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Following the first report on electronic transport measurements of graphene, an 

atom-thick carbon material, many scientists have devoted effort to understand its 

fundamental properties. In this work, the mechanical properties of graphene-based 

materials, including monolayer graphene oxide and chemical vapor deposition (CVD) 

grown graphene, were determined using membrane structures. Furthermore, a membrane 

structure was used to demonstrate thermoacoustic sound generation from monolayer 

graphene. 

In order to realize the mechanical characterization, reproducible methods to 

fabricate graphene membranes were developed using dry and wet transfer techniques. A 

novel dry transfer technique produced graphene-sealed microchambers without trapping 

liquid inside. An improved wet transfer technique enabled the transfer of graphene onto 

perforated substrates. 

Monolayer graphene oxide was mechanically tested using scanning atomic force 

microscopy (AFM) combined with finite element analysis of the data. The mechanical 
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deformation was measured by scanning AFM tips over the suspended graphene oxide 

membranes. The Young’s modulus of the membranes was obtained by analyzing the 

deformation using finite element analysis together with a mapping technique. In addition, 

membranes with 2 and 3 layers of graphene oxide were identified using transmission 

electron microscopy and mechanically characterized. Moreover, these same methods 

were used for measuring mechanical properties of ultra-thin amorphous carbon 

membranes. 

Bulge tests, which apply uniform pressure on the suspended membrane, revealed 

the mechanical behavior of polycrystalline graphene grown on copper foils by chemical 

vapor deposition. In particular, the effect of grain boundaries on the elastic properties of 

polycrystalline graphene was studied by correlating its Young’s modulus with the density 

of grain boundaries within the membranes. It was observed that a large number of grain 

boundaries softened the graphene membranes. 

Graphene, along with monolayer hexagonal boron nitride, is the ultimate limit of 

thin materials. Thus, it is an ideal candidate as a thermoacoustic sound source because of 

its low heat capacity per unit area. The work presented here provides the first 

demonstration of thermoacoustic sound generation from large-area monolayer graphene. 

A fundamental understanding of the influence of the underlying substrates was achieved 

by comparing the acoustic performance of graphene membranes on various patterned 

substrates with different porosities.  
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Chapter 1: Introduction 

1.1 GRAPHENE AND ITS PROPERTIES 

Graphene is a one-atom thick sheet of sp2-bonded carbon atoms arranged in a two 

dimensional (2D) honeycomb lattice. It can be considered as the template for other 

carbon allotropes such as graphite, carbon nanotubes, and fullerenes. Since graphene was 

identified by John May in 19691, it has been extensively studied by surface scientists. 

Recently, two papers published in Nature in 2005 reported the integer quantum Hall 

effect of single layer graphene.2, 3 Since those reports, graphene has become the subject 

of extensive and very competitive theoretical and experimental study.  

Electrical properties 

Initial electronic transport experiments on graphene patterned into Hall bar 

devices revealed its remarkable electronic properties.2, 3 As a zero gap material, the 

population of charge carriers in graphene changes continuously from electrons to holes 

via external field or doping. Initial experiments measured the mobility to be as high as 

10,000 cm2/Vs independent of temperature,4 and recent experiments have demonstrated 

mobility values as high as 200,000 cm2/Vs at low temperature with a suspended geometry 

(Figure 1.1).5 Although suspending graphene above the substrate led to a substantial 

improvement in device quality, this geometry imposes severe limitations on device 

architecture. On the other hand, high-quality exfoliated monolayer graphene on single-

crystal hexagonal boron nitride (h-BN) substrates showed mobilities and carrier 

inhomogeneities that are almost an order of magnitude better than devices on SiO2.
6 
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Figure 1.1. Electronic transport measurements on suspended graphene by Bolotin et al.5 
(a) SEM image of a suspended six-probe graphene device. (b) Schematic 
illustration of the device in side view. 

 

Mechanical properties 

Along with the remarkable electronic properties of monolayer graphene, its 

mechanical properties are superior compared to many other materials. In spite of its one-

atom thickness, graphene possesses a large intrinsic mechanical strength. Graphene is the 

strongest material ever measured.7 Its breaking strength is ~ 125 GPa, about 100 times 

larger than typical steels. Its Young’s modulus was measured to be 1.0 TPa by atomic 

force microscopy (AFM) nanoindentation (Figure 1.2). In addition to its outstanding 

strength and stiffness, defect-free graphene can sustain more than 20% local strain 

without breaking. Therefore, it is an excellent candidate material for mechanical 

reinforcements. Graphene films are reported to be good solid lubricants because of their 

low surface energy.8 The graphene films effectively reduce adhesion and friction forces. 

However, measurements on a single layer revealed that friction monotonically increased 

(a) 

(b) 
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as the number of layers decreased.9 This is attributed to atomic lattice stick-slip motion 

between the AFM tip and sample. 

 

 

Figure 1.2. AFM-nanoindentation on suspended graphene membrane by Lee et al.7 (a) 
Schematic illustration of nanoindentation on mechanically cleaved 
graphene. (b) Load-displacement curves from the nanoindentation. 

 

Optical properties 

Graphene has a particularly simple optical absorption spectrum. In the infrared 

range, graphene exhibits an almost uniform absorbance of πα=2.3%, where α is the fine 

structure constant (Figure 1.3).10, 11 Such a universal absorbance arises from the conic 

electronic structure of massless Dirac fermions in graphene. The significant light 

absorption also allows one to see the one atom-thick graphene with the naked eye by 

placing it on dielectric materials with a special thickness (e.g. 285-nm thick SiO2 on Si). 

In addition, by varying the Fermi level with an electrical gate, graphene’s absorption can 

be tuned significantly in the infrared range by ‘Pauli blocking’.12, 13 

(a) 

(b) 
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Figure 1.3. Transmittance through monolayer graphene observed by Nair et al.10 (a) 
Optical image of a 50 µm aperture partially covered by monolayer and 
bilayer graphene. (b) Transmittance spectrum of monolayer graphene.  

 

 

Figure 1.4. Graphene-based transparent conducting electrodes by Bae et al.14 (a) 
Transparent large-area graphene film transferred on a 35-inch PET sheet. (b) 
Graphene-based touch-screen panel. 

 

(a) (b) 

(a) (b) 
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1.2 OBTAINING MONOLAYER GRAPHENE 

Mechanical exfoliation 

In 1999, Lu et al. demonstrated patterning highly oriented pyrolytic graphite 

(HOPG) to obtain uniformed sized islands of up to several microns in size. The patterned 

small graphite islands were manipulated by AFM, resulting in the isolation of few-layer 

graphene sheets (Figure 1.5(a)).15 Following this work, Zhang et el. developed a method 

to extract thin graphite samples by gluing patterned HOPG under the AFM cantilever and 

shearing off the HOPG onto the substrate (Figure 1.5(b)).16 They demonstrated electric 

field-dependent conductance measurements on those thin graphite samples with 

thicknesses ranging from 10 to 100 nm. Recently, Novoselov et al. used a similar method 

(the so called “Scotch tape method”) which was inspired by the previous studies to obtain 

multilayer graphene with a thickness of ~ 3 nm, and measured its electronic mobility 

using electric field effects (Figure 1.5(c)).4 

 

 

Figure 1.5. Mechanical exfoliation of graphene sheets from graphite. (a) SEM image of 
few-layer graphene sheets on a silicon substrate obtained by Lu et al.15 (b) 
Schematic illustration of the mechanical exfoliation using AFM by Zhang et 
al.16 (c) Optical image of multilayer graphene with a thickness of ~ 3 nm on 
SiO2/Si by Novoselov et al.4 

(a) (b) (c) 



 6

 

Production of monolayer graphene 

Mechanical exfoliation of graphite can provide single layer graphene, but the 

process is time-consuming and yields relatively small-area samples. The unique 

electronic5, mechanical7, thermal17-19, and optical properties10 of graphene have 

demanded the development of large-scale production of graphene to make graphene-

based products industrially viable. Thus far, four methods for producing monolayer 

graphene in significant quantities were developed; epitaxial growth on silicon carbide20, 

21, chemical reduction of graphene oxide (G-O) in colloidal suspension22-24, plasma-

enhanced chemical vapor deposition (CVD) of graphene powder,25 and growth on metal 

substrates.26, 27 The epitaxial growth on silicon carbide can be achieved by annealing 

silicon carbide substrates at high temperature under ultrahigh vacuum. It provides a 

unique characteristic of decoupling multilayer graphene on the C-face. Reduction of G-O 

is a chemical route to produce large quantity of monolayer graphene. Individual layers of 

G-O dispersed in aqueous solution can be reduced by hydrazine or thermal annealing. 

However, the lateral size of reduced G-O is limited to tens of microns and its electronic 

properties are inferior to the pristine monolayer graphene due to structural modification 

during the chemical processing. Growth on metal substrates such as Ni and Cu has 

received the most attention as a route to large-area uniform monolayer graphene. It is 

achieved by normal CVD with carbon precursor gases such as ethylene or methane.  
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Figure 1.6. Graphene produced by various approaches. (a) SEM image of graphene 
grown on a copper foil using CVD by Li et al.26 (b) STM image of one 
monolayer of epitaxial graphene on SiC(0001) by Berger et al.20 (c) AFM 
image of exfoliated graphene oxide sheets with single layer by Stankovich et 
al.28 

 

1.3 SUSPENDED GRAPHENE AND ITS APPLICATIONS 

The excellent mechanical and chemical properties allow graphene to be 

manipulated in various conditions. For instance, micrometer-sized graphene sheets can be 

suspended over holes or trenches on substrates, or over electrodes in devices. These free-

standing graphene sheets can be used as high-frequency nanoscale electromechanical 

oscillators29, 30 and also as transparent supports for imaging tiny objects such as helium 

atoms by transmission electron microscopy (TEM).31 The graphene membrane can also 

be used as an ultrathin mask to protect the molecular layers (e.g., water) adsorbed on a 

surface and makes the imaging of weakly-adsorbed layers possible with a common 

AFM.32 In addition, due to graphene’s small lattice constant, when defect-free, it is not 

permeable to even helium atoms. Therefore, graphene can be used to reduce the 

permeability of any material and protect metals from oxidation. On the other hand, a 

(a) (b) (c) 
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nanometer-sized hole in the graphene membrane can be used to filter ions and molecules 

(e.g., DNA) in solution.33-35 Such a filtering capability makes graphene a promising 

component for sequencing DNA in the future. 

 

 

 

Figure 1.7. Suspended graphene structures. (a) SEM image of a few-layer graphene 
resonator by Bunch et al.29 (b) AFM image of a monolayer graphene sheet 
deposited on mica at ambient conditions obtained by Xu et al.32 Water 
adlayers on mica are detected. (c, d) Technique for reading the base 
sequence of a single DNA molecule using a graphene nanogap to read the 
DNA’s transverse conductance developed by Postma.33 

(a) (b) 

(c) (d)
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Chapter 2: Transfer and fabrication of graphene membranes† 

2.1 ABSTRACT 

Reproducible dry and wet transfer techniques were developed to improve the 

transfer of large-area monolayer graphene grown on copper foils by chemical vapor 

deposition (CVD). The techniques reported here allow transfer onto three different 

classes of substrates: substrates covered with shallow depressions, perforated substrates, 

and flat substrates. A novel dry transfer technique was used to make graphene-sealed 

microchambers without trapping liquid inside. The dry transfer technique utilizes a 

polydimethylsiloxane (PDMS) frame which attaches to the poly(methyl methacrylate) 

(PMMA) spun over the graphene film, and the monolayer graphene was transferred onto 

300-nm deep shallow depressions. The improved wet transfer onto perforated substrates 

with 2.7-μm diameter holes yielded 98 % coverage of holes covered with continuous 

films, allowing the ready use of Raman spectroscopy and transmission electron 

microscopy to study the intrinsic properties of CVD-grown monolayer graphene. 

Additionally, monolayer graphene transferred onto flat substrates has fewer cracks and 

tears, as well as lower sheet resistance, than by previous transfer techniques. Monolayer 

graphene films transferred onto glass had a sheet resistance of ~980 Ω/□ and a 

transmittance of 97.6 %. These transfer techniques open up possibilities for the 

                                                 
† The contents in this chapter were published in ACS Nano: Suk, J. W.; Kitt, A.; Magnuson, C. W.; Hao, 
Y.; Ahmed, S.; An, J.; Swan, A. K.; Goldberg, B. B.; Ruoff, R. S., “Transfer of CVD-Grown Monolayer 
Graphene onto Arbitrary Substrates”, ACS Nano 2011, 5, 6916–6924. 
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fabrication of various graphene devices with unique configurations and enhanced 

performance. 

2.2 INTRODUCTION 

Graphene, studied since the 1960’s as monolayer graphite on metal substrates,1, 36-

39 and earlier still as individual layers in graphite intercalation compounds, warrants its 

current interest due to its exciting properties.2, 39, 40 The first electrical measurements of 

few-layer graphene were published in 2004,41 followed by other studies involving 

fabrication of isolated samples by mechanical exfoliation of graphite in 2005.2, 3 

However, mechanical exfoliation15, 42, 43 is a time-consuming process that yields relatively 

small samples. Thus, mechanical exfoliation cannot address the need for mass fabrication 

of large-area uniform monolayer graphene. Chemical vapor deposition (CVD) has been 

shown to provide large area coverage. Few layer graphene was first grown on Ni foils44 

and shortly thereafter self-limited growth of single layer graphene on copper foils was 

demonstrated.26 It has been shown that single crystal, large area (~0.5 mm on a side) 

uniform monolayer graphene can be controllably grown on copper foils.45  

Reliable transfer of large-area monolayer graphene onto arbitrary substrates is a 

critical step in the use of CVD-grown graphene for most practical applications. Since 

poly(methyl methacrylate) (PMMA) has been used as a carrier material for transferring 

carbon nanotubes46 and mechanically-exfoliated graphene flakes,6, 47 it has also been 

widely used to transfer CVD-grown graphene to target substrates.26, 27 In a recent study, a 

modified PMMA transfer technique using a second, liquid PMMA coating step exhibited 
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enhanced performance of transparent conductive electrodes made of CVD-grown 

graphene films.48 The improved transfer provided a sheet resistance of 2.1 kΩ/□ for 

monolayer graphene films with a transmittance of 97.4 %. Although an improvement 

over previous transfer techniques, the sheet resistance is still much larger than the 

intrinsic graphene sheet resistance of  ~30 Ω/□.49 Furthermore, this technique can only 

be used to transfer graphene onto flat substrates.  

Suspending graphene membranes over perforated substrates eliminates substrate 

interactions and has allowed various kinds of fundamental studies including transmission 

electron microscopy (TEM),50-54 thermal transport,18, 55 mechanical,56 and optical 

measurements.10 Several methods have been developed to make suspended membranes 

from CVD-grown monolayer graphene over through holes; the copper foil was directly 

etched lithographically51 or the graphene/copper was directly attached and transferred to 

flexible thin carbon films with holes to minimize contamination of graphene.52, 57 

However, these methods require specialized fabrication processes and cannot be used for 

rigid substrates due to the roughness and rigidity of graphene/copper foils. 

Mechanically exfoliated graphene membranes which seal depressed wells or 

chambers have been used to demonstrate the impermeability of graphene membranes58 

and for nanoindentation tests.7 This kind of graphene-sealed microchamber provides a 

unique separation barrier between two different environments, which can be used for 

compliant membrane sensors that detect pressure, chemical/biological reactions, or other 

changes.58, 59 Transfer of CVD graphene onto these substrates is particularly challenging 

since a dry transfer technique is required to avoid trapping transfer or etchant liquids in 
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the wells. Dry transfer techniques have been developed to peel off multilayer graphene 

grown on SiC substrates by using: a bilayer film of gold/polyimide,60 a thermal release 

tape,61 or an electrostatic process.62 However, these techniques were applied to flat 

substrates with epitaxially grown multilayer graphene. Prior to this work, a dry transfer 

technique for CVD-grown monolayer graphene over patterned substrates had not yet 

been developed.  

In this work, a novel dry transfer technique for transfer of CVD-grown monolayer 

graphene onto shallow wells was invented. A PDMS frame is used to support the 

graphene/PMMA film, allowing it to be removed from the copper etchant and dried. A 

PMMA heat treatment step is used following the graphene transfer to increase the 

adhesion between the graphene and the substrate. Copper foils used in CVD have an 

irregular surface that is further roughened due to surface reconstruction during the high 

temperature anneal and growth. Graphene follows the surface morphology of the 

underlying copper during the growth process, making adhering transfer materials to the 

graphene films more challenging process. After removing the copper foil, the transferred 

graphene supported by its polymer does not lie flat on the substrate. Small gaps form 

between the graphene and the substrate. The incomplete contact of graphene with the 

substrate causes cracks and tears when the polymer material is removed. Here, this 

problem was overcome by softening the transfer layer (PMMA) with a heat treatment. 

When the PMMA is heated above the glass transition temperature (Tg), it softens and 

becomes more flexible. The gaps between the graphene and the substrate are reduced, 

increasing the adhesion as the transfer layer molds to the substrate. When used in a gentle 
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wet transfer process, the heat treatment step increases the quality of transfer onto flat and 

perforated substrates. Raman spectroscopy and TEM of graphene suspended over the 

holes shows the intrinsic characteristics of graphene. Graphene transferred onto flat 

substrates using the heat treatment has lower sheet resistance than graphene transferred 

using other techniques.  

2.3 DETAILED METHODS 

Dry transfer to wells  

Large-area high-quality monolayer graphene was grown on 25-μm thick copper 

foils using a CVD method that we demonstrated recently.18, 26 PMMA powder (Mw 

996000, Sigma Aldrich) was dissolved in chlorobenzene (Sigma Aldrich). For 2 μm deep 

wells, PMMA solution (120 mg/mL) was spin-coated on graphene/copper foils at 4000 

rpm for 30 sec and dried in air. The PDMS block with a ~1 cm diameter hole was gently 

pressed down onto the PMMA/graphene/copper. The copper was etched with ammonium 

persulfate (0.1 M) and dried in air after rinsing it with distilled water. The composite was 

placed on the target substrate having wells and heated at 180 C for over 3 hours. The 

PDMS block was peeled off while the sample was hot. The PMMA/graphene on substrate 

was annealed in a furnace with Ar (~500 sccm) and H2 (~500 sccm) at 350 C for ~2 

hours to remove the PMMA. For 300 nm deep wells, PMMA solution (120 mg/mL) was 

spin-coated on graphene/copper foils at 1000 rpm for 30 sec. The heat treatment was 

done at 150 C for over 12 hours. 



 14

Wet transfer to perforated substrates 

The PMMA solution (20 mg/mL) was spin-coated on graphene/copper foils at 

4000 rpm for 30 sec and dried in air. Ammonium persulfate (0.1 M, Sigma Aldrich) was 

used to etch copper and the PMMA/graphene film was floated on the surface of the 

solution. The PMMA/graphene film was moved to distilled water several times to rinse 

the etchant residue. For a small hole substrate (2.7-μm diameter), a silicon nitride 

supporting film TEM grid (Ted Pella) was used. A spacer (200-μm thick) was used to 

make the film flat. Water was pulled out with a syringe to lower the film onto the 

substrate while positioning the film with a needle. After drying it in vacuum for several 

hours, the sample was heated at 180 C for in air over 30 min to enable the flattening of 

the graphene film. The PMMA was removed with an acetone bath and the acetone was 

exchanged with ethanol and then HMDS. The sample was dried in air. To remove any 

PMMA residue, the grid was annealed in a furnace at 400 C with Ar (~500 sccm) and H2 

(~500 sccm) for ~1 hour. A second type of substrate with larger holes (~10 μm diameter) 

was fabricated on a silicon substrate by deep silicon etching and KOH backside etching. 

For this case, the PMMA/graphene sample was directly annealed to remove the PMMA 

in a furnace at 400 C with Ar (~500 sccm) and H2 (~500 sccm) for ~1 hour, without 

using acetone. 

Wet transfer to flat substrates 

The PMMA solution (20 mg/mL) was spin-coated on graphene/copper foils at 

4000 rpm for 30 sec and dried in air. The copper was etched with iron (III) nitrate 
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solution (0.05 g/mL in water) and the PMMA/graphene film was floated on the surface of 

the solution. After rinsing the film with distilled water, the target substrate was placed in 

water with a tilting angle of ~30  underneath the floating film. Water was pulled out 

with a syringe to lower the film onto the substrate while positioning the film with a 

needle. After drying it in vacuum for several hours, the sample was heated at 180 C for 

in air over 30 min to enable the flattening of the graphene film. The PMMA was removed 

with an acetone bath. An additional annealing process can be performed at 400 C with 

Ar (~500 sccm) and H2 (~500 sccm) for ~1 hour to remove further residue. 

Characterization 

SEM images were taken with an FEI Quanta-600 FEG Environmental SEM. TEM 

images were taken with JEOL 2010F. The sheet resistance and the optical transmittance 

were measured by the van der Pauw method (Keithley 6221 and 6514 instruments) and a 

spectroscopic ellipsometer system (JA Woolham M2000), respectively. A 514 nm 

excitation with a 100 objective (0.9 NA) and a 1800 line/mm grating was used for 

Raman spectroscopy of the graphene transferred to flat SiO2 and the TEM grid. A 532 nm 

excitation laser with a 100 objective lens (WITec Alpha 300 micro-Raman imaging 

system) was used for Raman maps of the graphene transferred over depressions. AFM 

was performed by Park Scientific Instruments model CP using contact mode with 0.2 nN 

at a scanning speed of 0.5 Hz. 
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2.4 RESULTS AND DISCUSSION 

Figure 2.1 shows a schematic illustration of the dry and wet transfer processes for 

the three substrate types: shallow wells, perforated, and flat substrates. Transferring 

graphene onto closed wells is more difficult than onto flat or perforated substrates 

because of the possibility of trapping liquid in the wells. The liquid etching of copper to 

free the CVD graphene is currently unavoidable, which necessitates the drying of 

graphene prior to transfer. Without support, the graphene layer is too flimsy to remove 

from the etchant without wrinkling or otherwise destroying the membrane. In our 

approach, PDMS acts as a flexible frame to hold the PMMA/graphene film, enabling the 

film to be removed from the etchant, dried, placed on the target substrate, and heat 

treated. PDMS has been widely used as a carrier or supporting material for graphene or 

graphene oxide films due to its flexibility, robustness, adhesion to samples, and 

transparency.27, 63-65 First, relatively thick PMMA was coated on a graphene/copper foil. 

A PDMS block with a through hole in the center is attached to the 

PMMA/graphene/copper films by natural adhesion. The copper is then etched while the 

PDMS/PMMA/graphene block is floated over the solution (Figure 2.1(a1)). Using the 

PDMS ‘handle’, the composite is easily rinsed and dried after etching (Figure 2.1(a2)), 

thereby eliminating the liquid from the etching process. Next, the 

PDMS/PMMA/graphene composite is placed onto the target substrate, covering the 

wells. The substrate is heated above the Tg of PMMA (Figure 2.1(a3)). The heat 

treatment allows the wavy and rough PMMA/graphene film to make full contact with the 

target substrate as shown in the magnified views of Figure 2.1(a3, a4). After heating, the 
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adhesion of the graphene to the substrate is strong enough to peel off the PDMS block 

without delaminating the PMMA/graphene film (Figure 2.1(a4)). Finally, the PMMA is 

thermally removed in a furnace at 350 C with Ar and H2 for ~2 hours, without the use of 

any solvent. The total process is a reproducible dry transfer technique.  

 

 

Figure 2.1. Schematic illustration of dry and wet transfer processes. (a) Dry transfer 
onto shallow depressions. Wet transfer onto (b) perforated substrates and (c) 
flat substrates. The boxes with dashed line in (a3) and (a4) show magnified 
views. 

 

The dry transfer was demonstrated with patterned wells of two different depths: 2 

μm and 300 nm. Figure 2.2(a) shows a scanning electron microscopy (SEM) image of 
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graphene suspended over deep wells. If a membrane is broken, the well has a white ring 

around its edge in the SEM image due to the charging of the exposed SiO2 layer by the 

electron beam. Figure 2.2(b) shows a SEM image of a suspended membrane over a 5.1-

μm diameter well. Note that the wrinkle spanning the well is straight. This indicates that 

the membrane has not been drawn into the well. For this deep well, a ~1.5-μm thick 

PMMA layer was used for transfer and the sample was heated at 180 C for > 3 hours in 

air before PMMA removal. However, these conditions did not provide good coverage of 

suspended membranes over the shallow wells. The heat treatment of the relatively thin 

PMMA film caused the PMMA/graphene films to collapse to the bottom of the majority 

of the shallow wells. Relatively thick PMMA (~2.7-μm thickness) and a lower 

temperature treatment (150 C) was used to increase the rigidity of the film and thus 

minimize the contact of the film to the bottom of wells. At temperatures closer to Tg (125 

C) of the PMMA, the PMMA needs more time to relax and make full contact with the 

substrate. When treated for < 3 hours, it was found there was not sufficient adhesion. 

When heated for > 12 hours at 150 C, the PMMA/graphene film adhered well to the 

substrate when the PDMS block was peeled off. Figure 2.2(c) shows a SEM image of a 

suspended membrane over a 3.9-μm diameter well with 300 nm depth. The visible, 

undistorted wrinkle in the graphene sheet passing through the well indicates that the 

membrane was suspended. An atomic force microscopy (AFM) topology image 

confirmed that the membrane was completely suspended over the shallow well (Figure 

2.2(d)). Presumably due to van der Waals attraction of the graphene to the walls and the 
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flexibility of the PMMA film during heat treatment, the graphene membrane adheres to 

the sidewall of the well for a few nm.  

 

 

Figure 2.2. Monolayer graphene transferred onto wells. (a, b) SEM images of graphene 
membranes over 2-μm deep wells with 2.7-μm and 5.1-μm diameter, 
respectively. The broken membrane has a white ring around its edge due to 
charging of the substrate in SEM. (c) SEM image of a graphene membrane 
over a 300-nm deep well with 3.9-μm diameter. (a and c insets) Schematics 
of samples. (d) AFM topology image (10 μm  10 μm) of a graphene 
membrane over a 300-nm deep well with 5.1-μm diameter. The black line 
represents the line profile along the center of the membrane.  
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Figure 2.3 shows the percentage of covered membranes as a function of the 

diameter of the wells. Even though this process has not yet been fully optimized, the 

percentage of covered holes was relatively high. For 2.7-μm diameter holes, 59% of the 

2-μm deep holes and 32% of the 300-nm deep holes were covered. As expected, the 

coverage of suspended membranes decreases as the diameter of the wells increases. 

Nonetheless, this technique could make large graphene membranes with up to 10.5-μm 

and 7.3-μm diameters for 2-μm and 300-nm deep wells, respectively. 

 

Figure 2.3. The coverage of suspended graphene membranes over different sizes of 
wells. 
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Figure 2.4 shows Raman maps of the G- and 2D-band peak positions of 

monolayer graphene transferred onto a shallow 3.9-μm diameter well. The large 

downshift of both the G- and 2D-bands is consistent with biaxial strain which develops 

when the graphene membrane adheres to the sidewall. Based on previously measured 

shift rates,66 a G-band shift of ~12 cm-1 indicates 0.16  0.01 % strain while a 2D shift of 

~26 cm-1 indicates 0.13  0.01 % strain. This level of strain can be explained by the 

graphene adhering to the sidewalls for 3 nm and is consistent with the AFM data which 

shows a few nm of sidewall adhesion. 

 

 

Figure 2.4. Spatial Raman maps of (a) G and (b) 2D band energies for graphene 
covering a 300 nm deep well. 

 

The PMMA heat treatment step can also be used to improve the quality of 

graphene that is wet-transferred to flat or perforated substrates. For flat samples, a thin 
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PMMA film (~100-nm thick) is spin-coated onto the graphene grown on copper foil. The 

copper foil is etched away and the PMMA/graphene film rinsed with distilled water 

(Figure 2.1(c1)). The target substrate is placed in the water at an inclined angle (Figure 

2.1(c2)), and the PMMA/graphene film is lowered onto the substrate by removing water 

with a syringe (Figure 2.1(c3)). A needle is useful for positioning the film on the 

substrate. The substrate is inclined to help the PMMA/graphene film spread across the 

substrate from one side as the water level is lowered. This gentle process reduces the 

tearing of the PMMA/graphene films. The drying process slightly stretches and flattens 

the graphene. Finally, the dried PMMA/graphene/substrate is heated above the Tg of the 

PMMA, but below the melting temperature (Figure 2.1(c4)), as was done in the dry 

transfer, and the PMMA is removed with acetone.  

The transfer process of graphene onto perforated substrates is complicated by the 

potential for free-standing graphene to be broken by surface tension during drying. A 

TEM grid having 10,000 holes (2.7-μm diameter) in a 200-nm thick silicon nitride film 

was used to demonstrate the transfer of graphene onto perforated substrates. Ammonium 

persulfate was used to etch the copper foil. The ammonium persulfate provides a cleaner 

graphene surface than iron (III) nitrate, possibly because iron (III) nitrate leaves some 

iron oxide contamination.51 Since the target substrate is only 3 mm in diameter, the much 

larger PMMA/graphene membrane can bow around the substrate. To ensure full, even 

contact between the graphene and substrate, multiple target substrates with spacers in 

between were used so that the graphene/PMMA membrane was fully supported (Figure 

2.1(b2)). To avoid rupturing the suspended graphene with surface tension, critical point 



 23

drying is usually used.50, 67 As a less time consuming alternative, hexamethyldisilazane 

(HMDS) was used as a dehydrating solution. For this size of membranes, its rapid 

evaporation and low surface tension prevented them from breaking.68  

This process covers a high percentage of holes with high quality graphene. 

Among 10,000 holes, only 2 % of the holes had voids after the transfer as shown in 

Figure 2.5(a). The broken holes appear dark in the SEM (Figure 2.5(b)). The removal of 

PMMA using acetone left a residue of polymer on the graphene film. Further cleaning 

was necessary in order to observe the atomic structure of graphene.69 The transferred 

graphene was annealed at 400 C with Ar and H2 for ~1 hour. 94 % of 10,000 holes 

survived thermal cycling. Figure 2.5(c) shows a high resolution TEM image in which 

relatively clean graphene areas longer than 30 nm in length can be seen. A selected area 

electron diffraction (SAED) pattern obtained in TEM shows the hexagonal pattern of 

monolayer graphene (Figure 2.5(c) inset).  
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 Figure 2.5. SEM and TEM images of monolayer graphene transferred onto perforated 
substrates. (a) Low and (b) high magnification SEM images of graphene on 
perforated silicon nitride supporting film having 2.7-μm diameter holes. A 
schematic of the sample is shown below (a). The dark holes indicate broken 
membranes. (c) High resolution TEM image of graphene suspended over a 
hole in the silicon nitride TEM grid. The inset shows a SAED pattern which 
is consistent with monolayer graphene.  
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This transfer technique also works for transfer onto larger holes. Figure 2.6 shows 

graphene membranes transferred onto ~10-μm diameter holes created by deep silicon 

etching. For a membrane this large, direct removal of the PMMA by annealing at high 

temperature was used. 20 of the 25 membranes in Figure 2.6 survived the process. Earlier 

work has shown that graphene membranes can be transferred by thermally decomposing 

the PMMA film at 300-350 C in air for 2-4 hours.54, 70 However, oxygen in the air can 

damage the graphene. When identically grown and transferred graphene had its PMMA 

removed by heating in atmosphere, the Raman D peak was roughly as high as the G peak, 

indicating much greater disorder than when the PMMA is removed by heating in an 

Ar/H2 environment. 
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Figure 2.6. SEM image of monolayer graphene on a silicon substrate having ~10-μm 
diameter holes with a schematic of the sample. 5 dark holes (blue circles) 
are broken membranes and the remaining 20 membranes are suspended. 

 

Raman spectroscopy was used to evaluate the quality of the suspended CVD-

grown graphene. Figure 2.7(a-c) shows Raman spectra (514 nm laser wavelength) of 

CVD-grown monolayer graphene transferred onto SiO2/Si and suspended graphene on a 

silicon nitride TEM grid. The optical power was 250 W, low enough to avoid heating. 

The G and 2D peaks of monolayer graphene supported on SiO2/Si are positioned at 

~1588 cm-1 and ~2690 cm-1, respectively. The suspended graphene on the silicon nitride 

grid show peaks that are down shifted to ~1584 cm-1 (G) and ~2685 cm-1 (2D). A small D 

peak, indicative of defects, is visible at ~1350 cm-1. The D peak does not increase in 
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strength for the suspended sample, indicating that no additional cracks or tears exist 

across the sampled suspended areas. Table 2.1 shows the Raman characteristics for the 

suspended graphene membranes. The intensity ratio of D to G, ID/IG, varies between 0.06 

and 0.12, and the 2D to G intensity ratio I2D/IG varies between 8 and 11, significantly 

higher than for the graphene on the SiO2/Si surface, I2D/IG=~5.4. 

 

 

 Figure 2.7. (a) Raman spectra of monolayer graphene on flat SiO2/Si and perforated 
silicon nitride supporting film using a 514 nm wavelength laser. (b) Raman 
spectra of G band region (1520-1640 cm-1). (c) Raman spectra of 2D band 
region (2600-2750 cm-1). 
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Table 2.1. Raman characteristics of suspended graphene membranes. 

Membranes G-band 2D-band ID/IG I2D/IG 

 (cm-1) FWHM  (cm-1) FWHM 

1 1585.0 15.8 2684.8 23.7 0.082 11.03 

2 1583.9 15.1 2683.0 22.7 0.064 9.30 

3 1585.0 15.8 2686.0 23.7 0.186 7.99 

4 1584.7 15.5 2685.1 23.8 0.121 8.67 

 

The measured Raman data was used to evaluate the degree of doping and strain in 

the suspended sample. Full width at half-maximum (FWHM) and frequencies () of the 

G and 2D bands are sensitive to doping,71-74 strain,66, 75 and temperature.18, 19, 55, 76 Heating 

effects were ruled out since a decrease in power by a factor of ~6 caused a G-band down 

shift by only a small amount, < 0.1 cm-1. Based on previously measured temperature shift 

rates,76 this shift corresponds to heating by less than 10 C. The G and 2D peak positions 

were used to analyze the strain and doping level. Due to the circular geometry, there is no 

preferential strain direction and uniform biaxial strain was assumed. Previous 

measurements show that the 2D-band shifts by less than 1 cm-1 for carrier concentrations 

below 3  1012 cm-2,74 but has a large strain dependence, shifting by 203 cm-1/% for 

biaxial strain.66 Hence, the 2D peak position was used to evaluate the strain. For a 514 

nm excitation, the unstrained 2D feature is expected to be at 2683 cm-1 compared to 

2683-2685 cm-1 on the measured suspended samples.77 Thus, the measured frequencies 

correspond to strains of less than 0.01%. Having eliminated temperature and strain 

effects, the G peak position and width are only a function of doping. With increased 
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electron or hole doping, the G band frequency shifts up and the width decreases.71-74 

Comparing the large measured G widths and low measured frequencies to theoretical 

results,71 doping levels were estimated to be less than 1  1012 cm-2, consistent with the 

increase of the integrated 2D to G intensity ratio described above.78, 79 It is also noted that 

the increase of the integrated intensity ratio of the 2D-band to the G-band, I2D/IG, from 

5.4 to 9.0 upon suspension is partially due to the etalon effect in the 285 nm thick SiO2 

cavity that accounts for a calculated 22% of the ~66% increase. The remaining increase, 

having eliminated strain and temperature effects, is another indicator that the doping is 

decreased when the graphene is decoupled from the substrate. Hence, the spectrum from 

the suspended graphene demonstrates near-intrinsic properties of the graphene with 

doping less than 1  1012 cm-2, strain less than 0.01%, and low disorder. 

The improved transfer resulted in fewer cracks and tears in graphene films 

transferred onto flat substrates. Figure 2.8(a) shows an optical image of monolayer 

graphene transferred onto a 285 nm thick SiO2 substrate at low magnification (1.2 mm  

0.9 mm). Any major cracks or tears were not observed. Figure 2.8(b) is a high 

magnification optical image (0.12 mm  0.09 mm), which shows typical features of 

CVD-grown graphene, namely wrinkles and ad-layers. These results reproducibly 

showed a significantly reduced density of cracks and tears on transferred graphene films 

and improved the electrical quality of the CVD graphene films. Monolayer graphene with 

~1  1 cm2 area was transferred onto a glass cover slip.  
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Figure 2.8. Optical images of large-area monolayer graphene transferred onto 285-nm 
thick SiO2; (a) field of view 1.2 mm  0.9 mm and (b) field of view 0.12 
mm  0.09 mm.  

 
Figure 2.9 shows the sheet resistance as a function of the optical transmittance. 

The transmittance was varied by stacking monolayer graphene sequentially, thereby 

making bilayer and trilayer graphene films. Monolayer graphene was measured to have a 

sheet resistance of ~980 Ω/□ with a transmittance of 97.6 %. The sheet resistances for 

bilayer and trilayer graphene films were ~540 Ω/□ and ~350 Ω/□ with transmittance of 

95.3 % and 92.9 %, respectively. 
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Figure 2.9. Sheet resistance as a function of transmittance at λ = 550 nm. The squares 
are the results from graphene transferred to glass slides by this method. The 
circle and triangle represent CVD-grown graphene grown on copper by Li et 
al.48 and nickel by Reina et al.,80 respectively. The blue dotted line 
represents the Beer-Lambert law (indicated as “BL law”) fitted to results 
from this work. The inset is the transmittance of our n-layer graphene films 
as a function of wavelength of the incident light with a blank cover slip used 
for background subtraction. 

 

According to the Beer–Lambert law, the transmittance of light (T ) through a 

homogeneous material is deT  , where d  is the film thickness,   is the effective 

absorption coefficient given by  /4 k , k  is the extinction coefficient, and   is 
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the wavelength of incident light. The sheet resistance is defined as GdR /1 , where G  

is the material conductivity. Combining these two equations yields81  

TG

k
R

ln

4




            (2.1) 

where k  is ~1.4 for graphene at 550 nm wavelength.82 The electrical conductivity of a 

2D material can be calculated from  ne , where n  is the carrier density, e  the 

elementary charge, and   the mobility. By fitting the experimental sheet resistance and 

transmittance with equation (2.1) (the dotted line in Figure 2.9), the electrical 

conductivity of our graphene films was found to be ~3.0  106 S/m. While a direct 

calculation of our mobility is not possible due to the unknown doping level, a lower 

bound can be calculated. The measured G position and width establish an upper level of n 

= 4  1012 cm-2 which corresponds to a lower limit of the mobility of 1.5  103 cm2V-1s-1. 

This lower limit is 2 orders of magnitude below the intrinsic limit of mobility at room 

temperature.49 This could be due to an overestimation of n, impurity scattering by the 

substrate (SiO2), small cracks formed during the transfer process, other imperfections in 

the graphene films such as grain boundaries, defects, and wrinkles, or any combination of 

these. Yet, compared to the previously reported results,48, 80 our method has significantly 

enhanced the electrical conductivity of transferred graphene films. Particularly, when 

comparing graphene films having the same quality (grown at the same time) that were 

transferred using the second liquid PMMA coating method by Li et al.48 and our method, 

the sheet resistance obtained from our transfer technique was more than a factor of 2 

lower. 
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2.5 CONCLUSION 

A novel dry transfer technique was developed which allows CVD graphene to be 

transferred over microchambers for the first time. This technique can be used to fabricate 

a number of devices that rely on the unique separation layer between the two different 

environments. The novel dry transfer technique uses a PDMS frame attached to the 

PMMA/graphene films to controllably remove the graphene from the etchant along with 

a heat treatment step to increase the adhesion between the graphene and the substrate. 

The heat treatment step can also be used in wet transfers to increase the quality of 

graphene transferred to flat and perforated substrates. Graphene suspended over 

perforated holes allowed us to measure the intrinsic nature of CVD-grown graphene 

using Raman spectroscopy and TEM. Moreover, improved wet transfer onto flat 

substrates decreased the sheet resistance of CVD-grown graphene films by a factor of 2, 

making them more suitable for device fabrication including transparent conductive films. 

These techniques increase the range of application of CVD-grown monolayer graphene. 
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Chapter 3: Mechanical properties of monolayer graphene oxide‡ 

3.1 ABSTRACT 

Mechanical properties of ultra-thin membranes consisting of 1 layer, 2 overlapped 

layers, and 3 overlapped layers of graphene oxide platelets were investigated by atomic 

force microscopy (AFM) imaging in contact mode. In order to evaluate both the elastic 

modulus and pre-stress of thin membranes, the AFM measurement was combined with 

the finite element method (FEM) in a new approach for evaluating the mechanics of 

ultra-thin membranes. Monolayer graphene oxide was found to have a lower effective 

Young’s modulus (207.6±23.4 GPa when a thickness of 0.7 nm is used) as compared to 

the value reported for ‘pristine’ graphene. The pre-stress (39.7-76.8 MPa) of the graphene 

oxide membranes obtained by solution-based deposition was found to be one order of 

magnitude lower than that obtained by others for mechanically cleaved graphene. The 

novel AFM imaging and FEM-based mapping methods presented here are of general 

utility for obtaining the elastic modulus and pre-stress of thin membranes. 

3.2 INTRODUCTION 

Revelations of the unique electronic,5 mechanical,7 thermal,17-19 and optical 

properties10 of graphene has put emphasis on the development of large-scale production 

of graphene to make graphene-based products industrially viable. Four methods were 

                                                 
‡ The contents in this chapter were published in ACS Nano: Suk, J. W.; Piner, R. D.; An, J.; Ruoff, R. S., 
“Mechanical Properties of Monolayer Graphene Oxide”, ACS Nano 2010, 4, 6557-6564. 
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identified for producing monolayer graphene in significant quantities; growth on metal 

substrates,26, 27 epitaxial growth on silicon carbide,20, 21 chemical reduction of graphene 

oxide (G-O) in colloidal suspension,22-24 and plasma-enhanced chemical vapor deposition 

of graphene powder.25 Of these methods, making colloidal suspensions of G-O is a cost 

effective and easily scalable approach for obtaining graphene-like platelets through a 

solution-based route. G-O is a promising candidate as a component in paper-like 

materials,24, 83-86 polymer composites,22 transparent conducting films,87, 88 

nanomechanical devices,89 as a compliant substrate for high temperature processing,64 in 

electrical energy storage systems,90, 91 and as discussed in several recent reviews.92-96 

There is a need for fundamental understanding of G-O and its chemical variants, 

including for building a reliable data-base of properties for applications. Although the 

structure of G-O has been discussed in terms of several models, detailed understanding of 

its structure is still being developed.97-100 G-O consists of a hexagonal carbon network 

having both sp2- and sp3-hybridized carbons bearing hydroxyl and epoxide functional 

groups on its ‘basal’ plane, whereas the edges are mostly decorated by carboxyl and 

carbonyl groups. Figure 3.1 shows a chemical model of monolayer graphite oxide 

proposed by He et al.101 Recently, a ‘swiss cheese’ model was proposed to rationalize I-V 

data obtained on G-O as it was being reduced in which graphene-like regions are 

separated by relatively heavily functionalized regions,102 and scanning transmission 

electron microscopy (STEM) combined with electron energy loss spectroscopy (EELS) 

has proven that the functional groups in G-O are distributed in an aperiodic way.103 
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Figure 3.1. Chemical structure of graphite oxide proposed by He et al.99, 101 Minor 
functional groups, carboxylic groups, and carbonyl groups have been 
omitted at the edges. 

 

The mechanical properties of graphene and reduced graphene oxide have been 

investigated with both experimental and theoretical approaches. Lee et al. reported the 

Young’s modulus of ~1.0 TPa and the ultimate breaking strength of ~130 GPa by 

indenting the center of a series of monolayer graphene membranes with a diamond-

coated tip using atomic force microscopy (AFM).7 Gomez-Navarro et al. reported a 

Young’s modulus of 0.25±0.15 TPa for a chemically reduced monolayer graphene oxide 

beam by AFM-nanoindentation.67 Theoretically, Paci et al. showed that oxidation process 

significantly decreases the in-plane Young’s modulus and fracture strength of graphite 

oxide by using a Monte Carlo based scheme and molecular dynamics simulations.104 

However, to the best of our knowledge, the mechanical properties of monolayer G-O 

platelets have not yet been reported. 
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In this work, AFM imaging in contact mode was used to extract the mechanical 

properties of nanometer-thick membranes consisting of 1 layer, 2 overlapped layers, and 

3 overlapped layers of G-O platelets. The effective Young’s modulus and pre-stress were 

obtained by using a mapping method based on the finite element method (FEM). The 

measurement and analysis techniques enable us to obtain both the elastic modulus and 

pre-stress of ultra-thin membranes simultaneously.  

3.3 DETAILED METHODS 

AFM imaging 

All AFM measurements were done at 512  512 resolution and a scanning rate of 

1 Hz in a 2.2  2.2 μm2 scan. A 1/F filter was applied to reduce the background noise in 

the data. After obtaining the cross-section profiles (Figure 3.4(c)), 20 points 

(corresponding to ~110-nm width) at the center of the cross-section profile were averaged 

and used for the analysis. The thickness of G-O platelets was measured by AFM after 

depositing them on mica.28 A thickness of 0.7 nm is used for all analysis. All 

measurements were conducted at a nearly constant humidity of 35~40%. 

FEM analysis 

The ANSYS Parametric Design Language (APDL) was used to model the contact 

between the AFM tip and the membrane with varying assumed values of elastic moduli 

and pre-stresses. Simulations were done with a 1.30-m (or 1.75-m) diameter 

membrane with an assumed thickness of 0.7 nm. A 2-node shell element was used for 

axisymmetric analysis of the membrane. The AFM tip was modeled as a hemisphere with 
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a radius of 23.9 nm (see Supporting Information) and used material properties of silicon 

nitride for the AFM tip. The contact between the tip and membrane was assumed to be 

frictionless. The membrane was assumed to be isotropic. The Poisson’s ratio of the G-O 

membrane was assumed to be 0.165, the value for graphite in the basal plane.7, 105 

Displacements at the center of the membrane were calculated at 10 GPa and 2 MPa 

increments for elastic moduli and pre-stresses, respectively. Each calculated displacement 

was compared with one measured displacement at a given force. In order to reduce 

computing time by assuming linear behavior between neighboring calculated data points, 

a linear interpolation was done for each pair of neighboring data points, and 5 

interpolated points were thereby obtained. Based on the calculations and comparisons 

with the measured displacements at four different forces, 3D and 2D maps were 

constructed as shown in Figure 3.4(d) and (e), respectively. The effective Young’s 

modulus was obtained by averaging all of the calculated values in the overlapped region 

of the 2D map. 

3.4 RESULTS AND DISCUSSION 

An aqueous dispersion of G-O platelets (graphite oxide was made by the modified 

Hummers method106) was made by slow stirring in ultrapure water. It was diluted and 

deposited over a carbon film TEM grid (QUANTIFOIL® holey carbon film grid; 

QUANTIFOIL Micro Tools GmbH). One droplet of the solution was dropped on the grid 

and dried in air, yielding well-distributed G-O platelets. Figure 3.2 shows G-O platelets 

over regions of these holey carbon film grids. STEM (Quanta F600 ESEM, FEI) and 
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AFM (model CP, Park Scientific Instruments) topology images indicate that the G-O film 

regions span over several holes in the grid (Figure 3.2(a, c)). Each hole has a 1.30-m (or 

1.75-m, for a different grid) diameter and a 2.50-m center-to-center spacing, indicating 

that the local regions of the G-O films spanned tens of micrometers in lateral dimension, 

which allowed easy identification of individual membranes not having any wrinkles or 

folds. Most of the membranes survived the deposition process. Transmission electron 

microscopy (TEM; 2010F, JEOL) and AFM topology images of one representative 

membrane show a clean and wrinkle-free membrane over a hole (Figure 3.2(c, d)). The 

Raman spectrum (WITec alpha300, a laser wavelength of 532 nm, 100 objective lens) 

shows D and G bands, as expected (Figure 3.2(e)).107 The circular shape of the 

membranes provides a well-defined sample geometry and thus boundary conditions such 

that no particular stress concentration is expected around the circumference. The through-

hole configuration allowed use of TEM to observe the same membranes that AFM 

measurements were performed on.  
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Figure 3.2. G-O platelet covering open holes. (a) STEM image. (b) TEM image. (c) 
AFM topology image in 20  20 µm2 scanned area. (d) AFM topology 
image in 2.2  2.2 µm2. (e) Raman spectrum obtained from one individual 
G-O membrane with a 532 nm wavelength incident laser. 
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AFM has been used for characterizing the mechanical properties of 

micro/nanostructures including microcantilevers,108 nanowires,109-111 thin films,112 and 

biological materials113-115 by obtaining force-distance curves.116 However, the standard 

force-distance measurement suffers from instabilities due to the discontinuous motion of 

the AFM tip (‘jumping’ or ‘snapping’).117 In addition, there is uncertainty in the exact 

position of the probe on the sample, and this is made worse by the fact that the tip slides 

across the sample during the measurement. These factors adversely affect reliability and 

reproducibility. Instead of using the conventional method, other researchers have used 

contact mode scanning AFM to characterize the mechanical properties of SiC nanorods 

and carbon nanotubes by bending these structures and using the lateral force detector to 

measure the bending force, while using the image to measure the displacement.118 

Recently, contact scanning mode AFM was used for mechanical testing of free-standing 

microcantilevers to overcome the intrinsic drawbacks of the conventional force-distance 

method including nonlinearities of the photodetector.119  

AFM imaging in contact mode was used to measure the mechanical deformation 

of G-O membranes. The principle of the AFM measurement is illustrated in Figure 

3.3(a). When the AFM tip scans over a membrane (or any suspended structure) with a 

constant normal force, the membrane can mechanically deform along a scanned line (the 

dash lines in Figure 3.3(a)). By recording the tip displacement, topology images can be 
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obtained at different normal forces. The image is not a true topology map, but a map of 

the tip trajectory as it was scanned over the membrane (the solid line in Figure 3.3(a)). 

This imaging method has the tip in contact with the sample, which provides several 

advantages compared with the conventional force-distance method: (i) it avoids the 

relatively large loads applied with traditional force-distance experiments as built into 

most commercial AFMs, (ii) it provides a stable and continuous measurement by 

eliminating instability due to jumping or snapping of the AFM tip, (iii) it allows one to 

extract the force-distance relationships at every point on the sample with good lateral 

resolution (i.e., without doubt about the precise position of the probe), and (iv) it allows 

for the use of a relatively flexible supporting substrate by measuring deformation of the 

suspended sample relative to any potential deformation of the supporting substrate; this 

was useful here as the QUANTIFOIL® substrate allowed for relatively trivial acquisition 

of TEM data of the same membranes.  
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Figure 3.3. Illustration of contact mode AFM imaging and FEM-based mapping. (a) 
The AFM tip at different positions on a sample (the dashed lines represent 
the deformed shape of the membrane at that contact point). The solid line 
represents the acquired tip trajectory, which corresponds to the obtained 
AFM topology image. (b) 3D map of displacement difference (d = dFEM – 
dmeasured) from the obtained membrane deformation at one load condition. (c) 
2D map of possible combinations of elastic moduli and pre-stresses obtained 
using four different normal force loads (Load 1 < Load 2 < Load 3 < Load 
4). 
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The elastic modulus and pre-stress are important parameters in micro/nanoscale 

devices for determining deformation, resonant frequency, and quality factor. If the 

membrane is under tensile stress at zero load, it is stiffer, which means less mechanical 

deformation and increased resonant frequency. FEM was used with a mapping technique 

for the evaluation of elastic modulus and pre-stress. Figure 3.3(b) shows an illustration of 

a three-dimensional (3D) map plotting the displacement difference (d = dFEM – dmeasured) 

between the FEM calculated (dFEM) and experimentally measured (dmeasured) 

displacements, for a given elastic modulus and a pre-stress. For a given load and 

measured displacement, the solution to the problem is under-specified, thus there are an 

infinite number of solutions. When the calculated displacement by FEM is the same as 

the experimentally measured one (d = 0), these solutions can be plotted as a line as 

shown in Figure 3.3(c). However, a different load leads to a different set of solutions, 

resulting in another line. If multiple data sets are plotted, the intersection of the lines 

provides the correct values of the elastic modulus and the pre-stress (Figure 3.3(c)).  
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Figure 3.4. Measurements of deformation versus load, and analysis of G-O membranes. 
(a and b) 3D AFM images of one membrane at two different loads of 0 nN 
and 2.65 nN. (c) Cross-sectional profile of a scanned membrane at varying 
normal loads shows the increased deflection of the membrane with 
increasing applied force. (d) 3D map of the displacement difference (d = 
dFEM – dmeasured) at four different load conditions of 0.24 nN (stiff surface), 
0.47 nN, 0.72 nN, and 0.96 nN. (e) 2D elastic modulus vs. pre-stress map 
obtained from four different normal force loads. The inset shows the 
overlapped area of the most probable values of the Young’s modulus and 
pre-stress. 
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The mechanical deformation of the G-O membranes was obtained by scanning the 

whole membrane with several different loads from the AFM tip (MLCT cantilever A, 

calibrated by resonance frequency measurement,120 Veeco Instruments) in contact mode. 

Figure 3.4(a) and 3.4(b) show the 3D AFM topology images are at two different forces, 0 

nN and 2.65 nN, respectively. The high ridges at the edge of the membrane are a 

consequence of the shape of the perforated QUANTIFOIL® grids. The lateral size of 

individual G-O platelets is on the order of tens of micrometers, thus having huge surface 

areas compared to the individual membrane areas, so adhesion forces (van der Waals 

forces) are large enough to provide good clamping of the membranes for the forces 

applied in these measurements. To test whether slipping is occurring, AFM 

measurements were repeatedly made on one membrane (specifically, apply 0 nN to 

higher forces, break the contact, and then repeat, 3 times. Force-distance curves from 

each of these 3 measurements were very close to each other, showing that there was no 

slippage in the measurements (Figure 3.5). It is well known that the amount of water 

molecules trapped between stacked G-O platelets depends on the relative humidity. This 

could conceivably alter the interaction forces between adjacent G-O layers. To avoid 

variations in interlamellar water content all measurements were done at a nearly-constant 

relative humidity. The reader is also referred to a recent modeling study of the mechanics 

of graphene oxide paper.121 
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Figure 3.5. Force-distance curves obtained from one membrane. 

 

A shift of displacement in cross-section profiles was observed even at the same 

normal loads over time, because of thermal drift caused by the bimorph structure of the 

AFM cantilever. Over time, the normal load set-point and the true normal load drift apart. 

To take this into account, the normal set-point was adjusted to a value that reproduced the 

displacement measured at the beginning of the run after a data set was collected. Usually, 

this corresponds to a normal load of 0 nN. As an example, at the end of the run, if the set 

point has to be set to 0.5 nN to get a zero displacement of the membrane, then the force 

calibration drifted 0.5 nN during the course of the experiment. To compensate for this 
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drift, the ‘true’ normal load in each image was calculated by assuming that the thermal 

drift is essentially linear in time. 

When the measurement process starts, the cap for the AFM is removed to load 

samples. After finding a position for the measurement, the cap was covered for over 1 

hour to achieve thermal equilibrium inside the cap. Then, the cap was opened for setting 

the A-B voltage (corresponding to the force applied to the sample) to zero, and then again 

covered. After 10-20 minutes, real deformation measurements were performed. It was 

found that it is necessary to check the thermal drift of the A-B voltage over time. 

To check the linearity of the thermal drift over time, the above experimental 

procedure was repeated and the A-B voltage of the AFM was manually recorded. At first, 

the cap was opened for 20 minutes and the inside environment of the AFM head 

equilibrated with the outside environment. The photodetector was adjusted to make A-B 

close to zero. Then, the cap was replaced and the A-B signal was monitored. As shown in 

Figure 3.6, the signal increased for 1 hour and saturated due to thermal equilibrium being 

reached after 1 hour. Subsequently, the cap was removed for 3 minutes and then replaced 

after adjusting the photodetector. The signal was found to increase over time. In our 

experiments, the red rectangle corresponds to the force measurement times. Therefore, 

the assumption of a linear thermal drift over time is reasonable based on this simple 

monitoring. 
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Figure 3.6. Time history of the A-B voltage of the AFM. The cap was opened for 3 
minutes and then closed again at the arrow position. 

 

Cross-section profiles across the center of the holes were taken to obtain 

deformation profiles and averaged with five scanning lines for a total width of 

approximately 30 nm (Figure 3.4(c)). The averaged cross-section profile taken at 0 nN 

was subtracted from those at each subsequent load in Figure 3.4(c). The difference 

between cross-section profiles corresponds to the amount that the membrane deflects at a 

given load. This deflection is modeled as a flat circular membrane under normal load. 

The displacement values at the center of the membrane from the height difference 

profiles were obtained, and are equivalent to the values of a force-distance curve. The 
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conventional force-distance method in AFM requires a zero displacement reference from 

a rigid substrate. The AFM imaging method presented here, however, enables us to 

extract force-distance relationships even with a relatively flexible substrate by measuring 

the relative displacement of membrane relative to such a substrate at different loads. 

Numerical calculation was performed with ANSYS® 11.0 by modeling the 

contact between the AFM tip and the membrane. Graphene can be modeled as a two-

dimensional (2D) membrane with no bending stiffness.7 However, the addition of oxygen 

atoms in G-O induces a local bonding reinforcement, which was reported to increase the 

elastic bending coefficient.122 Thus, the bending stiffness was considered in the analysis 

of G-O membranes. Figure 3.4(d) shows one example of a 3D map of the displacement 

differences (d) at four different loads. The 2D elastic modulus vs. pre-stress map was 

then obtained by intersecting with a plane at d = 0 from the 3D map (Figure 3.4(e)). The 

overlapped area corresponds to the most likely values of the Young’s modulus and pre-

stress of the measured membrane. 

The geometry of the AFM tip is needed for modeling and simulation by finite 

element analysis (FEA) of its contact behavior. To measure the radius of the AFM tip, it 

was placed and glued in a TEM grid. The radius of the tip was obtained by analyzing the 

TEM image with the ImageJ software (Figure 3.7), showing a radius of 23.9 nm. 
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Figure 3.7. AFM tip radius. (a) TEM image. (b) Magnified TEM image. The circle was 
used to estimate the tip radius. 

 
Monolayer graphene is a ‘perfect’ 2D material, so its mechanical behavior under 

tensile loading has been described by a 2D elastic constant E2D with units of 

force/length.7 For the purpose of comparison, the effective Young’s modulus of G-O was 

converted to E2D (elastic stiffness = Young’s modulus  thickness) by considering its 

thickness (0.7 nm as measured by AFM on mica).123 Selected area electron diffraction 

(SAED) patterns were obtained in TEM for the same membranes where AFM 

measurement was done to obtain their thickness by measurement of the number of layers. 

Figure 3.8 shows one example of this work. A particle nearby the membrane was used as 

a marker to ensure that the membranes observed by AFM and TEM were the same. The 

SAED pattern shows that the membrane in this particular case is a bilayer. The positions 

of all measured membranes were identified using markers (e.g., particles) or by counting 

the number of holes from specific points in the grid. This allowed us to systematically 
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analyze the mechanical behavior of the membranes based on the number of overlapped 

and stacked layers present. 

 

 

Figure 3.8. Obtaining the number of layers of G-O membranes. (a) TEM image with a 
particle above the target membrane. (b) AFM topology image with the 
sample particle. (c) SAED pattern of the same membrane, showing a bilayer 
configuration. 

 

 In this manner, membranes consisting of 1 layer, 2 overlapped layers, and 3 

overlapped layers of G-O platelets were studied. When the thickness of G-O platelets was 

evaluated on mica with AFM, every platelet showed monolayer thickness. Therefore, it is 

assumed that all G-O platelets were monolayer at the outset of our work. This is also 

consistent with SAED observations. The G-O platelet having a single hexagonal pattern 

shows stronger intensity for the inner {100} spot pattern than the outer {110} spot pattern 

(Figure 3.9(b)). This is consistent with what was reported for monolayer G-O diffraction 

spot intensities in earlier work.124 Combined with AFM results, it was shown that the G-

O platelets studied in this work are 1 layer, 2 overlapped layers, and 3 overlapped layers 
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of G-O platelets that had been fully exfoliated into single sheets during the exfoliation 

process and that have overlapped onto the TEM grids during the dry down process. 

 

 

Figure 3.9. (a) Histogram of the elastic stiffness of G-O platelet membranes with 
thickness assumed to be one layer for all measured membranes. Nine, ten, 
and eight G-O membranes (composed of 1 layer, 2 overlapped layers, and 3 
overlapped layers, respectively) were measured. The solid lines represent 
Gaussian fits to the data. (b) SAED patterns from G-O membranes 
composed of 1 layer, 2 overlapped layers, and 3 overlapped layers. 

 

First, all measured membranes were analyzed by assuming them to be a 

monolayer, which means 0.7 nm was used for the thickness. As shown in Figure 3.9(a), 

the values for the effective stiffness (E2D) were ‘binned’ into three groups, which 

correspond to the number of layers of the membranes. The monolayer G-O membranes 

have an effective Young’s modulus of 207.6±23.4 GPa (E2D = 145.3±16.4 N/m). 

Monolayer graphene obtained from mechanically cleaved graphite has a measured 
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Young’s modulus of ~1.0 TPa, corresponding to E2D = 342±30 N/m.7 Therefore, E2D of 

the G-O monolayer platelets studied here is about half that of graphene. If a zero bending 

stiffness is assumed for monolayer G-O, as is the case for graphene, the effective 

Young’s modulus is 156.5±23.9 GPa (E2D = 109.6±16.7 N/m), as shown in Figure 3.10. 

 

 

Figure 3.10. Histogram of the effective Young’s modulus values of monolayer G-O 
membranes when the bending stiffness is included in the analysis. 

 

During the oxidation process, the original sp2–bonded carbon atoms of graphene 

were modified into sp3-bonded atoms via bonding with oxygen. It has been reported that 

the fraction of sp3-bonded carbon is about 40% in G-O with a measured O/C ratio of 1:5 
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by using STEM combined with EELS.103 Ab initio calculations103 support this picture, but 

the ratio determined by elemental analysis can be as low as 1:2. In Figure 3.9(b), the 

SAED patterns consist of white rings with clear graphene diffraction patterns, which 

qualitatively shows that G-O platelets have aperiodic ‘decoration’ of the basal plane by 

functional groups. Paci et al. calculated mechanical properties of pristine graphene and 

G-O using a Monte Carlo based scheme and molecular dynamics simulations.104 In their 

work, the stress-strain curve of pristine graphene was compared with that of G-O having 

a hole using the same thickness (0.34 nm) as pristine graphene. The hole in G-O is one 

hexagonal unit, i.e., 6 missing C atoms in a unit cell containing 128 C atoms that is 

repeated through periodic boundary conditions. The calculated stress-strain curve of G-O 

with such a hole had a slope about one half that of ideal graphene and its fracture strength 

was about one third of ideal graphene. High resolution TEM observations show that 

reduced G-O platelets do have (even quite large) holes.125 

The effective Young’s moduli of 2-layer and 3-layer membranes accounting for 

the real thickness are 223.9±17.7 GPa (E2D = 156.7±12.4 N/m) and 229.5±27.0 GPa 

(E2D = 160.7±18.9 N/m), respectively (Figure 3.11).  
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Figure 3.11. Histogram of the effective Young’s moduli of G-O membranes composed of 
(a) 1 layer, (b) 2 overlapped layers, and (c) 3 overlapped layers. The solid 
lines represent Gaussian fits to the data. 

 

The close similarity between values for 1 layer, 2 overlapped layers, and 3 

overlapped layers of G-O platelets as membranes indicates that the bonding between 

layers in the 2-layer and 3-layer membranes is strong enough to avoid any interlayer 

sliding (for the forces and resulting deformations arising from these measurements). 
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Indeed, ‘graphene oxide paper’ consisting of overlapped and stacked G-O platelets, 

typically fractured at strains of about 0.4 %, and recent modeling121 shows that the H-

bonding responsible for the mechanics of such stacked G-O platelets would not be at all 

disrupted by the small strains applied here. For example for the 1.30- or 1.75-μm 

diameter membranes here were, at maximum deflection, only deformed 15 to 30 nm out 

of plane.  

Figure 3.12 shows a histogram of effective Young’s modulus and pre-stress from 

the dataset for all the G-O membranes, which yield an average value of the Young’s 

modulus of 230.7±24.1 GPa (E2D = 161.5±16.9 N/m) and pre-stress of 43.4±16.4 MPa 

(pre-tension = 30.4±11.5 mN/m). 

 

 

Figure 3.12. Histogram of (a) the effective Young’s modulus and (b) pre-stress, from all 
G-O membranes. The appropriate thicknesses were used for all analysis. 
The solid lines represent Gaussian fits to the data. 
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Figure 3.13 shows pre-stresses of G-O membranes composed of 1 layer, 2 

overlapped layers, and 3 overlapped layers as: 76.8±19.9, 45.4±8.1, and 39.7±5.5 MPa, 

respectively, which correspond to pre-tensions of 53.8±13.9, 31.8±6.1, and 27.8±3.9 

mN/m. The mechanically cleaved graphene samples studied by others had a broad 

distribution of pre-tension values of 70-740 mN/m,7 or about one order of magnitude 

higher than that of the G-O membranes. This suggests that the solution-based deposition 

method yields a smaller and also relatively constant pre-stress on the different 

membranes, while mechanical rubbing yields a broader range of values with much larger 

‘high end’ values. In this respect, perhaps the solution-based approach will allow for 

configuring devices with mechanical response closer to the inherent mechanical 

properties of the membranes. 
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Figure 3.13. Histograms of pre-stresses of G-O membranes composed of (a) 1 layer, (b) 2 
overlapped layers, and (c) 3 overlapped layers. Each pre-stress was analyzed 
using the appropriate overall membrane thickness. The solid lines represent 
Gaussian fits to the data. 

 

3.5 CONCLUSION 

In conclusion, a new contact mode AFM imaging method combined with finite 

element analysis was developed and used to obtain the mechanical properties of G-O 
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membranes composed of 1 layer, 2 overlapped layers, and 3 overlapped layers. This 

method involves recording topology images at different normal loads on a given 

membrane, and FEM-based mapping, to obtain the elastic modulus and the pre-stress of 

thin membranes. The individual (i.e., 1 layer) platelets of G-O had an effective Young’s 

modulus and pre-stress of 207.6±23.4 GPa and 76.8±19.9 MPa (for an assigned 0.7 nm 

thickness), respectively. The solution-based approach to fabricate membranes provided 

one order of magnitude lower pre-stress compared to that of mechanically exfoliated 

graphene reported by others.7 This work demonstrates direct mechanical measurements 

on membranes composed of G-O platelets as well as the potential for ‘universal use’ of 

this new measurement and analysis method to obtain the elastic modulus and pre-stress of 

ultra-thin membranes. 
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Chapter 4: Mechanical properties of ultra-thin amorphous carbon 
membranes§ 

4.1 ABSTRACT 

The elastic modulus of ultra-thin amorphous carbon films was investigated by 

integrating atomic force microscopy (AFM) imaging in contact mode with finite element 

analysis (FEA). Carbon films with thicknesses of ~10 nm and less were deposited on 

mica by electron beam evaporation and transferred onto perforated substrates for 

mechanical characterization. The deformation of these ultra-thin membranes was 

measured by recording topography images at different normal loads using contact mode 

AFM. The obtained force-distance relationship at the center of membranes was analyzed 

to evaluate both the Young’s modulus and pre-stress by FEA. From these measurements, 

Young’s moduli of 178.932.3, 193.420.0, and 211.144.9 GPa were obtained for 3.7, 

6.8, and 10.4 nm thick membranes, respectively. Raman spectroscopy, X-ray 

photoelectron spectroscopy, and transmission electron microscopy were used for 

characterizing the chemical and structural properties of the films, including the content of 

sp2 and sp3 hybridized carbon atoms. 

 

                                                 
§ The contents in this chapter were submitted into Carbon: Suk, J. W.; Murali, S.; An, J.; Ruoff, R. S., 
“Mechanical measurements of ultra-thin amorphous carbon membranes using scanning atomic force 
microscopy”, Submitted to Carbon 2011. 
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4.2 INTRODUCTION   

Amorphous carbon (a-C) is a disordered phase of carbon without long-range order, 

containing carbon atoms mostly in graphite-like sp2 and diamond-like sp3 hybridization 

sites. Depending on the relative concentrations of sp2 or sp3 hybridized carbon, a-C has 

shown excellent physical properties such as high hardness, low friction coefficient, 

chemical inertness, relatively high thermal conductivity, and optical transparency.126 

Mechanical properties of a-C films have been investigated with various 

approaches such as nanoindentation and surface Brillouin scattering (SBS). 

Nanoindentation measurements provide the hardness, and the reduced Young’s modulus 

(Er=E/(1-ν2), where E is the Young’s modulus and ν is the Poisson’s ratio) can be derived 

from the indentation curve. However, the nanoindentation technique is highly sensitive to 

the substrate properties: the contact depth should be less than 10-20% of the film 

thickness to avoid the substrate effect.127 In addition, the hardness and Young’s modulus 

values extracted from nanoindentation measurements can depend significantly on 

whether the shape of the blunt tip and the substrate effect were taken into account.128 SBS 

can provide nondestructive measurements of the elastic constants of thin films with 

thicknesses less than 10 nm.129 In principle, SBS measures the velocities of surface 

acoustic waves along the thin films. If the film thickness and mass density are measured 

independently, the elastic constants can be derived from measured acoustic velocities.130 

However, additional measurements are needed for characterizing the density of ultra-thin 

films. 
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In this work, contact mode AFM measurements on suspended a-C membranes 

were used to characterize the mechanical properties of ultra-thin a-C films. The structural 

deformation of the membrane was measured by scanning an AFM tip over the membrane 

at various normal loads. The obtained deformation profiles of the membrane as a function 

of the applied loads were analyzed by finite element analysis (FEA) to extract both the 

Young’s modulus and pre-stress. Raman spectroscopy, X-ray photoelectron spectroscopy 

(XPS), and high magnification transmission electron microscopy (TEM) were used to 

characterize the structural and chemical properties of the a-C films. 

4.3 DETAILED METHODS 

Carbon films were deposited on freshly cleaved mica at room temperature by 

electron beam evaporation (MED 020 high vacuum coating system, BAL-TEC). The 

evaporation was done at high vacuum (< ~10-6 mbar) by heating a tungsten filament. 

Electrons emitted from the heated tungsten filament were accelerated with high voltage 

and impinged on a graphite source, which evaporated carbon atoms. The carbon films of 

various thicknesses were made by controlling the deposition time at room temperature. 

To measure the thicknesses of the films, each film was transferred onto cleaved mica and 

the thickness was measured at cracks through the film by contact mode AFM (model CP, 

Park Scientific Instrument).  

The structural and chemical properties of the carbon films were analyzed by 

Raman spectroscopy (488 nm excitation laser, 100 objective lens, WITec Alpha 300 

micro-Raman imaging system) and XPS (Kratos AXIS Ultra DLD spectrometer, 
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monochromated Al Kα emission at 1486.6 eV with an operating power of 150 W) on the 

as-prepared samples on mica. Charge neutralizer was used during the XPS measurement 

and the C 1s peak was shifted with center at 284.5 eV.  Atomic structures of the films 

were observed by TEM (JEOL 2010F) imaging and selected area electron diffraction 

(SAED) patterns after transferring the film on perforated silicon nitride supporting film 

TEM grids (Ted Pella). 

In order to characterize the mechanical properties, the carbon films were 

transferred onto a silicon nitride TEM grid having 2.8-μm diameter holes. The carbon 

film on mica was slowly inserted into distilled water at an angle. While the substrate was 

being immersed into water, the carbon film was delaminated from mica and floated onto 

the water surface. The TEM grid was then placed on the bottom of the water bath, and the 

film was lowered down to the grid by pulling out water from the bath. The carbon film on 

the grid was dried under vacuum overnight.  

The Young’s modulus and pre-stress of carbon films were characterized on 

suspended carbon membranes by using contact mode AFM and FEA. Several topography 

images were obtained by scanning the membrane at various applied loads. The line 

profiles at the center of the membrane were extracted as a function of the applied loads 

from the recorded topography images, which generated the force-distance relationship at 

the center of the membrane. FEA was used to make a map of the calculated 

displacements with assumed Young’s modulus and pre-stress of the membrane. The AFM 

tip was modeled as a hemisphere with a radius of 23.7 nm (measured by TEM). The 

contact between the tip and the membrane was taken into account in FEA. Center 



 65

displacements at a given applied load were calculated with various Young’s moduli and 

pre-stresses by FEA with commercial software (ANSYS). When the measured 

displacement at a given load was equal to the calculated displacement, it could generate 

infinite pairs of possible Young’s moduli and pre-stresses. These pairs of values formed a 

line when they were plotted in a two-dimensional (2D) map with the Young’s modulus 

(ordinate) and pre-stress (abscissa). By repeating this analysis for other given loads, other 

lines with different slopes could be obtained in the same map. Therefore, the overlapped 

area provided the most possible values of the Young’s modulus and pre-stress of the 

membrane. The detailed procedure has been described previously.131 The Poisson’s ratio 

was assumed to be 0.25 in our analysis.132 

4.4 RESULTS AND DISCUSSION 

Three carbon films were deposited on mica with three different thicknesses: 3.7, 

6.8, and 10.4 nm. Figure 4.1(a) shows a scanning electron microscopy (SEM, Quanta 

F600 ESEM, FEI) image of a 3.7-nm thick film over a perforated silicon nitride 

supporting film with 2.8-µm diameter holes. The wrinkle on the bottom right corner 

indicates that the holes of the supporting film were covered by the ultra-thin carbon film. 

An AFM topography image (Figure 4.1(b)) confirmed that the film was freely suspended 

over the holes and individual membranes did not have any wrinkles or folds. Figure 

4.1(c) and (d) show a high magnification TEM image and the SAED pattern of the 

suspended carbon film. Only an amorphous granular structure with diffuse hallows in 

SAED was observed in the carbon films.  
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Figure 4.1. (a, b) SEM and AFM topography images of a 3.7-nm thick a-C film 
spanning over perforated holes. The AFM image was taken from an area of 
10  10 μm2. (c, d) High magnification TEM image and SAED pattern of 
the 3.7-nm thick a-C film.  

 

Raman spectra of all films showed broad, asymmetric bands at 900-1800 cm-1, 

which indicated that the deposited carbon film was amorphous (Figure 4.2).133, 134 The 

broad band could be deconvoluted into two characteristic peaks, which are the D and G 
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bands. The D band was positioned at ~1383 cm-1 with a full width at half maximum 

(FWHM) of ~302 cm-1, while the G band was positioned at ~1556 cm-1 with a FWHM of 

~140 cm-1. The integrated intensity ratio of D band to G band, ID/IG, was ~1.14. The other 

films having 6.8 and 10.4 nm thicknesses showed similar Raman characteristics. 

 

 

Figure 4.2. Raman spectra of the 3.7-nm thick a-C film on mica. The circles represent 
the experimental data. The blue and red lines are deconvoluted Gaussian 
peaks. The green solid line is the resultant of the deconvoluted peaks. 

 

Further analysis was performed by XPS on the a-C films on mica. Figure 4.3 

shows the comparison of the C 1s peaks of a 10.4-nm thick a-C film and highly ordered 

pyrolytic graphite (HOPG). As reported in previous work,135-137 the C 1s core-level 
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spectrum of the a-C film showed a broad peak comprised of the binding energies of 

graphite and diamond. The C 1s core-level spectrum could be deconvoluted into five 

contributions with binding energies of 284.5, 285.4, 286.5, 287.6, and 288.7 eV as shown 

in Figure 4.4. The background signal was subtracted by using a Shirley background. The 

decompositions were obtained using an asymmetric peak analogous to that observed for 

graphite shown in Figure 4.3.138 The shapes of the remaining peaks were assumed to be 

20 % Lorentzian and 80 % Gaussian.137 The main peak at 284.5 eV was assigned to sp2-

hybridized graphite-like carbon atoms. The peak at 285.4 eV is thought to originate from 

sp3-hybridized carbon atoms as in diamond-like carbon. This is accordance with the shift 

of ~0.9 eV between the C 1s core levels of diamond and graphite.135 The remaining peaks 

correspond to carbon atoms in various functional groups: C-O (286.6 eV), C=O (287.2 

eV), and O-C=O (288.8 eV).23, 136, 139, 140 The oxygen in the a-C films might be due to the 

surface chemisorption of water and oxygen in air. It has been reported that the relative 

amounts of carbon atoms of each bonding type can be determined by integrating the areas 

of the sp2 and sp3 peaks and comparing them.135, 136 Table 4.1 shows relative amounts of 

the sp2 and sp3 hybridized carbon in the three films, as interpreted from the XPS data. 

The relative atomic amounts of sp3 hybridized carbon increased slightly from 12.8 % to 

16.1 % as the thickness increased from 3.7 to 10.4 nm. On the basis of high magnification 

TEM, Raman spectroscopy, and XPS characterization, the a-C films had ~12-16 % sp3 

hybridization carbon contents. 
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Figure 4.3. Comparison of the C 1s peaks from XPS spectra for HOPG and a 10.4-nm 
thick a-C film on mica.  
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Figure 4.4. Deconvolution of the C 1s spectrum for the 10.4-nm thick a-C film. The 
circles represent experimental data. The black solid line is the Shirley 
background and other solid lines represent five deconvoluted peaks. The 
brown solid line is the resultant of the deconvoluted peaks. 

 

Table 4.1. sp2 and sp3 hybridized carbon in a-C films as analyzed from the C 1s XPS 
spectra.  

Thickness (nm) 
sp2 C sp3 C 

Peak position 
(eV) 

Amount (%) 
Peak position 

(eV) 
Amount (%) 

3.7 284.5 77.0 285.4 12.8 
6.8 284.5 76.3 285.4 13.8 
10.4 284.5 76.1 285.4 16.1 
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Mechanical properties of the a-C films, including the Young’s modulus and pre-

stress, were investigated for the three different films by the combination of AFM tests 

and FEA. Figure 4.5(a) and (b) show 3D topography images of a 3.7-nm thick membrane 

at 0 nN and 24.2 nN. Line profiles passing through the center of the membrane were 

obtained from the topography images with increasing applied loads as shown in Figure 

4.5(c). The membrane was stuck to the side wall of the hole at zero applied load due to 

the van der Waals interaction. The adhesion depth of the membrane to the sidewall 

decreased from ~5 nm to ~1 nm as the thickness of the films increased.  

 

 

Figure 4.5. (a, b) 3D AFM topography images of a 3.7-nm thick a-C membrane at two 
different loads of 0.0 and 24.2 nN. (c) Cross-sectional line profiles at the 
center of the scanned membrane at varying normal loads. 

 

In the mechanical characterization of thin membranes, the pre-stress is an 

important parameter since the out-of-plane deformation is strongly affected by the pre-

stress of the membrane.141 Therefore, the pre-stress should be considered during the 
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evaluation of the Young’s modulus of the membrane. The last four applied loads were 

analyzed with the measured center displacements for extracting both the Young’s 

modulus and pre-stress of the membrane. For example, for the 3.7-nm thick membrane 

shown in Figure 4.5, the center displacements were 15.5, 19.6, 22.9, and 26.2 nm for the 

applied loads of 12.1, 16.1, 20.2, and 24.2 nN, respectively. At each given load, the center 

displacements were calculated by FEA with various Young’s moduli and pre-stresses. 

Possible pairs of the Young’s moduli and pre-stresses were extracted by matching the 

calculated displacements with the measured one. Those pairs formed a line at a given 

load as shown in Fig. 4.6. This process was repeated for the remaining three applied loads 

and plotted in the same map (Figure 4.6). Therefore, the overlapped area of the four lines 

represents the most possible pairs of the Young’s moduli and pre-stresses of the 

membrane. Every point in the overlapped area was averaged to get the mechanical 

properties of the membrane. 
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Figure 4.6. 2D elastic modulus versus pre-stress map obtained from four different 
normal loads for the membrane shown in Fig. 3. 

 

Figure 4.7 shows the mechanical properties of the a-C membranes with three 

different thicknesses. The Young’s moduli of the a-C membranes with 3.7, 6.8, and 10.4 

nm thicknesses were 178.932.3, 193.420.0, and 211.144.9 GPa, respectively. The 

mechanical properties of a-C films have been known to change over a wide range with 

their chemical and structural properties such as sp2 and sp3 carbon contents. The 

constraint-counting theory of the elastic properties of random covalent networks 142 

predicts that the Young’s modulus should depend on mean-atomic coordination Z as 

E=E0(Z-2.4)1.5 where E0=435 GPa. At Z=2.4, the networks have zero rigidity, which 

means that there is a transition from a floppy structure to a more rigid structure. The 
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mean coordination Z is given by the sp3 fraction, x, as Z=3+x.129, 143 This prediction 

provided a reasonable estimate of the Young’s modulus of a-C films as a function of the 

sp3 carbon content. For example, the Young’s modulus for the tetrahedral amorphous 

carbon (ta-C) film with 88% sp3 carbon as measured by SBS was 757 GPa,129 which is 

close to the calculated value from the equation of 783 GPa. The Young’s moduli 

calculated by the theoretical model with the experimentally-measured fraction of sp3 

carbon (as measured by XPS) showed slightly higher values than the experimental results 

for the moduli (Figure 4.7). The calculated Young’s moduli of the a-C membranes were 

270.2, 275.6, and 288.8 GPa for membranes of 3.7, 6.8, and 10.4 nm thickness, 

respectively. The theoretical model essentially assumes that the carbon film does not 

contain any hydrogen and clustering. It is known that hydrogen content in a-C films can 

strongly reduce its network rigidity.129, 143 For example, ta-C films with a high sp3 carbon 

content of 88% showed a Young’s modulus of 757 GPa, while hydrogenated tetrahedral 

amorphous carbon (ta-C:H) with 70 % sp3 carbon and 30 % hydrogen had a Young’s 

modulus of 300 GPa.129 In this respect, the lower Young’s moduli of the a-C films 

characterized in this work might be attributed to a slight amount of hydrogen 

incorporated into the films. 
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Figure 4.7. Young’s moduli of the a-C membranes as a function of the film thicknesses. 

 

The pre-stress of the membrane was simultaneously obtained from the 

measurement and analysis as shown in Figure 4.8. The pre-stresses of the membranes 

were 78.64.5, 44.74.6, and 59.86.5 MPa for the 3.7, 6.8, and 10.4 nm thick 

membranes, respectively. The order of magnitude of the pre-stress is close to that of the 

carbon membranes made by the same water-based transfer technique.131 This is due to the 

stretching of the film caused by the surface tension of water during the transfer of the 

film onto the perforated substrate. In addition, the adhesion of the film to the sidewall of 

the holes may also attribute to the pre-stress of the suspended membranes.  
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Figure 4.8. Pre-stresses of the a-C membranes as a function of the film thicknesses. 

 

4.5 CONCLUSION 

In this work, ultra-thin a-C films deposited by electron beam evaporation were 

mechanically characterized with a new approach which combines scanning AFM with 

FEA. The nanometer-thick membranes made of the deposited a-C showed average 

Young’s moduli from ~178 GPa to ~211 GPa, with the modulus increasing with the 

membrane thickness. XPS characterization showed that the sp3 hybridized carbon content 

increased slightly as the thickness increased. Therefore, the slight increase of the Young’s 

moduli might be due to the change in the sp3 carbon content in the a-C films as predicted 
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by theoretical calculations. This mechanical measurement provides the elastic properties 

of electron beam deposited thin a-C films as well as an alternative method to characterize 

the ultra-thin membranes. 
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Chapter 5: Influence of grain boundaries on elastic properties of 
graphene 

5.1 ABSTRACT 

Mechanical properties of polycrystalline graphene grown on copper by chemical 

vapor deposition were investigated by using bulge tests on suspended graphene 

membranes. Particularly, the influence of grain boundaries on the Young’s modulus of 

graphene membranes was studied. The grain boundaries (GB’s) within graphene 

membranes were identified by isotope-labeling in conjunction with detection of Raman 

peak shifts for 13C and 12C in graphene. Single crystal graphene membranes (i.e., no 

GB’s) had a mean Young’s modulus of 0.95±0.12 TPa, in good agreement with that 

obtained from mechanically exfoliated graphene. However, the increased density (total 

length fraction compared to the diameter of the membrane) of grain boundaries within the 

membranes ‘softened’ the graphene membranes, resulting in lower Young’s moduli. This 

phenomenon was most clearly observed for polycrystalline graphene with small grains 

(~1-2 µm in size). Thus, in some cases, grain boundaries clearly affect the elastic 

properties of polycrystalline graphene grown by chemical vapor deposition. 

5.2 INTRODUCTION 

Graphene opens up new opportunities in fundamental research and practical 

applications thanks to its exceptional electrical,2, 3 mechanical,7 thermal,17, 19 and optical 

properties.10 Many experimental investigations of its intriguing properties have focused 



 79

on mechanically exfoliated small-area samples, usually having single-grain regions. 

Recently, large-area synthesis of high-quality monolayer graphene has been achieved by 

chemical vapor deposition (CVD) on copper.26 In principle, it enabls uniform monolayer 

graphene of unlimited size. However, the CVD-grown monolayer graphene on copper is 

polycrystalline. Grain boundaries have been observed and their atomic structure 

evaluated using transmission electron microscopy (TEM)52-54 and scanning tunneling 

microscopy (STM).144 Atomic resolution imaging by TEM showed that different grains 

“stitch together” predominantly through pentagon-heptagon pairs and some of the 

boundary regions seem to be disconnected. 

 

 

Figure 5.1. TEM images of polycrystalline graphene. (a) High-resolution TEM image at 
grain boundary showing pentagons, heptagons, and distorted hexagons by 
Huang et al.54 (b) Grain boundary mapping by Kim et al.52 (c) High-
resolution TEM image of graphene at a grain boundary by An et al.53 
Boundary seems to be disconnected at the upper domain’s zigzag array. 

 

The presence of grain boundaries could have a significant effect on electrical, 

thermal, and mechanical properties of graphene. Thus, the study of graphene grains and 

(a) (b) (c)
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their boundaries is critical for a complete understanding of this interesting material and 

for enabling diverse applications and improved properties through improved synthesis. 

Theoretical and experimental studies have reported that the grain boundaries in 

monolayer graphene reduce electronic mobility,26, 145-147 thermal conductivity,18 and 

ultimate mechanical strength,148, 149 compared with the measurements for single-grain 

graphene obtained by mechanically cleaving graphite. However, a complete 

understanding of the influence of the grain boundaries on the physical properties of 

graphene is not yet available, especially for mechanical properties. 

Here, the Young’s modulus of single-crystal and polycrystalline graphene grown 

on copper by CVD was investigated, thus with and without grain boundaries. Circular 

graphene membranes were bulge-tested and the deformation as a function of pressure was 

measured by optical interferometry. The grain boundaries were identified with Raman 

mapping of isotopically-labeled graphene. The measured Young’s moduli of graphene 

membranes were correlated with the total length of grain boundaries within the 

membranes. 

5.3 DETAILED METHODS 

Mechanical measurements were done for CVD-grown monolayer graphene with 

three different grain sizes: sub-monolayer graphene with large grain (> 100 µm), 

polycrystalline graphene with mid-size grains (~10-20 µm), and polycrystalline graphene 

with small grains (~1-2 µm). The sub-monolayer graphene (discontinuous monolayer 

graphene, not fully covering the entire copper surface) was grown using the copper 
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enclosure method by stopping the growth prior to full coverage, which provided large 

single-crystal grains.150 Figure 5.3(a) shows the SEM image of the sub-monolayer 

graphene on copper. The individual grains were more than 100 µm across in the lateral 

dimension, thus when they were transferred onto ~8-9 µm diameter holes, the membrane 

was made of only single-crystal graphene. 

In order to distinguish grain boundaries in continuous polycrystalline graphene 

with mid- and small-size grains, isotope labeling of the carbon precursor was used along 

with Raman spectroscopic mapping. During the growth of graphene, 13CH4 and 12CH4 

were sequentially introduced to grow 13C- and 12C-graphene. Table 5.1 shows one 

example of the growth conditions of the methane gases for the isotope-labeled graphene. 

Figure 5.2 schematically shows the possible distributions of 13C and 12C in graphene 

films based on the assumption of surface-mediated growth when 13CH4, 
12CH4, and their 

mixture are introduced sequentially. At the first step of the growth, the introduced 13CH4 

is decomposed and 13C forms nucleate sites producing islands of 13C-graphene (Figure 

5.2(a)). When the mixture of ~ 50% 13CH4 and ~50% 12CH4 is introduced, 13C and 12C 

randomly attached to the edges of the pre-formed 13C-graphene islands (Figure 5.2(b)). 

Then, 12CH4 forms 12C-graphene following the edge of the previous graphene islands 

(Figure 5.2(c)). Thus, the initial nucleation sites and the grain boundaries between grains 

can be identified by detecting the gradual change of 13C or 12C in the continuous 

graphene film. 

 



 82

Table 5.1. Growth conditions for the isotope-labeled graphene. 

Step 13CH4 (sccm) 12CH4 (sccm) Duration (sec) 

1 8 0 30 

2 6 2 30 

3 4 4 30 

4 2 6 30 

5 0 8 30 

 

 

 

Figure 5.2. Schematic illustration of sequential growth of 13C- and 12C-graphene on 
copper. 

 

The frequencies of Raman modes are given by equation (5.1) with the assumption 

that the 12C or 13C atoms are randomly mixed and the bond force constants are equal151 

13131212

12
12 mnmn

m


           (5.1) 
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where 12  is the Raman mode frequency of 12C-graphene/graphite, 12n  and 13n  are 

the atomic fractions, and 12m  and 13m  are the atomic masses of 12C and 13C, 

respectively.  

 

 

Figure 5.3. (a) SEM image of sub-monolayer graphene with large grains on copper. (b) 
Raman spectra of various mixtures of 13C- and 12C-graphene. The dotted 
lines indicate the peak positions of G and 2D bands for 12C-graphene. (c, d) 
Raman maps for 2D bands of 13C- and 12C-graphe at 2560-2640 cm-1 and 
2640-2750 cm-1, respectively. 
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On the basis of equation (5.1), the Raman peaks for 13C-graphene are downshifted 

compared with those of 12C-graphene. Therefore, the detection of G and 2D peak shifts 

shows two positions of 13C and 12C in the isotope-labeled graphene. Figure 5.3(b) shows 

Raman spectra of three different mixtures of 13CH4 and 12CH4. G and 2D peaks upshift 

with increasing amounts of 12C. Figures 5.3(c) and (d) show Raman maps of integrated 

intensity of 2D bands for 13C- and 12C-graphene positioned at 2560-2640 cm-1 and 2640-

2750 cm-1, respectively.  

In order to make graphene membranes for mechanical tests, the supporting 

substrates were fabricated with conventional microfabrication techniques. Starting with a 

300 µm thick silicon substrate (15 × 15 mm2), the back side of the substrate was partially 

etched using reactive ion etching to reduce the thickness. Thus, the center portion (~ 5 × 

5 mm2) of the substrate had a thickness of ~100-150 µm. Circular holes having ~8-9 µm 

diameters were patterned on the front side of the substrate with UV photolithography. 

Then, the silicon was etched through by deep reactive ion etching with the use of a 

patterned photoresist as a mask. Finally, a silicon supporting substrate with ~ 8-9 µm 

diameter holes was obtained. 

Monolayer graphene grown on copper was transferred onto the pre-made silicon 

substrate with holes using the wet transfer technique which was described in Chapter 2.152 

Thin PMMA film (10 mg/mL in chlorobenzene, Mw 996,000) was spin-coated on a 

graphene/copper foil at a speed of 4000 rpm. The copper was etched with 0.05 M 

ammonium persulfate by floating the PMMA/copper foil on the surface of the etchant. 

The etchant residue was removed by moving the PMMA/graphene film to fresh distilled 
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water several times. Then, the film was placed onto the silicon substrate with holes, by 

lowering the water surface. The transferred PMMA/graphene film on the substrate was 

dried under vacuum overnight. In order to make stronger contact between the graphene 

and the substrate, the sample was heated on a hot plate at 180 °C for ~ 1 hour. Then, the 

PMMA was removed by thermal decomposition in a furnace at 350 °C for 2 hours with 

Ar and H2. With this technique, completely suspended graphene membranes were 

obtained. 

For the bulge tests of such graphene membranes, the silicon substrates supporting 

the graphene membranes were each attached to a pressure chamber which was connected 

to a pressure sensor and a compressed N2 gas bottle(Figure 5.4(a)). The mechanical 

deformation of the membranes was obtained with optical interferometry (Veeco, Wyko® 

NT9100) by applying a uniform pressure with dry N2 gas. In order to achieve enough 

spatial resolution, a 100× objective was used with a 2× field-of-view (FOV) magnifier, 

which gave 50 nm spatial resolution with a FOV of 30 × 30 µm2. The deflection of the 

membranes was measured using phase-shifting interferometry (PSI). In PSI, a mechanical 

translation system precisely alters the optical path length of the beam from the sample 

surface. Each optical path change causes a lateral shift in the fringe pattern. The shifted 

fringes are periodically recorded by the camera, producing a series of interferograms. 

Computerized calculations combine these interferograms to determine the surface height 

profile, resulting in vertical measurements with sub-nanometer resolution. Figure 5.4(b) 

shows a 3D topography image of a pressurized graphene membrane observed by the 

optical interferometry. 
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Figure 5.4. (a) Schematic illustration of a bulge testing system. (b) 3D topology image 
of a bulged graphene membrane obtained by the optical profiler. 

 

5.4 RESULTS AND DISCUSSION 

Figure 5.5 shows Raman maps of the 2D band for 13C (2560-2640 cm-1) of two 

suspended membranes having mid- and small-size grains. The bright regions in the 

Raman maps represent the 13C-graphene, thus individual grains, while the dark regions 

correspond to 12C-graphene. Therefore, white lines in Figure 5.5 are the approximate 

positions of grain boundaries. From the observation of these Raman maps, the total 

length of grain boundaries for each graphene membrane was estimated. For example, the 

grain boundaries of the ‘mid-size’ grain graphene membrane (Figure 5.5(a)) are ~14.08 

µm long while those of ‘small-size’ grain graphene membrane (Figure 5.5(b)) are ~58.16 

µm long. Total grain boundary length of polycrystalline graphene was correlated with the 

following mechanical measurements. 
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Figure 5.5. Raman maps for the 2D band (2560-2640 cm-1) for 13C-graphene with mid-
size grains (a) and small-size grains (b). The white solid lines represent 
grain boundaries within the membranes. 

 

Uniform pressure was applied and the center deflection of the membrane relative 

to the surface of the supporting silicon substrate was extracted from the measured 

topography. Pure deflection was obtained by subtracting the initial morphology at zero 

applied pressure. Then, the pressure was released while monitoring the center deflection 

of the membrane. Figure 5.6 shows the pressure-displacement curves of graphene 

membranes with single crystal and small grains. In order to examine the elastic behavior 

of the membranes without damaging the membranes, small pressures less than 35 kPa 

were applied. The loading and unloading curves did not exhibit any hysteresis within the 

range of the applied pressure, indicating that the membrane did not slip during the 

measurements and had good boundary conditions. As shown in Figure 5.6, the single-
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crystal graphene and polycrystalline graphene with very small grains showed 

significantly different pressure-displacement curves. The small grain-size graphene 

deflected more than the single crystal graphene at a given applied pressure, meaning that 

the graphene membrane with small grains had lower stiffness. 

The obtained pressure-displacement curves were analyzed with an analytical 

equation to evaluate both the Young’s modulus and pre-stress of the membranes. By 

assuming that the bulged shape for a pressurized circular membrane is parabolic and the 

strain energy of the bulged membrane is equal to the work done by the external pressure, 

the relationship between the pressure ( P ) and the maximum deflection at the center ( 0w ) 

is given by 

02
03

04

4

)1(

2
w

a

h
w

a

Eh
P







  ,        (5.2) 

where E  is the Young’s modulus, v  is the Poisson’s ratio, 0  is the pre-stress of the 

membrane, h  is the thickness, and a  is the radius of the membrane.153 The thickness 

of monolayer graphene was assumed to be 0.335 nm. The Poisson’s ratio of graphene 

was assumed to be 0.165, which is the Poisson’s ratio for graphite in the basal plane.7 

Therefore, if the measured pressure-displacement relationship is fitted with the proposed 

analytical equation, both the Young’s modulus and the pre-stress of the graphene 

membranes can be extracted. The solid lines in Figure 5.6 represent the curve fitting to 

the analytical equation. Two membranes with single crystal and small grains shown in 

Figure 5.6 exhibited different Young’s moduli; 1.07 TPa for the single crystal graphene 

membrane and 0.40 TPa for the small-size grain graphene membrane. 
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Figure 5.6. Representative pressure-displacement curves for single crystal graphene 
membrane and polycrystalline graphene with small grains. The solid lines 
represent the curve fitting to the experimental data by the proposed equation 
(5.2). 

 

The measurements were repeated for 11 single crystal membranes, 13 membranes 

with ‘mid-size’ grains, and 12 membranes with ‘small-size’ grains. Figure 5.7 shows a 

histogram of Young’s moduli and pre-stresses of graphene membranes with single 

crystal. The Young’s modulus of single crystal graphene was 0.95±0.12 TPa and the pre-

stress was 0.64±0.20 GPa. As expected, membranes of single crystal graphene 

demonstrated the elastic properties close to defect-free monolayer graphene which was 
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previously measured by nanoindentation with AFM on mechanically exfoliated graphene. 

This also shows that the mechanical measurements with bulge tests in this work provided 

reliable and reproducible results on atom thick membranes.  

 

 

Figure 5.7. Histograms of (a) the Young’s modulus and (b) pre-stress of single-crystal 
graphene membranes. 
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Figure 5.8 shows the Young’s moduli of all measured membranes as a function of 

the ratio of total length of grain boundaries within the membranes to the diameter of the 

membranes. The graphene membranes with mid-size grains had grain boundary lengths 

ranging from ~9.56 to ~22.45 µm, while those with small-size grains had grain boundary 

lengths ranging from ~36.39 to ~97.00 µm. The Young’s moduli for the graphene with 

mid-sized grains were from 0.61 to 1.04 TPa, while the Young’s moduli for the graphene 

with small grains were from 0.22 to 0.50 TPa. 
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Figure 5.8. Young’s moduli versus the length ratio of grain boundaries to diameters of 
graphene membranes. 
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The effect of grain size or defects on nanoscale materials has been investigated 

theoretically and experimentally. In situ tensile experiments in TEM observed low elastic 

modulus of nanoscale free-standing gold films. When the average grain size was 15 nm, 

the Young’s modulus of the gold film was 52 GPa, while the gold film with 75 nm grain 

size had the Young’s modulus of 73 GPa.154 A recent report of a molecular dynamics 

simulation on GaN nanowires showed that the Young’s modulus of the GaN nanowires 

decreases with the increasing defect concentration; with the increase of random defect 

from 1% to 10%, the Young’s moduli decreased by 1% to 43%.155 In addition, it showed 

that grain boundaries affected the Young’s modulus of GaN nanowires by as much as 8% 

compared with that of defect-free GaN nanowires. Recently, the Young’s modulus of 

monolayer graphene was theoretically investigated in terms of the concentration of 

defects. It was found that the Young’s modulus of defective graphene had a linear 

dependence on the defect concentration of monovacancies, while the Young’s modulus of 

the defective graphene had less dependence on Stone-Wales dislocations.156 

Experimentally, chemically derived monolayer graphene gave a Young’s modulus of 

0.25 TPa, showing that defects in graphene have a significant effect on the elastic 

behavior of monolayer graphene.67 Indeed, atomic-scale mapping of grain boundaries of 

CVD-grown graphene showed that grain boundaries were composed of heptagons, 

pentagons, and distorted hexagons with certain tilt angles.54 Furthermore, grain 

boundaries seemed to be disconnected in some parts.53 These indicate that some of 

chemical bonds at the grain boundaries might not be as strong as those in perfect 
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graphene, which would cause decrease in Young’s modulus at high grain boundary 

densities as observed in this work. 

 

5.5 CONCLUSION 

Graphene membranes having single-crystalline or polycrystalline structures were 

tested to obtain the elastic properties of CVD-grown monolayer graphene. Single-

crystalline graphene had a Young’s modulus of 0.95±0.12 TPa, which is in reasonably 

good agreement with experimental and theoretical values for single-crystal defect-free 

graphene. Polycrystalline graphene with mid-size grains (~10-20 µm in size) also had a 

slightly lower Young’s modulus of 0.79±0.13 TPa. Thus, a “small fraction” of grain 

boundaries within the graphene membranes had relatively little effect on the elastic 

properties of the membranes. However, an increased fraction of grain boundaries 

influenced the elastic properties significantly, resulting in ‘softening’ of the graphene 

membranes. The Young’s moduli for the graphene with small grains (~1-2 µm in size) 

were measured from 0.22 to 0.50 TPa. This work demonstrated how the grain boundaries 

affect the elastic properties of CVD-grown polycrystalline graphene, which is important 

for improving the quality of CVD-grown graphene. 
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Chapter 6: Thermoacoustic sound generation from monolayer graphene 

6.1 ABSTRACT 

Monolayer graphene is, along with monolayer hexagonal boron nitride, the 

thinnest material in the world, providing low heat capacity per unit area. Thus, it is 

expected to provide outstanding thermoacoustic performance. Large-area uniform 

monolayer graphene grown by chemical vapor deposition was used first in this study for 

thermoacoustic sound generation. Acoustic performance of monolayer graphene on glass, 

PET, and PDMS was investigated, showing potential for transparent, flexible, and 

stretchable loudspeakers. Moreover, the effect of the underlying substrates on sound 

performance was studied by controlling the surface porosity of the substrates. A substrate 

made of the same material, but having higher surface porosity, generated higher sound 

pressure. This observation suggested that the thermoacoustic performance of monolayer 

graphene can be improved by choosing an appropriate substrate and designing its 

geometry to minimize heat loss to the substrate. This work provides not only fundamental 

understanding of thermoacoustic sound generation from monolayer graphene, but also 

outlines its potential for transparent, flexible, and stretchable large, or microscale, 

loudspeakers fabricated on conventional microfabrication materials. 

6.2 INTRODUCTION 

When an alternating current is applied to a conductor, it periodically heats the 

conductor, resulting in a temperature oscillation. The temperature oscillation of the 
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conductor produces a pressure oscillation in surrounding fluids like air, and due to the 

density oscillation of the fluids, sound is generated and that is called the “thermoacoustic 

effect” (Figure 6.1). Contrary to conventional speakers, thermoacoustic loudspeakers 

emit sound without any mechanically moving components. This suggests new types of 

acoustic applications. Although the idea of generating sound with Joule heating was 

proposed by Arnold and Crandall in 1917,157 development of efficient thermoacoustic 

devices has been hindered by limiting materials choices and fabrication methods. 

Efficient thermoacoustic sound generation can be achieved by meeting two conditions; 

(1) a conductor needs to have a small heat capacity per unit area (HCPUA) and (2) heat 

should conduct efficiently to the surrounding fluid. The first condition can be satisfied 

using very thin conductors, and the latter can by ensuring that the heat conduction to air 

dominates and heat loss to the substrates which supports the conductor is minimized. 

 

 

Figure 6.1. Change of the surface temperature of the conductor by Joule’s heat q.  
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Recently, development of nanomaterials and nanofabrication techniques renewed 

interest in thermoacoustic sound generation. Free-standing carbon nanotube thin films 

have been used for flexible, stretchable, and transparent loudspeakers which can be 

employed in both air158 and water.159 Suspended aluminum wires fabricated directly on a 

silicon chip also generated thermoacoustic sound.160  

 

 

Figure 6.2. Recent developments of thermoacoustic loudspeakers. (a) Carbon nanotube 
thin film loudspeakers by Xiao et al.158 (b) Suspended aluminum wire 
loudspeakers by Niskanen et al.160 

 

More recently, Tian et al. demonstrated sound generation from 20-100 nm thick 

graphite films on paper. Although graphene can possibly be the ultimate candidate for 

thermoacoustic sound generation, no work has been reported to demonstrate sound 

generation from monolayer graphene because of the difficulty of the transfer of large-area 

monolayer graphene onto porous substrates. Moreover, the effect of heat loss to the 

underlying substrate during thermoacoustic sound generation has not been investigated 

systematically. 

(a) (b) 
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In this work, thermoacoustic sound generation from large-area monolayer 

graphene was demonstrated on various transparent substrates: glass, PET, and PDMS. 

Moreover, the substrate effect on sound performance was investigated by transferring 

graphene onto patterned substrates having different surface porosities. Two monolayer 

graphene films were stacked to make bilayer films which improve robustness and 

enhanced the effectiveness of our new novel dry transfer onto patterned substrates. The 

sound measurements from the bilayer-graphene-on-patterned-substrates showed that the 

substrate with higher porosity generated higher sound pressure due to its lower thermal 

effusivity, which gives reduced heat loss to the substrate. This work provides a 

fundamental understanding of thermoacoustic sound generation from atom-thick 

graphene films and ideas about how the ultimate performance can be achieved. 

6.3 DETAILED METHODS 

Monolayer graphene grown on copper foils of ~ 1.5 × 1.5 cm2 was transferred 

onto flat substrates: glass, PET, and PDMS. The transfer onto glass and PET was 

achieved by the previously reported wet transfer method.152 Because of the superior 

transparency of monolayer graphene, graphene on glass (~1 mm thickness, microscope 

slide) and PET (~ 50 µm thickness, Mylar®) showed excellent transmittance over a wide 

range of wavelengths as shown in Figure 6.4(d). At a wavelength of 550 nm, graphene on 

glass and PET showed transmittances of 88.4 % and 82.4 %, respectively. Transfer of 

monolayer graphene on PDMS using the same wet transfer method did not result in a 

quality transfer; the monolayer graphene was cracked and discontinuous after the 
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transfer. A different transfer method was used for PDMS. A thin PMMA layer was used 

as an adhesion layer to hold monolayer graphene onto the PDMS. PMMA solution (20 

mg/mL in chlorobenzene) was spin-coated on a graphene/copper foil at 4000 rpm at 30 

sec, which provided ~ 100 nm thick PMMA film on graphene. A solid PDMS block (~2.5 

mm thickness) having a rectangular hole (~ 1.5 × 1.5 cm2) was attached to the 

PMMA/graphene/copper by gently pressing down (Figure 6.3(a)). Uncured liquid PDMS 

solution was poured into the hole (Figure 6.3(b)) and the whole structure was heated on a 

hot plate at 70 °C for 1 hour to cure the PDMS. Then, the copper was etched in 0.1 M 

ammonium persulfate by floating the sample over the etchant surface (Figure 6.3(d)). The 

PDMS/PMMA/graphene was rinsed with distilled water and dried under vacuum (Figure 

6.3(e)). This approach provides a conformal contact between the PDMS and the 

PMMA/graphene film and eliminates the possibility of damaging the sample during 

transfer. This gives a perfect transfer of large-area continuous monolayer graphene film 

onto PDMS.  
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Figure 6.3. Schematic illustration of transfer of monolayer graphene onto PDMS. 

 

At both ends of the transferred graphene, a silver paste was applied for electrical 

connection. The electrical resistances of the graphene on glass, PET, and PDMS were 

0.92, 0.95, and 0.90 kΩ, respectively. Unlike glass, PET and PDMS have superior 

flexibility. Moreover, PDMS is a rubbery (elastomeric) material. Thus, graphene could be 

used in a flexible, stretchable, and transparent loudspeaker. Figure 6.4(a) and (b) show 

the graphene transferred onto glass and PDMS. The PDMS substrate shows excellent 

flexibility. Figure 6.4(c) is the Raman spectrum of monolayer graphene transferred onto 

glass (488 nm excitation laser with a 100× objective lens, WITec Alpha 300 micro-

Raman imaging system). As expected for monolayer graphene, two characteristic peaks 

appear in the spectrum: G (~1585 cm-1) and 2D (~2695 cm-1) peaks. A minimal D peak at 
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~1350 cm-1 indicates that the transferred graphene was of high quality with minimal 

structural defects. 

 

 

Figure 6.4. Monolayer graphene on (a) glass and (b) PDMS. (c) Raman spectrum of 
monolayer graphene transferred on glass. (d) Transmittance of monolayer 
graphene on glass and PET. (e) Schematic illustration of the set-up for the 
acoustic measurements. 

 

The audio performance of the graphene loudspeakers was characterized inside an 

anechoic chamber. A microphone (Type 40AC, G.R.A.S Sound and Vibration) was 
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placed in front of the loudspeaker. The distance between the loudspeaker and microphone 

was 3 cm. The frequency response was measured by an audio analyzer (dScope Series III, 

Prism Sound). A pure sinusoidal and alternating voltage at a certain frequency was 

applied to the loudspeaker without any dc bias. Due to the nature of thermoacoustic 

sound generation, the output frequency doubled that of the input, thus the audio analyzer 

was set to detect the signal at the doubled frequency (as shown in Figure 6.1). 

6.4 RESULTS AND DISCUSSION 

The analytical formula for the sound pressure generated from the thermoacoustic 

loudspeakers was modified by Tian et al. with consideration of the effect of the 

conductor.161 

For  24 ss Lf   at low frequencies in far-field, the SP can be written as 
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For  24 ss Lf   at high frequencies in far-field, the SP can be written as 
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where f  is the frequency of sound, s  is the thermal diffusivity of the substrate, sL  

is the thickness of the substrate, 0r  is the distance between the sound source and the 

microphone,   is the heat capacity ratio of gas, g  is the sound velocity in the gas, and 

0q  is the input power density.   2/1
,ipiii Ce   is the thermal effusivity of material i , 
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where   is thermal conductivity,   is the density, pC  is specific heat, and  the 

subscript i  represents gas ( g ) or substrate ( s ).   2/1
sccc Ca   is the thermal 

parameter of conductor ( c ), where cps CdC ,  is the heat capacity per unit area 

(HCPUA) of the conductor with a thickness of d . M  is a frequency related factor, 

which can be written as 
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where bb j    and ss j   . A detailed description of the symbols is 

shown in Appendix A.1. Under high frequency, 1M , then equation (6.1) is the same 

as equation (6.2). 

 

Table 6.1. Thermal properties of glass, PET, and PDMS. 

Substrate   

(W/(m·K)) 

  

(kg/m3) 

pC
 

(J/(kg·K))
 

se  

(W·s1/2/(m2·K)) 

Glass 1.1 2600 840 1.55×103 

PET 0.15 1400 1172 4.96×102 

PDMS 0.15 970 1460 4.61×102 
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As shown in the equations, the thermal effusivity of the substrate is an important 

parameter for efficient sound generation. The thermal effusivity influences the thermal 

impedance of matter, i.e., its ability to exchange thermal energy with the surroundings. 

Therefore, in order to emit more sound pressure at the given conditions, the thermal 

energy generated from the conductor should be well exchanged with the surrounding air, 

but not with the substrate. Figure 6.5 shows the sound pressure level (SPL) versus 

frequency for the glass, PET, and PDMS substrates at an applied power of 0.25 W. As 

predicted by the formula, the SPL for all samples increases as the frequency increases. 

However, the PDMS exhibited a saturated output signal above ~1.6 kHz. This might be 

due to the effect of the thin PMMA layer on the PDMS, but further study is necessary to 

understand this saturation. As shown in Table 1, PET and PDMS have lower thermal 

effusivity than glass. Therefore, at a fixed input power, PDMS or PET would be expected 

to generate more sound pressure, while glass would generate the lowest sound pressure. 

This was experimentally confirmed as shown in Figure 6.5(a). Figure 6.5(b) shows the 

sound pressure of monolayer graphene on glass and PET at frequencies of 3 kHz as a 

function of the applied power, which follows the theoretical prediction of sound pressure 

being linearly proportional to the input power. 
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Figure 6.5. (a) SPL versus input frequency for monolayer graphene on glass, PET, and 
PDMS. (b) Sound pressure versus input power for monolayer graphene on 
glass and PET at an input frequency of 3 kHz. 

 

On the basis of the above experiments, the sound pressure generated from large-

area monolayer graphene can be altered by choosing an appropriate substrate. The effect 

of the underlying substrate on the thermoacoustic sound generation was more 

systematically investigated using suspended graphene structures. 300 µm thick silicon 

substrates of varying surface porosities, defined as the area fraction of the patterns to the 

entire surface area of the substrate, were compared. The surface porosities were 

controlled by using conventional microfabrication techniques. On the flat silicon 

substrates, circular patterns were fabricated onto thin photoresist (~1 µm thickness) by 

UV photolithography. Then, by using the photoresist as an etch mask, the silicon was 

anisotropically etched through the opened circular patterns. Figure 6.6(a) shows the 

schematic illustration of the fabricated devices. The 20 µm deep holes, with ~ 2 µm 
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diameter, were etched into the silicon substrates with different hole-to-hole spacing. 

Figure 6.6(b-e) shows SEM images of the patterned substrates with two different surface 

porosities of 45 % and 11 %. A 300 nm thick silicon oxide film was deposited by plasma 

enhanced CVD onto the patterned substrates for electrically insulating graphene (Figure 

6.6(f, g). Then, electrodes made of Cr(20 nm)/Au(100 nm) were thermally deposited on 

the substrates.  

 

 

Figure 6.6. Patterned silicon substrates for study of the substrate effect on 
thermoacoustic sound generation. (a) Schematic illustration of the patterned 
substrate device. (b-e) SEM images of two substrates with 45% (b, c) and 
11% (d, e) surface porosities. (f, g) Magnified SEM images of a patterned 
substrate in a cross-sectional view. 

 

Graphene films were transferred onto these patterned substrates. Conventional 

wet transfer techniques could not be used for these substrates because water would easily 

become trapped inside the holes. Therefore, a dry transfer technique using a PDMS block 
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was used for transferring graphene onto the pre-made substrates.152 In order to enhance 

the robustness of the graphene films, bilayer graphene films were used instead of 

monolayer graphene. Figure 6.7 shows a schematic illustration of dry transfer for bilayer 

graphene. A thin PMMA film (10mg/mL in chlorobenzene) was spin-coated onto a 

graphene/copper foil at 4000 rpm for 30 sec and the copper was etched in 0.5 M 

ammonium persulfate (Figure 6.7(a)). After etching the copper, the PMMA/graphene 

film was rinsed by moving it to purified water (Figure 6.7(b)). Then, it was transferred 

onto another graphene/copper foil by slowly picking up the PMMA/graphene film 

(Figure 6.7(c)). The PMMA/bilayer graphene/copper was dried under vacuum overnight 

and was heated at 180 °C for ~1 hour to create a strong adhesion between the two 

graphene films (Figure 6.7(d)). The second PMMA, with a higher concentration (120 

mg/mL in chlorobenzene), was coated on the film at 4000 rpm for 30 sec. This made the 

whole film more robust for handling after etching the copper (Figure 6.7(e)). A PDMS 

block with a hole in the center was adhered to the PMMA/bilayer graphene/copper. After 

etching the copper (Figure 6.7(f)), the PDMS/PMMA/bilayer graphene was rinsed with 

water and dried under vacuum. Then, it was placed onto the patterned substrate and 

heated at 180 °C overnight (Figure 6.7(f)). By heating the film above the glass transition 

temperature of PMMA (125 °C), the PMMA/bilayer graphene film relaxed and made 

conformal contact with the substrate as shown in the magnified images of Figure 6.7(g, 

h). The PDMS block was peeled off from the substrate (Figure 6.7(h)) and the sample 

was annealed to thermally decompose the remaining PMMA in a furnace at 350 °C with 
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Ar and H2 for ~ 2 hours (Figure 6.7(i)). Then, the large-area bilayer graphene was 

transferred onto the pre-patterned substrate (Figure 6.7(j)). 

 

 

Figure 6.7. Schematic illustration of dry transfer procedure for making bilayer graphene 
films. 

 

Figure 6.8 shows the Raman spectra of the two stacked graphene layers on 

suspended PMMA supported by the PDMS block (before placing on the target substrate 

of Figure 6.7(g)). By comparing with the same PMMA film without any graphene, the 
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Raman spectrum of the two stacked layers of graphene was distinguished. In this work, 

two monolayer graphene films were randomly stacked to make bilayer graphene. Thus, 

the Raman spectrum of this ‘bilayer’ graphene showed the similar features of monolayer 

graphene films. G and 2D peaks were positioned at ~1586 and ~2710 cm-1. The 

integrated intensity ratio of 2D band to G band was ~7.29 and the full-width at half 

maximum was ~31 cm-1, which represents typical monolayer characteristics. Moreover, 

the D band is negligible which indicates that the high quality of the graphene was 

maintained during the transfer. Figure 6.8(b, c) shows the SEM images of the two layers 

of graphene transferred on the patterned substrate. The blue circles in Figure 6.8(b) 

represent the broken membranes. Besides these, most of the membranes survived the 

transfer process. The inset image in Figure 6.8(b) shows one of the fabricated devices. 

The center area with 1 × 1 cm2 was the patterned area and was covered by the two 

stacked graphene layers. Two substrates were fabricated with two different surface 

porosities: 11% and 45%.  
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Figure 6.8. (a) Raman spectra of two stacked graphene layers on suspended PDMS. The 
dotted lines represent G and 2D bands of graphene. (b, c) SEM images of a 
patterned substrate with two layers of graphene on top of it. The blue circles 
indicate broken membranes. The inset of (b) is the image of a fabricated 
device. 

 

Figure 6.9 shows the SPL of the bilayer graphene on the patterned substrate with 

45% surface porosity as a function of input frequency at an input power of 0.25 W. The 

graph is similar to the results from the flat substrates. However, it showed prominent 

increases of SPL at around 1.5 and 3.4 kHz. That might be attributed to the patterned 

holes; the holes might modify the sound propagated from the graphene. Further study is 

needed for a better understanding of this. The two patterned substrates were compared 

with a SiO2(285 nm)/Si(300 µm) substrate with no pattern. Figure 6.9(b) shows the 

comparison of sound generation performance between the substrates. All measurements 

were done at an input power of 0.25 W and a distance of 3 cm. It was thereby found that 

the thermal properties of the substrates play an important role in thermoacoustic sound 

generation. With an increase in the surface porosity, the effective properties such as 

thermal conductivity, density, and specific heat of the substrates may be reduced due to 
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the increased effect of air. Thus, it is expected that the substrate with higher porosity has 

lower thermal effusivity, which induces higher thermoacoustic sound pressure. Silicon 

has high thermal effusivity because of its high thermal conductivity (es=1.56×104 

W·s1/2/(m2·K) with κs=149 W/m·K, ρs=2329 kg/m3, and Cp,s=700 J/kg·K). Although 

silicon is not a proper material to emit thermoacoustic sound, the patterning demonstrated 

the clear change in sound performance. 

 

 

Figure 6.9. (a) SPL versus frequency of the patterned substrate with 45% surface 
porosity. The acoustic measurement was performed at an input power of 
0.25 W and a distance of 3 cm. (b) Comparison of acoustic performance of 
the substrates with various surface porosities at input frequencies of 3 and 7 
kHz. 

 

6.5 CONCLUSION 

Monolayer graphene grown on copper by CVD was used to demonstrate 

thermoacoustic sound generation. Various substrates with different thermal properties 
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were studied for their effects on sound generation. Substrates having lower thermal 

effusivity showed better acoustic performance as predicted by theory. Due to its 

transparency, thinness, and mechanical robustness, monolayer graphene demonstrated 

potential for use in transparent, flexible, and stretchable loudspeakers when transferred 

onto glass, PET, and PDMS. Moreover, the effect of the underlying substrates on the 

acoustic performance of graphene was investigated by transferring it onto patterned 

substrates with different porosities. The substrate with higher porosity generated more 

sound pressure from 2-layer graphene films. This proves that the thermoacoustic sound 

generation from graphene can be enhanced by the choice of proper substrates as well as 

the design of the morphology of the substrates. 
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Chapter 7: Conclusions 

7.1 SUMMARY 

This work explored methods to fabricate graphene membranes and to test 

mechanical characteristics of graphene-based membranes including monolayer graphene 

oxide, ultra-thin amorphous carbon, and CVD-grown monolayer graphene. The graphene 

membranes as efficient thermoacoustic sound generators were also studied. 

The fabrication of membranes from monolayer graphene grown on copper by 

CVD was realized by using wet and dry transfer techniques. A novel dry transfer was 

used to make graphene-sealed microchambers without trapping liquid inside. Improved 

wet transfer techniques enabled the transfer of graphene onto perforated substrates as 

well as better transfer onto flat substrates giving better electrical conductivity. These 

techniques helped to realize mechanical and thermoacoustical measurements of graphene 

membranes in following works. 

Monolayer graphene oxide was mechanically characterized with scanning AFM 

and finite element analysis. The measurements showed that the Young’s modulus of 

graphene oxide was 207.6±23.4 GPa when a thickness of 0.7 nm was used in the 

analysis. Graphene oxide membranes with 2 and 3 overlapped layers were tested and 

showed similar effective Young’s modulus values to the monolayer graphene oxide. 

The method for characterizing atomically thin membranes was used for obtaining 

the mechanical properties of ultra-thin amorphous carbon membranes. The 3-10 nm thick 
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amorphous carbon films deposited by electron beam evaporation showed sp3 carbon 

contents of ~12-16% and were characterized by Raman spectroscopy and XPS. The 

Young’s moduli of the amorphous carbon membranes ranged from 178 to 211 GPa 

depending on the thickness of the membranes, which might be related to the fraction of 

sp3 carbon in the films. 

Polycrystalline graphene grown by CVD was investigated to understand the 

influence of grain boundaries on the elastic properties of graphene. Graphene membranes 

were fabricated by a wet transfer technique together with microfabrication. The bulge 

tests with optical interferometry provided the elastic modulus of graphene membranes. 

Grain boundaries within the membranes were identified by isotope labeling and Raman 

spectroscopy. The grain boundary density was correlated with the Young’s modulus of 

the membranes. Polycrystalline graphene with a significant density of grain boundaries 

had a significantly lower Young’s modulus (0.22-0.50 TPa) while single crystal graphene 

had a similar Young’s modulus of 0.95±0.12 TPa to mechanically exfoliated graphene. 

Monolayer and 2-stacked-layer graphene was used to demonstrate and evaluate 

thermoacoustic sound generation. Various substrates including glass, polyester films, and 

PDMS were tested for their potential as flexible, transparent, and stretchable 

loudspeakers. Furthermore, the effect of the thermal properties of substrates that support 

the graphene films was investigated as a function of the surface porosities of the 

substrates made of the same materials. The substrates with higher porosity generated 

more sound pressure. 
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7.2 FUTURE OUTLOOK 

There are still many questions to address, such as how grain boundaries of CVD-

grown graphene affect the mechanical properties of graphene. For example, the fracture 

strength of polycrystalline graphene and more generally of CVD-grown graphene has not 

been systematically investigated yet. Usually, it is expected that the fracture strength is 

more sensitive to defects, including vacancies and grain boundaries, compared to the 

elastic properties. Thus, fracture strength measurements might provide a much clearer 

correlation, for example, the role of grain boundaries with mechanical properties of 

polycrystalline graphene. For example, in situ testing in SEM with a blunt AFM tip might 

provide the fracture strength of graphene membranes. The force applied to the 

membranes can be measured by the deflection of the AFM cantilever in the SEM. Instead 

of using sharp AFM tips, a blunt tip with diameter comparable to the membrane diameter 

would minimize the stress concentration under the tip. This can possibly provide enough 

sensitivity to see the strength at the grain boundaries. 

 

 

Figure 7.1. In situ nanoindentation in SEM using a blunt AFM tip 



 115

 

There are also many unanswered questions regarding the fundamental properties 

of graphene membranes. Bulge tests on rectangular and circular membranes could reveal 

the Poisson’s ratio of graphene, which will be the first experimental measurements on 

graphene and might be different from the value for the graphite basal plane. Although 

single crystal graphene was found to be impermeable to even helium, polycrystalline 

graphene with grain boundaries might have different properties. The methods shown here 

for membrane fabrication and of isotope labeling can be useful to understand the effect of 

grain boundaries on the permeability of polycrystalline graphene. 

Although monolayer graphene (and monolayer hexagonal boron nitride) is the 

thinnest material (thus providing lower heat capacity per unit area than any other 

materials), its sound generation did not reach the ultimate limit. This is attributed to heat 

loss to the underlying substrate. Properly choosing the substrate can improve the 

thermoacoustic sound generation from graphene. For example, certain aerogels are good 

candidates for this application due to their remarkable thermal insulating properties and 

extremely low thermal conductivity. 

Graphene membranes have huge potential for small scale applications because of 

their mechanical robustness, impermeability, optical transparency, and electrical 

conductivity. It could be the ideal membrane for selective filters of small molecules. It 

could be a sensitive diaphragm for detecting slight changes of pressure and mass. 

However, the fabrication of geometrically perfect graphene membranes is extremely 

challenging since the typical transfer methods cannot control the initial morphology of 
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the membranes. Thus, it is highly desirable to develop a breakthrough method to fabricate 

ideal graphene membranes without any flaws. 
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APPENDIX 

A.1 SYMBOLS OF THE THERMOACOUSTIC MEASUREMENTS. 

Symbol Unit Description 

R  Ω Resistance of conductor 

cps CdC ,  J/(m2·K) Heat capacity per unit area of the conductor 

cL  nm Thickness of the conductor 

yx LLA   cm2 Area of the conductor 

c  kg/m3 Density of the conductor 

cpC ,  J/(kg·K) Specific heat of the conductor 

c  W/(m·K) Thermal conductivity of the conductor 

)( ,cpccc C   m2/s Thermal diffusivity of the conductor 

g  kg/m3 Density of gas (air at 300 K) 

gpC ,  J/(kg·K) Specific heat of gas (air at 300 K) 

g  W/(m·K) Thermal conductivity of gas (air at 300 K) 

)( ,gpggg C   m2/s Thermal diffusivity of gas (air at 300 K) 

g  m/s Sound velocity in gas (air at 300 K) 

  None Heat capacity ratio of gas (air at 300 K) 

s  kg/m3 Density of the substrate 
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spC ,  J/(kg·K) Specific heat of the substrate 

s  W/(m·K) Thermal conductivity of the substrate 

)( ,spsss C   m2/s Thermal diffusivity of the substrate 

cL  µm Thickness of the substrate 

b  kg/m3 Density of the backplane 

bpC ,  J/(kg·K) Specific heat of the backplane 

b  W/(m·K) Thermal conductivity of the backplane 

)( ,bpbbb C   m2/s Thermal diffusivity of the backplane 

bL  µm Thickness of the backplane 

f  Hz Sound frequency 

fg 0  m Isentropic sound wavelength 

0T  K Temperature of surrounding air 

0P  Pa Ambient pressure 

0r  m Distance from sound source to microphone 
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