to a conducting .s&lteet resistivity values measured
in both methods are in very good agreement. Aftamealing at ~800 K, sheet
resistivity corresponds to ~10&8k 1. Increasing the annealing temperature to ~1200
K, drops the sheet resistivity to ~10Q@/k 1, demonstrating the clear metallic nature
of the film. This resistivity is only one order ofiagnitude higher than that of a
defect-free graphene monolayer [100], and ~100giloeer than the sheet resistivity
of single chemically reduced graphene oxide shig€xs], which are currently most

favored for the mass production of graphene.

High-resolution transmission electron microscopR{HM) was used to investigate
the structural transformation of carbon nanoshegien annealing [99]. For

non-annealed carbon nanosheets, only one amorpiitase can be observed. For
annealed carbon nanosheets, some curvy and pdradtgts can be observed, which
indicates the presence of graphitic materials. Fritve selected area electron
diffraction (SAED) patterns, the sharpness andnsitg of the rings that correspond
to the real space periodicities of 040.02 nm and 0.260.02 nm, increase in the

samples which are annealed at higher temperatmetshés indicates a progressing

ordering in the graphitic nanosheets.

Raman spectroscopy has also been used to investigastructural transformation of
carbon nanosheets upon annealing. For annealingetatures above 700 K, two
peaks, at ~1350 and ~1590 nare observed in the Raman spectrum. The Raman
line at around 1580 ch the so-called G band, is assigned to thesiecies of the
infinite crystal. The other line at 1355 @frthe so called D band, is attributed to the
vibration mode Ay of the graphite lattice which achieves Raman é&gtiat the

borders of the crystalline areas due to loss afstedional symmetry. Since Raman
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spectroscopy is very sensitive to structural disord different types of graphite and
carbon, a small FWHM (full width at half maximumi) those lines indicates higher
graphitization in the sample. The intensity rati) ©f the D line to the G line is

directly related to the “amount of crystal boundary
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Fig. 44 (a) The intensity ratio of I(D)/I(G) andetlposition of G line as a function ¢f
annealing temperature (image taken from refere®e (8) The crystallite size Las a
function of annealing temperature.

Tuinstra and Koenig [102] have reported that thensity ratio of the D line to the G
line is reversely proportional to the average alysize l; in the graphite plane
determined from X-ray diffraction techniques. Thagsented an experimental curve
relating a series of samples in powders withowrddtional effect which can be used

to estimate the average crystal size in annealdmboaanosheets.

As shown in fig. 44a, the intensity ratio R=I(D¥l( systematically increased from
~0.75 to ~1 as the annealing temperature increfised ~750 K to ~1250 K. The
average crystallite size of graphite in the anrtealanosheets can be obtained by
substituting the intensity ratio R in that expenrta curve. The relationship of

crystallite size L and annealing temperature is shown in fig. 44bndicates that
annealed nanosheets exhibit an average crystsikigeof 50 A, however a higher

annealing temperature leads to a slight decreade, offhich may result from the
desorption of more molecules with weaker bonds.
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4.7.3 Mechanical properties of annealed carbon nasbeets

The structural transformation of a crosslinked abenmonolayer is also reflected in
its mechanical properties. To quantify these, wso dhbricated a nanomechanical
pressure sensor in which the annealed nanosheetaach membrane. This rather
simple device demonstrates the utilization of carbmanomembranes as
nanomechanical transducers. Freely suspended remieskvere mounted onto a
sealed pressure cell, and a well-defined pressiferahce between both sides of the
membrane was applied. The resulting membrane diefleevas measured by the
AFM and was used to determine Young's modulus dmel residual strain of
nanosheets by bulge tests. Figure 45a shows an iAfelge of a nanosheet annealed
at ~900 K without applied pressure. Although themheane is pushed down ~15nm
by the tip, it remains intact. By applying a pregsof ~450 Pa to the sealed cell under
the membrane, an upward deformation (bulging) ac¢kilg. 45b). This deformation
is quantified by recording the AFM tip height aetmembrane center as function of

the applied pressure.

Fig. 45AFM images of a membrane (topography, contact m¢aeyithout and (b) with
an applied pressure of 450 Pa. Scale bar: 10 nme. 4dans along the red lines are
superimposed to the AFM imagd€bnages taken from reference 99)
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Fig. 46 (a) Young’'s modulus determination is présérior one nanomembrane (annealed
at ~900 K). First the deflection at the membranester is measured for differemt
pressures, and then data are fitted by the displdgpendency, which yields the modulys.
(b) Young's modulus as function of annealing terapae. At higher temperatures, the
modulus shifts toward the value of graphite. (Insa@dken from reference 99)

Deformation datasets are presented in Figure 46&hwcontains three successive
measurement cycles. All measured data lie on omgecuand no hysteresis is
detectable, we concluded that the deformation &stiel without any permanent
change within the investigated strain range of ap0t6%. The absence of any
hysteresis shows that the nanosheet does notaiidbee silicon frame, presumably
due to a sufficiently strong van der Waals intdoactLong-term stability was tested
after five months, and no changes in the elasiopgties could be observed. This
demonstrates that the nanomembrane deflection eartilized for pressure sensing.
The same model for pressure—deflection was choedntlee experimental data fit
very well to this model, which is plotted in Figu#€a. Curve fitting yields Young’s
modulus and the residual strain. Figure 46b shavtis Quantities as a function of the
annealing temperature. Without thermal treatmerduny’s modulus is ~10 GPa.
This value is comparable to Young's modulus of mayered molecular/metallic
nanocomposite membranes that are thicker by am ofdeagnitude. Annealing leads
to a systematic increase of the modulus with ridemperature, up to 48 GPa at
~1000 K. This is in good agreement with an increggjraphitization, as Young’'s

modulus of graphite varies from 39GPa to 1.1 TR&]1depending on its orientation.
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The formation of residual strain in the nanosheetost likely related to structural
transformations during the crosslinking processthdlit annealing, the nanosheet
shows a residual strain of 0.8%. Annealing reduttes residual strain of the
nanosheet to ~0.35% above 800 K, which correlaids twve onset of conductivity.
Since nanomembranes are elastic and mechanicabilesat ambient conditions, they
can be further utilized as sensitive diaphragmsarnous applications. Conducting
nanomembranes may act as transducers in NEMS ad ap opportunity to build
highly miniaturized pressure sensors that mighnaadly lead to microphones with
nanometer dimensions. The possibility of chemicéligctionalizing nanosheets by
chemical lithography [104] further permits theireuas highly sensitive chemical
sensors that change their electromechanical clegistats upon the adsorption of

distinct molecules.

In summary, annealing treatment in UHV leads tacétral transformation of carbon
nanosheets. Increased graphitization was obsenveRaman spectra which also
indicate decreased crystallite size. Their meclarpooperties showed an increased

Young’s modulus upon annealing treatment.
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Chapter 5

Mechanical Properties of Polymer Carpets

5.1 Introduction

Ultrathin polymer membranes have been considerednasof the most promising
nanomaterials, due to their potential applicatices nanosensors [105, 106],

nano-separation membranes [107], and functionaknisors [108].

However, nanometer-thickness and macroscopic sem@ $0 be not easily compatible,
mainly due to the mechanical stabilities of thosteathin membranes. Therefore,
different methods have been tried to enhance thehamical strength of the
nanomembranes. For example, Kunitake et al. degdlopethods for the preparation
of large, robust, free-standing nanomembranes Myngaadvantage of densely
cross-linked interpenetrating hybrid networks (IRN)9] of zirconia and acrylate, as
well as by means of organic components of resinea[@10] . Tsukruk et al. showed
that very robust 25-70 nm thick membranes weresaiole by embedding rigid gold
nanoparticles within polymeric nanomembranes pexpdry a so-called SA-LbL

assembly (spin-assisted layer-by-layer assembiy)][1

Due to embedding of polymer chains in those polytneranomembranes, the
sensitivity of the system is mainly dependent andkposed chains on the surface. In
contrast with polymer-based nanomembranes, polybreshes are much more
stimulus-responsive and react much faster to enmemtal changes, such as solvent
quality, PH, ionic strength, or temperature [1Ijerefore, polymer brushes that are
grafted on biphenyl-based nanosheets provide astheding system for the
development of adaptive layers as actuators argbserBecause their morphological
analogy is just like a real carpet that consistsait and flexible brushes that are
firmly attached to a thin and rigid two-dimensiofi@mework, we refer to this as a

“polymer carpet” [113].
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In this chapter, the fabrication and mechanicalrattarization of polymer carpets
will be discussed. Both bulge testing and nanoitetem are used to characterize the
mechanical properties of polymer carpets. The caitpsystem of mechanically

stable nanosheets and flexible polymer brushesalgidl be analyzed.

5.2 Fabrication of polymer carpets

Photochemistry is a convenient way to graft orggmitymers on inorganic and
organic surfaces. In a surface photografting polyragéon process [114], the
substrate was placed in bulk monomer with benzopher{BP) as a photosensitizer
and irradiated with UV light at 340 to 360 nm. BRecited to a single state (S1) and
transformed to a triplet state (T1) by intersystemssing and removing hydrogen
from the substrate surface. The substrate radfoatsed add monomers leading to
grafted chains. However, in the self-initiated mgvafting and photopolymerization
(SIPGP) process [115], a monomer itself acts asptiw@osensitizer and reaches a
triple state upon photon adsorption in the rangeeair UV (300~400 nm). This triple
state is in equilibrium with a biradical specieg). € St-), which initiates a free radical
polymerization in solution. This biradical speces also abstract a hydrogen radical
from the organic substrate and thus create a surfadical site for surface-initiated

polymerization of styrene.

The scheme of polymer carpets’ preparation is wediin Fig. 47. First, a ~1 nm thin
nanosheet is prepared by electron beam inducedlicikking of a biphenyl SAM. A
crosslinked 4’-amino-1,1’-biphenyl-4-thiol (cABT)AB/1 is prepared by electron
irradiation of NBPT SAMs. After detachment from thgbstrate and deposition onto a
solid silicon support, the nanosheet was used a® demplate to grow polymer

brushes by surface-initiated polymerization (St&)ming the polymer carpet.

The silicon supported nanosheets were submergedapprox. 1 mL of freshly
distilled and degassed styrene (Fluka) in a gldssgpeaction vial. Polymerization

was performed under argon atmosphere for diffetiem¢ periods under irradiation
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with UV-light (max = 350 nm) at room temperatureftek the polymerization, the
samples were removed from the reaction solution iamsiediately washed with
toluene. The samples were additionally cleaned timyleacetate and ethanol.
Freestanding polymer carpets can be obtained bgoldiag a few nitride layers
beneath polymer carpets in hydrofluoric (48 %) audbsequently detaching them

from a solid substrate on the water.

Afterwards freestanding polymer carpets can besfesred to other substrates, such
as TEM Cu grids, Si substrate with window-struatiopenings for the mechanical
characterization. We found out that no transfermmgdium is required for polymer
carpets with a thickness bigger than 30 nm, winke ttansferring medium required

for the thinner membranes due to difficulty of alveey them with naked eyes.
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Fig. 47 Scheme of the preparation of polymer carpgt) A crosslinked cABT SAM s
prepared by electron irradiation of NBT SAMs an{l detached by dissolving the go
substrate with a Kljlsolution. (c) The nanosheet is deposited on eosilsubstrate with
thin silicon oxide or silicon nitride layer. (d) Sported polymer carpets are obtained
SIPGP of a vinyl monomer (styrene, 4-vinylpyridioeMMA). (e) Freestanding polymej
carpets are obtained by dissolving the underlymgerd (SiN,) with HF. (Images taker
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5.3 Mechanical characterization with bulge test
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Fig. 48 The AFM height images and line profilegpofymer carpets transferred on silicon
substrates with polymerization time and the comasmg thicknesses marked on figures.
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Fig. 49 Thicknesses of the PS carpets determireedviAFM instrument as a function of
polymerization time.
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First of all, thickness determination of polymerrpets is very crucial for the
mechanical characterization. The thicknesses aailiy proportional to the UV
irradiation time. However data scattering is morenmnent from different sample
preparing conditions. One should not just rely ¢ thickness derived from
polymerization time. In order to obtain much moregise thicknesses, we use an
AFM instrument to measure polymer carpets that weaasferred on the silicon
substrate. Over five different positions on the rbemme edges are scanned with the
AFM and five line profiles out of each position da&en to calculate the mean value
of thicknesses. At lower polymerization time, theiorphology indicates that a layer
of flat and homogeneous film was formed on the ai@f However, buckling
structures were found in the polymer carpet withgker polymerization time. The
AFM images and the corresponding line profiles presented in fig. 48, where
polymerization time and thicknesses were markedhose figures. The relationship

between thicknesses and polymerization time is shaviig. 49.

(a) (b) Model Elasticity (User)

4000 4 Equation y = A3 + B

Reduced 1042.86353
3500 - Chi-Sar
Adj. R-Square 0.9994

Value Standard Error
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C B -0.90426 0.04417
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Fig. 50 Bulge testing on the polymer carpet: (s tptical microscopy image of orfe
membrane with a width of 4@m and a length of 6im, and a thickness of 195 nm; (b) the
relationship between pressure and deflection ofrtambrane determined by a bulge test;|(c)
the folding feature as shown in the line profiletit membrane without applying pressuye;
(d) the membrane has a deflection of 1150 nm aesspre of 3750 Pa.
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A bulge test has been used for characterizing teehamical properties of polymer
carpets. Fig. 50 shows the experiment data frompaestyrene (PS) carpet with an
UV irradiation time of 8 hr. From the optical misapy image one can see small
folding feature across the membrane. The line leradi the AFM image clearly
reveals that the fold has a height distribution~@B80 nm. After applying some
pressure, the fold disappeared and displayed aprafie, as shown in fig.50d. Its
Young's modulus is determined as 1.37 GPa and uakistress as147 MPa that

could be explained by its existing folding feature.

Since polymer carpets are considered to be a catemystem which consists of soft
polymer brushes and a relatively rigid two-dimensioframework. Contributions
from both components have to be taken into acc@yineans of mixture law [116,
117], the Poisson’s ratio of the composite systensed to calculate Young’s modulus

and residual stress:

U, =Du,+Ddp, (48)
where v, represents the Poisson’s ratio of the composigtery, v, and v, are

Poisson’s ratio of each componen®, and ®, the volume fraction of each

component. Since PS has a Poisson’s ratio of Org4 tae NBPT nanosheet is
assumed to have a Poisson’s ratio of 0.35, thes®ois ratio of this composite is

taken as 0.35 to simplify the calculations.

Therefore, Young’s modulus and residual stress ban determined for each

component of the system using mixture formula:

— tNBPT tPS
Ecormosite - t ENBPT +t EPS (49)
total total
o — tNBPT g + tPS o (50)
composite t NBPT t PS
total total

where E and o, represent Young's modulus and residual stress amhposite

system and two components,..; and t,; represent the thickness of each
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Fig. 51 Young's moduli of PS carpets of differehickness with (green squares) and
without (red dots) the contribution of a NBPT namest. (Image from reference 113)

component. According to our knowledge of NBPT ndmeests, Young's modulus is

taken as 8 GPa and thickness is estimated to befbmtheoretical calculations.

Fig. 51 shows a clear relationship between Youngslulus and the PS carpets layer
thicknesses. As a whole, PS carpets have a Youmggiilus in the range of 1~4 GPa
which are lower than that of NBPT nanosheets. Wherthicknesses are over 30 nm,
Young’s modulus get saturated at 3~4 GPa, whichvarg close to the PS’s bulk
value of 3.0~3.6 GPa. However, PS carpets expariangecrease in stiffness with a
decrease of thickness smaller than 20 nm. The meiXaw has been used to extract
Young's modulus of the PS brushes component froemwhole composite system,
which is shown as red dots in the graph. It wasdiothat the PS brushes component
has a Young’s modulus of ~1.3 GPa for the thinfStcarpet. Our findings are in
agreement with a recent report on PS brushes ot sobstrates by Tsukruk et al
[118], where they also reported that Young’s modiwdre significant lower than that
of bulk PS. It can be explained that the orderihghe polymer chains in the brush
morphology with lower polymer chain entanglemerd #re spatial constraints within

the layer are responsible for the specific mecltsmoperties for thin brush layers.
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5.4 Mechanical characterization with nanoindentatio

Microindentation was commonly used to perform hasdntesting. It can be used to
study fine scale changes in hardness, either ioteadtor accidental. The Vickers and
the Knoop tests are two most common microindentatests. While the trend of

miniaturization and fast development in hanotecbgplrequires new methods for the
mechanical characterization of nanoscale matedats structures. Nanoindentation
was established in such way that the penetratiafaaction of the applied load was
recorded, instead of observing the dimensions ef réksidual indentation area in

microindentation.

The mechanical properties of a substrate-film systan be determined by means of
nanoindentation that is able to distinguish theodehtion of individual components
in the system. SAMs on a metal surface have beggasiigated by means of
nanoindentation technique with a constant harmteguency [119]. It is shown that
a different functional tail group of SAMs giveseiso the variation of phase angles
and bulk density of alkyl chains may have an inflcee on the harmonic contact
stiffness. It is quite challenging to carry out amentation on a 1 nm thin carbon
nanosheet. We have done some preliminary nanoiatii@mt tests on carbon
nanosheets and the technique was not sufficiemhéoacterize them. The contact
point between indenter and nanosheets is diffitoltdetermine because of the
uncertainty in the range of a few nanometers. Feaniore, the contribution of the
substrate brings big difficulties to data analygfolymer carpet with a larger

thickness was measured with nanoindentation.

In order to calibrate the nanoindentation instrumérst tests were performed on a
Corning fused silica reference material. Continustiffness tests were performed up
to an indentation depth of 2000 nm in Corning refiee material. The material was
deformed at a constant strain rate of 0.05 andinkiigates that continuous values of
modulus and hardness in fused silica are 72 GP® anGPa, respectively, which are

in agreement with typical values of fused silickerence.
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Fig. 52 (a) Hardness as a function of indentatieptldl on a PS carpet and its reference
substrate; (b) Reduced moduli as a function of ritetteon depth on the PS carpet and|its
reference substrate.

As a next experiment, continuous indents to a depgtlaround 2000 nm were
performed both on the sample with polymer carpeds have been transferred on the
silicon substrate and on the substrate as a referéil the experimental results were
shown in fig. 52. Hardness and reduced moduli fathlPS carpets and reference
substrate as a function of displacement into sarfaere directly determined from

measurements and presented together for comparison.

The reduced modulug€, is determined from the slope of the unloading cuawd

calculated from the contact stiffness contributeaf both indenter tip and sample.

A 1y 1w (51)
Er El ES

where E and E, indicate the elastic modulus of indenter tip aathgle, v, and

V. indicate Poisson’s ratio of indenter tip and samph our case, a Berkovich

pyramidal tip was used which has the elastic maxloful140 GPa and/, of 0.07.

The moduli of PS carpets were computed and thdtsesare presented in table 11.
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Table 11 Statistical average modulus and hardmegsofymer carpets and the substrate

Polymer Carpets Substrate
Young’'s Modulus| Hardness (GPa) Young’'s Modulus Hardness (GPa)
(GPa) (GPa)
1 68.7 0.68 199.2 19.46
2 81.9 0.87 1954 18.70
3 87.5 0.97 183.2 15.71
4 81.1 0.86 196.7 19.17
5 72.7 0.74 184.3 16.77
6 73.7 0.73
7 85.3 0.89
8 104.0 2.02
9 87.9 0.99
Mean 82.5 0.97 191.8 17.96
Std. 10.5 0.41 7.4 1.64
Dev.
% COV 12.7 42.08 3.8 9.14

In fig. 52b, the substrate has a reduced modulabobit 168 GPa. It had a hardness
of 18 GPa at an indentation depth of 80 nm. Althrotige PS carpet has a thickness of
120 nm, the hardness and reduced modulus for P®taaven at an indentation depth
of 80 nm showed clearly that substrate played astkecrole. On the one hand, it
turns out that PS carpets can be easily distingdi$tom the substrate underneath and
the nanoindentation is demonstrated to be a usathhique; On the other hand, the
substrate effect was found to be too prominenth@racterize intrinsic modulus of a
PS carpet with a thickness of 120 nm. Much highereuttainties could be expected

for thinner PS carpets.

In summary, we presented the fabrication and mechlcharacterization of polymer
carpets which is a composite system of carbon re®as and polymer brushes. Both
bulge testing and nanoindentation were used tamete the mechanical properties
of polymer carpets. With big uncertainty in chaeaizing polymer carpets with
nanoindentation instrument, we come to the conatuthat current nanoindentation is
not yet suitable for the characterization of uliltnanomembranes such as carbon

nanosheets.
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Summary and outlook

Summary

The present work in this thesis focused on the mm@chl characterization of carbon
nanosheets that are prepared from the low enesgyrehs induced cross-linking of
biphenyl-based self-assembled monolayers. Forpghipose, we employed a novel
bulge test for characterizing freestanding thim§] in order to apply tensile stress
with a well-controlled gas pressure and to probe thsultant nanometer-scale
deformation of carbon nanosheets with an AFM. CBRBosheets were directly
prepared on silicon wafers with window-structurelit@n nitride membranes as a
sacrificial material. The AFM was used to scan thembranes and the resultant
deflection as a function of applied gas pressurs wsed to determine Young's
modulus and the residual stress of CBPS nanoshBeits.was termed as the “line
scanning method”. However, regarding BPT and NBRihosheets, they were
prepared on Au substrates and the transferringepsobad to be carried out. The line
scanning method was not reliable for these carlamosheets due to the presence of a
tiny amount of contamination from the PMMA on theface. We developed a central
point method to probe the deflection at the ceatehe membrane without scanning
it. Calibration was carried out and it was dematstt that the two methods were in

good agreement.

At first, the adhesion between a carbon nanoshagtaasubstrate was estimated in
order to prove that the van der Waals interactioargntees neither slipping nor
peeling during the gas pressure loading. We folmatl tarbon nanosheets tended to
conform to the substrate with the same corrugatwamelength and amplitude, even
on substrates with different surface roughnessrtpam that, the adhesion between
an AFM tip and a freestanding carbon nanosheetalsms measured. The mixed van
der Waals-capillary force was believed to domirthteinteraction. We observed that

the pull-off force between a tip and a nanoshegpstied by a substrate was 5~6
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times higher than that of between a tip and a sudgsknanosheet.

The results focused on electron irradiation effemtsthe mechanical properties of
carbon nanosheets that were prepared from varialescoles. It was found that the
mechanical stability was not enough to supportstasding carbon nanosheets with
an electron irradiation dose of less than 20 mé&/akfew intact membranes may
come into being due to increasing cross-linkageh widose from 30 to 40 mC/ém
The mechanical stiffness begun to stabilize witrelmttron doses above 50 mCfcm
Young’s modulus range from 6 GPa to 8 GPa for BBilosheets and from 8 GPa to
10 GPa for NBPT nanosheets. CBPS nanosheets eghMitung’s modulus in the
range of 10~12 GPa and show a slight increase gtiehielectron doses. The
mechanism can be understood by substrate condyctwid resultant different

crosslinking for CBPS nanosheets oglN\gisubstrate.

Carbon nanosheets exhibit typical viscoelastic bi@nas high polymers. Hysteresis,
creep and relaxation were observed and the minirsain that causes creep was
determined. The creep rate increases with strgstsland appears to be rather stable
in the range of 18s®. The ultimate tensile strength of carbon nanoshests also
determined with a bulge test. BPT and NBPT nandshkhave tensile strengths

ranging from 400 MPa to 700 MPa.

Multilayer carbon nanosheets have been success$lliicated. The average Young’s
modulus is demonstrated to be very similar to tbhtthe single layer carbon
nanosheet. Annealing treatment in UHV leads tawctiral transformation of carbon
nanosheets. An increased graphitization was obddrnv&aman spectra which also
indicated a decreased crystallite size. The mechhntharacterization also

demonstrated an increased Young’'s modulus upomeading treatment.

Moreover, polymer brushes grafted on biphenyl-bamsetbsheets provide a new class
of material termed as “polymer carpet’, which isnsidered as an adaptive
nanomembrane in actuators and sensors. Bulgedgestohnanoindentation were used

to characterize the mechanical properties of pohycaepets.
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Outlook

We have shown the fabrication and mechanical ckexniaation of carbon nanosheets.
They were demonstrated to act as a sensitive preessmsor. We expect that carbon
nanosheets could serve as a diaphragm in microphaviach is very sensitive to
sound. As far as we know, on the macroscopic sthée physics of sound is well
understood. On the micro- and nanoscale, where amatecules, membranes and
supramolecular assemblies constitute living céfig, role of sound is less clear. We
would expect that the motions of cellular membraaad of molecular machines

inside the cells generate fluctuating pressure gbsn.e. sound.

A sufficiently small, yet sensitive microphone than operate in the vicinity and
inside cells is crucial for such sound measuremaffts expect that supramolecular
assemblies in a living cell generate sound in thdzMnd GHz range. A microphone
that operates inside a living cell must thus be abldetect sound in the GHz range.
There the short attenuation length (2 um at 5 GRawater [120]) requires a

correspondingly small distance between the sourtieecsound and the microphone.

The size of a nano microphone must be small en@agthat it can be moved to
different extra- and intracellular regions to détsaund levels with spatial resolution.
Its dimensions should thus not exceed a few 100 The active element in a
microphone is an elastic membrane (diaphragm). Imaao-microphone, the

diaphragm must be extremely small, thin and dti$ec.

In the near future we want to build a functionahoamicrophone with a carbon
nanosheet diaphragm with a size of 100x10G nmsmaller. We will optimize the
microphone’s performance and utilize it for sounglasurements in liquids and in the
vicinity of living cells. Due to its miniature sizéhe microphone might penetrate
through the cell membrane and detect sound indide&ving cells. We thus aim at
investigating the intensity and the frequenciessofind at different extra- and
intracellular locations, as well as in differentyplological and developmental states

of a living cell.
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2D
AFM

AT

BP

BPT
CABT
CBPS
CPD
DEA
DFT
DMF
DMT
EPR
EQCM
ESD
FT-IRRAS
FWHM
GIXD
HF
HRTEM
HTMECH
IPN

IR

IRAS
JKR
LEAD
MEMS
MONT
NBPT
NEXAFS
oTS

PA

PAN
PDMS
PE
PMMA
PP

PS
SAED
SA-LbL

Abbreviations

two-dimensional

atomic force microscope

n-alkanethiol

benzophenone

1,1'-biphenyl-4-thiol

crosslinked 4’-amino-1,1’-biphenyl-4-thiol
4'-[(3-trimethoxysilyl)propoxy]-[1,1'-bipheld-carbonitril
critical point drying

dissociative electron attachment

density functional theory
dimethylformamide

Derjagin Muller and Toropov

electron paramagnetic resonance
electrochemical quartz crystal microbalance
electron stimulated desorption

fourier transform infrared reflection alpstion spectroscopy

full width at half maximum

grazing incidence X-ray diffraction
hydrofluoric acid

high-resolution transmission electron micase
high-throughput mechanical characterization
interpenetrating hybrid networks

infrared spectroscopy

infrared reflection-absorption spectroscopy
Johnson, Kendall and Roberts

low-energy atomic diffraction

micro- electro-mechanical systems
montmorillonite

4'-Nitro-1,1'-biphenyl-4-thiol

near edge X-ray absorption fine structurecsmscopy
n -octadecyltrichlorosilane

polyamide

polyacrylonitrile

Poly (dimethysiloxane)

polyethylene

poly(methyl methacrylate)

poly(propylene)

polystyrene

selected area electron diffraction
spin-assisted layer-by-layer
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SEM
SERS
SIP
SIPGP
SIMS
SLSI
SPR
ST™M
TEM
UHV
UPS
XPS
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self-assembled monolayers

scanning electron microscope

surface enhanced Raman spectroscopy
surface-initiated polymerization
self-initiated photografting and photopolyzegion
static secondary ion mass spectroscopy
super-large-scale integration

surface plasmon resonance

scanning tunneling microscope
transmission electron microscope
ultrahigh vacuum

UV-photoelectron spectra

X-ray photoelectron spectroscopy
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