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Abstract 

 

This study presents fabrication and characterization of nano patterned low 

dimensional materials fabricated from block copolymer (BCP) self-assembly and 

nano lithography and application to the thermoelectrics. Also the thermoelectric 

generator from conductive polymer and rubbery BCP is prepared and applied to the 

self-powered devices. Firstly, universal method to prepare perpendicular BCP 

nanopattern is introduced. Universal solution for 3 different BCP including 

polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA), polystyrene-b-

polydimethylsiloxane (PS-b-PDMS) and polystyrene-b-poly(2-vinylprydine) (PS-

b-P2VP) is adopted to produce perpendicular micro domain. Short time plasma 

treatment was applied to the top surface of BCP which initiate the crosslinking 

reaction to produce crosslinking layer. The crosslinking layer exhibits physical 

immobilization effect to both BCP blocks. The crosslinking layer also applied to 

the bottom layer replacing random copolymer brush, and the bottom layer can act 

as a neutral layer to the BCP film. The perpendicular nanopattern from 3 different 

BCP was observed with scanning electron microscope (SEM) and grazing intensity 

small angle x-ray scattering (GI-SAXS). BCP with plasma treatment of both top 

and bottom has fully-perpendicular orientation from the bottom to the top. The 
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crosslinking layer on the top surface is more stiff than neat BCP, the wrinkle is 

induced after annealing process. In this reason, the thickness of crosslinking layer 

is controlled by varying the intensity and time of plasma treatment.  

Secondary, graphene nano structure was fabricated from BCP self-assembly. 

The large graphene up to 2 centimeter scale was fabricated from chemical vapor 

deposition (CVD) and nano patterned using PS-b-P2VP sphere nanopattern. 

Thermoelectric properties of the graphene nanomesh structure with controlled neck 

width is enhanced up to 40 times higher than pristine graphene. The Seebeck 

coefficient of the bilayer graphene nanomesh with 8 nm neck width shows the 

highest value of ~ 520 μV/K among the graphene-related materials. The thermal 

conductivity of suspended graphene nanomesh is reduced to ~78 W/m·K which is 

the lowest thermal conductivity for graphene nanostructure. Classical and quantum 

mechanical calculations supported my nanomesh approach, which can achieve high 

thermal properties based on reduced thermal conductivity and higher thermopower 

due to the confined geometry. Also the heterostructure of graphene nanostructure 

and transition metal dicalcogenides was introduced. Molybdenum disulfide (MoS2) 

has extremely high Seebeck coefficient and low thermal conductivity, however, 

very low electrical conductivity. To enhance the electrical conductivity selectively, 

graphene nanoribbon is adopted as an “electron highways” to the MoS2 thin film. 

The large area graphene nanoribbon was fabrication from block copolymer 
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lithography, and was transferred to the MoS2 atomic layer. The graphene 

nanostructure significantly enhances the electrical conductivity of the MoS2 atomic 

layer more than 1000 time higher. We show that with heterostructure, the 

thermoelectric properties can be enhanced. 

Finally, PEDOT:PSS with coaxial strut was introduced for thermoelectric 

generator applications. The increment of the data communication between machine 

to machine, machine to human and human to human leads the requirement of 

collecting data from any kinds of sensors. One of the most important sensor is 

pressure sensor which can give information of blood pressure, heat beating rate or 

something. And the electric energy source is required to these kinds of electric 

devices, and the energy source is also needed to be flexible for the wearable electric 

devices. Recently, wearable thermoelectric generator based on organic materials are 

reported and the wearable TEG can generate several microwatt energies. However, 

to apply these wearable TEG, any kind of electric device should be assembled 

together with TEG. We introduced coaxial structure for thermoelectric generator. It 

is found that shell structure of SEBS give the mechanical strength and recovery 

properties to the foam and PEDOT:PSS is well-known thermoelectric polymer 

which have moderate thermopower and high electrical conductivity and used to the 

thermoelectric foam structure for thermoelectric generator. This SPM was 
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assembled to the wearable thermoelectric generator and could generate 338 nW 

from the forearm. 
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Chapter 1 

Introduction 
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1.1 Block Copolymer Self-assembly for Nanolithography 

 

Directed self-assembly of block copolymer is a strategy for patterning at a 

sublithogrpahic resolution in which self-assembly block copolymers multiply the 

density of features in comparison with a lithographically derived template[1–3]. On 

chemical patterns generated from 193 nm immersed photolithography with an 85 

nm pitch, for example, directed self-assembly of polystyrene-block-poly(methyl 

methacrylate) (PS-b-PMMA)with a 28 nm pitch line pattern has been demonstrated 

with extremely low levels of defects, approaching those required for semiconductor 

manufacturing. Unfortunately, PS-b-PMMA as a resolution limit approximately 

11nm. Therefore, it is imperative to investigate block copolymers with higher χ 

(Flory-Huggins interaction paratmeter) than PS-b-PMMA to achieve sub-10-nm 

features. However, for most block copolymers, except for PS-b-PMMA, the 

constituent blocks have considerably dissimilar surface energies, which thus 

precludes facile assembly of perpendicular micro domains. Block copolymer (BCP) 

self-assembly has attracted considerable attention for many decades because it can 

yield ordered structures in a wide range of morphologies, including spheres, 

cylinders, bicontinuous structures, lamellae, vesicles, and many other complex or 

hierarchical assemblies. These aggregates provide potential or practical 

applications in many fields. The present tutorial review introduces the primary 
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principles of BCP self-assembly in bulk and in solution, by describing experiments, 

theories, accessible morphologies and morphological transitions, factors affecting 

the morphology, thermodynamics and kinetics, among others. 

The formation of thermodynamically stable BCP aggregates of various 

morphologies is governed by three contributions to the free energy of the system: 

the degree of stretching of the core-forming blocks, the interfacial tension between 

the micelle core and the solvent outside the core, and the repulsive interactions 

among corona-forming chains. The morphologies can therefore be controlled by 

factors affecting any of the three contributions, e.g. through variations in copolymer 

composition and concentration, water content in the solution, nature of the common 

solvent, presence of additives such as ions or homopolymers, etc. The present 

section discusses some of the major factors that influence the morphology of the 

aggregates, and gives the possible reasons for their effectiveness, focusing on PS-

b-PAA systems.  
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1.2. 2 Dimensional Materials for Thermoelectrics and Size 

Effect in Low Dimensional Materials 

 

Graphene, 2 Dimensional materials which have great potential in 

microelectronics due to its superior properties such as high electrical 

conductivity[4–7], zero bandgap structure and thin layer thickness. For further 

applications, tuning the properties of graphene is required. In this reason, several 

approaches are tried such as to fabricate graphene bilayer, graphene nana ribbon 

structure or graphene nanomesh structures. However, due to the difficulties of 

fabrication and handling atomic layers of nano patterned graphene derivatives, 

experimental study is still limited. 

From the theoretical studies, graphene based nano patterns could have higher 

figure of merits (ZT) in thermoelectrics. The Mott relation is[8,9]  

𝑆
𝜋
3

𝑘
𝑞

𝑘 𝑇
𝑑 ln 𝜎 𝐸

𝑑𝐸
 

From the equation, the Seebeck coefficient, S is related to the differential of 

density of state. The differential of density of state dramatically increased with the 

decrement of feature size. Due to the quantum confinement effect, the Seebeck 
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coefficient of nano materials such as quantum dots, quantum wires and quantum 

wells has much higher than that of 3D bulk materials[7,10,11]. 

The thermal conductivity is the property of a material to conduct heat. It is 

evaluated primarily in terms of the Fourier's Law for heat conduction. In general, 

thermal conductivity is a tensor property, expressing the anisotropy of the 

property[12,13]. Heat transfer occurs at a lower rate in materials of low thermal 

conductivity than in materials of high thermal conductivity. Correspondingly, 

materials of high thermal conductivity are widely used in heat sink applications and 

materials of low thermal conductivity are used as thermal insulation[13,14]. The 

thermal conductivity of a material may depend on temperature. The effect of 

temperature on thermal conductivity is different for metals and nonmetals. In metals, 

heat conductivity is primarily due to free electrons. Following the Wiedemann–

Franz law, thermal conductivity of metals is approximately proportional to the 

absolute temperature (in kelvins) times electrical conductivity. In pure metals the 

electrical conductivity decreases with increasing temperature and thus the product 

of the two, the thermal conductivity, stays approximately constant. However, as 

temperatures approach absolute zero, the thermal conductivity decreases 

sharply.[12] 

On the other hand, heat conductivity in nonmetals is mainly due to lattice 

vibrations (phonons). Except for high quality crystals at low temperatures, the 
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phonon mean free path is not reduced significantly at higher temperatures[13]. Thus, 

the thermal conductivity of nonmetals is approximately constant at high 

temperatures. At low temperatures well below the Debye temperature, thermal 

conductivity decreases, as does the heat capacity, due to carrier scattering from 

defects at very low temperatures. 

Umklapp scattering (also U-process or Umklapp process) is the transformation, 

like a reflection or a translation, of a wave vector to another Brillouin zone as a 

result of a scattering process, for example an electron-lattice potential scattering or 

an anharmonic phonon-phonon (or electron-phonon) scattering process, reflecting 

an electronic state or creating a phonon with a momentum k-vector outside the first 

Brillouin zone. Umklapp scattering is one process limiting the thermal conductivity 

in crystalline materials, the others being phonon scattering on crystal defects and at 

the surface of the sample. In case of nano materials or nano patterned materials, the 

thermal conductivity is suppressed by phonon umklapp scattering. 

Boundary scattering is particularly important for low-dimensional 

nanostructures and its relaxation time is given by: 

1
𝜏

𝑉
𝐷

1 𝑝  

where D is the dimension of the system and p represents the surface roughness 

parameter. The value p=1 means a smooth perfect surface that the scattering is 
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purely specular and the relaxation time goes to ∞; hence, boundary scattering does 

not affect thermal transport. The value p=0 represents a very rough surface that the 

scattering is then purely diffusive which gives: 

1
𝜏

𝑉
𝐷

 

This equation is also known as Casimir limit[15].  
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1.3. Motivation 

 

 Researchers calculate the electric and thermal properties of low 

dimensional material with nano patterns including band structure, electrical 

conductivity, thermal conductivity and thermoelectric properties. However hence 

the difficulties in preparations and handling nano engineered 2 D material make 

huddle to the experimental researches. From the block copolymer nanolithography, 

large area periodic pattern with 5 to 100 nm pattern can be transferred to 2 D 

materials. To prove the enhancement in thermoelectrics by introducing nano 

patterns to the 2 D materials, the concept of my thesis was fixed: firstly, preparation 

of perpendicular block copolymer micro domain for nanolithography, secondly, 

fabrication nano patterns on 2 D materials to transfer periodic morphology to thin 

films, and lastly, characterization of the thermoelectric properties, electrical 

properties and thermal properties of nano patterned 2 D materials. This is the first 

study of measuring the characteristic nano patterned 2 D materials in centimeter 

scale.[16] 

By changing the gear, thermoelectric generator based on micro structures with 

conducting polymer and rubbery block copolymer is produced for self-powered 

pressure sensor. The uses of thermoelectric generator for wearable devices are 
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considered hence the increment of the data collecting and exchanging between 

human to human, human to device, device to device. The requirement of steady 

data collection, the power consumed by sensor is one of the main problem to be 

solved. It is necessary to have larger batteries or be combined with power generator 

module for actual applications. Here, new concept of self-powered pressure sensor 

based on fracture design of coaxial structure of thermoelectric material is 

introduced[17,18]. By introducing other 2 D materials to the coaxial structure with 

shell which keeps the 2 D materials from delamination, the coaxial structure is more 

powerful approaches for wearable thermoelectric applications. 
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Figure 1.1. Schematic illustration of block copolymer and its morphology 

 

 

 

 

 

  



１７ 

 

 

 

 

Figure 1.2. Schematic image of (a) graphene and (b) molybdenum disulfide 
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Figure 1.3. Density of state (DOS) for bulk, 2D, 1D and 0D materials. 
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Figure 1.4. Schematic image of phonon scattering at the edge or grain 

boundary 
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Chapter 2 

 

Control of Block Copolymer Nano Domains 

for Nanolithography  
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2.1. Introduction 

 

Sub-10 nm pattern prepared by directed self-assembly (DSA) of block 

copolymer (BCP) thin film is a breakthrough for the sub-lithography with densely 

packed nano patterns. In BCP thin film, the interfacial energy is critical value for 

the perpendicular orientation of micro domains. Several approaches produced 

neutral surface to both interfaces of BCP, however, it is restricted to certain kinds 

of BCP. Here, we introduced universal solution for the BCP to have the 

perpendicular micro domain with short and strong plasma treatment to the BCP 

interfaces. By crosslinking the surface of the BCP not only keeps the BCP 

immobilized, but also produces the layer with neutral surface energy to both 

interfaces of BCP. Crosslinked layers of different BCP species were induced by 

flash plasma and change the orientation of the BCP micro domain from parallel to 

fully-perpendicular direction. Quick, simple and universal method have ability to 

prepare perpendicular orientation to any kind of BCP with different χ parameters. 

Perpendicular micro domain of the block copolymer (BCP) from directed self-

assembly (DSA) is breakthrough for patterning at a sublithographic resolution in 

which the self-assembled BCP could prepare sub-10 nm pattern with higher packing 

density[1]–[4]. With optical lithography, 193 nm pattern could be served with 65 

nm half-pitch structure only[5]. On the other hand, DSA of BCP could prepare 
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narrower patterns, for example, polystyrene-block-poly(methyl methacrylate) (PS-

b-PMMA) with 27 nm half-pitch dot patterns[6] and polystyrene-block-

poly(dimethyl siloxane) with 18 nm half-pitch dot and line patterns[7], [8] have 

been demonstrated with low level of density. In polymeric thin film, one of the 

internal factor which affects to the pattern size is χ (Flory–Huggins interaction 

parameter), and PS-b-PMMA has a resolution limit of approximately 11 nm for its 

low χ[9]–[11]. BCP with higher χ shows narrower feature size, however, the 

preference for one of the blocks to the surface occurs. Eventually, with conventional 

annealing method, BCP with high χ has parallel patterns on surfaces[7], [8], [12]. 

Several approaches have been suggested to overcome the surface energy difference 

such as introduction of random copolymer with similar surface energy to the top 

and the bottom[13], [14], solvent annealing with neutral surface energy[7], [12] and 

applying electric[15] or magnetic fields[16].  

In case of the top coat layer, the random copolymer designed for the certain 

BCP, is a well-studied method to prepare neutral surface and perpendicular 

orientations[17], [18]. The problem of top coat approach is that the top coat is 

limited to certain BCP films. To solve the problem of the random copolymer top 

coat, Suh et al. introduced chemical vapor deposition to deposit a topcoat grafting 

on the BCP film to produced perpendicular orientation for BCP film[19]. They 

could prepare topcoat layer to BCP by introducing initiators (monomers) and the 
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crosslinked layer without concerning about the surface energy of the topcoat layer. 

However, with this method, the surface energy of bottom layer should be considered 

with annealing process, unless the BCP will have parallel layer on the bottom. In 

this study, we applied plasma treatment to BCP film to form the crosslinked layer 

of BCP on the top surface. Also, the crosslinked film will have neutral surface 

energy to untreated BCP film which will act as a neutral brush layer to the bottom. 

Finally, crosslinked layer was applied to the top and bottom of the BCP film 

(sandwich structure) to produce fully-perpendicular micro domain. This simple and 

quick method to produce perpendicular orientation to any kind of BCP could be the 

universal solution to prepare vertical orientation for further nanolithography 

applications. This strategy was applied to 3 different BCP with different χ including 

lamellae PS-b-PMMA (SML), cylindrical polystyrene-block-poly(dimethyl 

siloxane) (SDC) and lamellae polystyrene-block-poly(2-vinylprydine) (SVL). 
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2.2. Experimental 

 

Preparing BCP films and plasma induced top and bottom layer and 

thermal annealing for DSA 

3 different BCP including lamellae PS-b-PMMA (Mn,PS ~ 50,000 

g/mol, Mn,PMMA 48,000 g/mol, PDI ~ 1.09), cylindrical PS-b-PDMS 

(Mn,PS ~ 11,000 g/mol, Mn,PDMS 5,000 g/mol, PDI ~ 1.09) and lamellae 

PS-b-P2VP (Mn,PS ~ 40,000 g/mol, Mn,P2VP 44,000 g/mol, PDI ~ 1.09) 

were used for DSA. To prepare randomly casted BCP film, chloroform for 

SML, SVL, cyclohexane for SDC were chosen as solvent for spin coating and 

200 nm to 300 thick film were prepared by spin coating with Laurell spin 

coater. Top crosslinked layer was introduced by flash plasma with varied 

power from 100W to 300 W and differed time from 1 s to 10 s to form the 

crosslinked layer with different thickness and the crosslinking density. Short 

time of plasma also applied to the BCP thin film with 10 nm thickness to 

prepare bottom plasma treated layer. DSA was done by solvent annealing and 

thermal annealing. Solvent annealing with acetone vapor was done in 9.3 ml 

jar with controlled leakage and thermal annealing was performed in the 
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vacuum oven at 250 °C for 5 hours, and then cooled down to room 

temperature. 

 

Characterization of BCP nanopatterns 

For SML, topcoat and PMMA part was removed selectively by O2 RIE 

(O2, 90 W, 10 sccm, 10 mTorr, for 25 s). For SDC, two steps of RIE was done 

to remove topcoat (CF4 + O2, ICP power 450W, 10 sccm, 10 mTorr, for 10s) 

and PS part (O2 plasma, 90 W, 10 sccm, 10 mTorr, for 15s). SML and SDC 

were Pt coated (10 mA, for 30 s) after etching process. For SVL, Au 

nanoparticle was infiltrated to P2VP part selectively[20]. In brief, PS-b-P2VP 

film was immersed in 10 mmol of H2AuCl4 in 0.9 % HF solution for 10 min 

and rinsed with DI water several times. RIE (300 W, O2, for 30 s) was treated 

to remove organic part selectively. To confirm the cross section of BCPs, 

BCP films were put into liquid nitrogen for 5 min and cut into pieces and O2 

RIE was applied to the cross section. 

 

Phase diagram of block copolymer 

To optimize plasma condition, argon plasma with different condition 

including power, time and pressure was applied to the BCP film. The argon 

plasma was applied with plasma machine (Reactive ion etching Plasma, 
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Oxford), with 15 mTorr or 150 mTorr. The time was varied from 1 s to 10 s 

with the plasma generation power of 100, 150, 200, 250 and 300 W. Plasma 

treated BCP film was located to the vacuum oven and thermally annealed at 

190 °C for 5 hours. To obtain SEM images, short time of oxygen plasma (10 

mTorr, 10 sccm, 10 s) was applied to the sample. 

 

Angle resolved X-ray photoelectron spectroscopy(ARXPS) 

The XPS spectra were obtained using K-Alpha Surface Analysis 

(Thermo scientific) spectrometer equipped with a monochromatized Al Kα 

source and operated at 1,486.8 eV. Survey scans were conducted at take-off 

angles of 0, 7, 14, 21, 28, 35, 42, 49, 56, 63 and 70° with the surface normal 

to the sample surface and at different penetration depths. During the XPS 

analysis, the sample charge was compensated by a 200 mV e-beam at a high 

neutralization current by means of a flood gun. The pass energy was 200 eV 

for survey scans and 50 eV for high-resolution scans. The pressure during the 

analysis was kept below 7 × 10–8 Torr. A 400 μm diameter beam was used in 

the analysis. 
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Preparation of top- and bottom- plasma treated BCP film 

To crosslink BCP films, short time of plasma treatment was done. The 

plasma was generated with varied power of 100 W to 300 W power for 1 to 

10 seconds, while the pressure was kept at 15 mTorr. The etching rate of air 

plasma and nitrogen plasma with 300 W power is 2 nm / s. 

 

Solvent and thermal annealing condition of BCPs 

Solvent annealing conditions : For BP, TP, SW and neat PS-b-PDMS 

were exposed to controlled acetone vapour (2 ml of toluene in a 9.3 ml 

volume for 30 min. Thermal annealing conditions : For PS-b-PMMA, PS-b-

PDMS and PS-b-P2VP was placed to vacuum oven of 250 °C. After 3 hours, 

specimens were taken out from the vacuum oven and cooled down to room 

temperature. 

 

GI-SAXS 

Thin films of SML and SDC with TP, BP and SWP were prepared and 

thermally annealed at 250 °C for 5 hours. The GISAXS measurements were 

made along the 9A beamline of a Pohang Light Source. A 2D detector 

consisting of 1,920 × 1,920 pixel2 was used to collect data. The X-ray 

wavelength was 0.6202 Å and the sample-to-detector distance was 4 m. The 
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incident angle αi was varied from around 0.08° for the top to around 0.14° 

for the whole of the self-assembled BCP films.   
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2.3. Results and Discussion 

 

Figure 2.1 shows the schematic image of the plasma assisted directed self-

assembly method. Thin film of BCP with 200 nm thickness is prepared by spin 

coating. Short time of argon plasma is applied to the BCP film to crosslink the 

surface layer. As the crosslinked layer is consist of block copolymer, the surface 

energy is neutral to both polymer blocks. 3 different BCPs with different polymer 

composition were used to prepare perpendicular orientation. BCP thin film is affect 

by the interfacial energy, so the BCP with high χ-parameter should have parallel 

mixed or orientation for the entropic reason. However, BCP film with crosslinked 

BCP layer can have perpendicular orientation as the crosslinked top coat layer acts 

as a neutral layer for two blocks of BCP and BCP immobilized the BCP chain. 

Figure 2.2a-c show the chemical structure of poly(styrene-b-dimethylsiloxane), 

poly(styrene-b-(methyl methacrylate)) and poly(styrene-b-2-vinylpridine). Surface 

energy, γ of PS, PMMA, PDMS and P2VP is 40.7 mN/m, 41 mN/m, 19.8 mN/m 

and 53 mN/m, respectively. Cylindrical poly(styrene-b-dimethylsiloxane) (Mn : 11 

kg/mol – 5 kg/mol) (SDC), lamellae poly(styrene-b-(methyl methacrylate)) (Mn : 

50 kg/mol – 48 kg/mol) (SML) and lamellae poly(styrene-b-2-vinylpridine) (Mn : 

40 kg/mol – 44 kg/mol) (SVM) were used to further experiments. 

To verify the effect of the plasma treatment, short time of argon plasma was 
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applied to SDC. SEM images of SDC with and without plasma treatment is shown 

in figure 2.3. SDC without plasma treatment has parallel cylinder on the top surface 

after thermal annealing process (figure 2.3a). However, SDC with crosslinked layer 

on the top, cylinder pattern with perpendicular orientation is observed (figure 2.3d-

f). Hence the topcoat layer produced by plasma-induced crosslinking has higher 

young’s modulus than neat polymers, wrinkled surfaced is formed with annealing 

process (figure 2.4b-d). To optimize the condition, we varied the factors such as 

plasma power, time and pressure, which affect to the plasma and surface chemistries. 

Figure 2.5 display the SEM images of SDC with varied plasma time and 

pressure. In the simplified phase diagram(figure 2.6), wrinkled surface is confirmed 

at higher plasma power and longer treatment time, which make the stiff layer at the 

top which is consist of crosslinked PS and silica. When short time of plasma is 

applied to the film with proper plasma power, perpendicular cylinder without 

wrinkle is observed.  

Argon plasma with different condition is also applied to SML (figure 2.7). In 

case of SML, PMMA part can be decomposed with UV/VUV from plasma 

treatment. As the penetration depth of UV/VUV is about sever hundreds of 

nanometers, molecular weight ratio of PS-b-PMMA can be changed under long 

time of plasma exposure[23]. In this reason, the area of perpendicular lamellar in 

SML is restricted to short and high power region (figure 2.8). According to D. B. 
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Graves et al,[24], the thickness of crosslinking layer prepared by plasma keeps same 

value about ~ 2 nm regardless of treatment time. To verify the thickness of 

crosslinked layer, angle resolved X-ray photoelectron spectroscopy (AR-XPS) 

(figure 2.9) detected ester group in PMMA which confirms that decomposed 

PMMA by UV/VUV from plasma atmostphere. Ester group is detected by ARXPS 

from neat SML and SML with 1 second of plasma treatment (figure 2.9a and b). 

Figure 2.10 display the carbon ratio and oxgen ratio in ester group. The ester group 

decopomosed under UV condition, the molecular ratio of oxygen in estergroup 

decreases linearly with plasma time. Insterstingly, 2 ~ 3 nm of amorphous carbon 

layer (ACL) is produced with short time plasma treatment. To avoid decomposition 

of PMMA by UV/VUV, short and strong plasma treatment was done for SML. In 

the phase diagram with higher pressure of 150 mTorr, perpendicular lamellar was 

observed with broader area in short time plasma condition (figure 2.11). Short and 

strong argon plasma was applied to SML, SDC and SVL, respectively, and 

perpendicular nanopatterns were successfully prepared (figure 2.12). 

Figure 2.13 shows the schematic images of plasma treated bottom layers (BP 

layers) and BCP film with sandwich plasma treatment (SWP). To form BP layer, 

flash plasma was applied to thin BCP film with 7 nm thickness. BP layers are 

insoluble to the solvent, and have a neutral surface energy to BCP films. BP layers 

can replace the random copolymer brushes to prepare vertical orientation from the 
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bottom. TP was additionally applied to BCP with BP layer, and SWP was gained. 

We applied BP, TP and SWP to SML and SDC BCP thin films and observed the 

morphology of the BCP micro domain with SEM and grazing incidence small-angle 

X-ray scattering (GISAXS). 

The surface and cross section images of SDC and SML with BP (Fig 2.14a, d, g, 

and j) show partially perpendicular orientation only at the below surface which has 

neutral surface energy to BCP films with BP layers. Figure 2.14b, e, h and k display 

BCP pattern of SML and SDC with TP. On contrary to BCP with BP, BCP with TP 

has perpendicular orientation only at the top surface. On the other hand, BCPs with 

SWP having fully-perpendicular micro domain is observed with surface and cross 

section SEM images (Fig 2.14c, f, i and j). SEM images also support that the flash 

plasma on the top and bottom layer produces a layer with neutral surface energy to 

BCP films. Feature size of 10 nm and 30 nm for SDC and SML, respectively, was 

prepared with SWP within centimeter scale. 

GISAXS patterns with different angle from 0.08° to 0.14° of SDC and SML with 

BP, TP and SWP show the overall morphology of the BCP micro domains (Fig 2.15). 

The critical angle, ac for GISAXS is 0.08°, the obtained GISAXS patterns at 

incidence angle, ai = ac, show the morphology at the top of the BCP nano patterns. 

GISAXS patterns at ai > ac, show the overall morphology of BCP micro domain. 

GISAXS patterns shown in Fig 6 indicate the morphology of BCP nano patters at 
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the top (left) and the overall (right) film. In case of top images, the perpendicular 

orientation is observed TP and SWP in SDC and SML as the BCP films with TP 

layers which prepare the perpendicular orientation on the top of BCP layers (Fig 

2.15b, c, e and f). In the overall images, on the other hand, perpendicular orientation 

is observed in every sample with crosslinked layers. TP and BP layer have mixed 

orientation through the film, the GISAXS pattern at ai > ac shows the pattern of both 

perpendicular and parallel orientation. In contrast, as SDC and SML with SWP have 

fully perpendicular orientation, the q-value of GISAXS patterns at ai > ac and ai = 

ac, are just same. 
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2.4. Conclusion 

 

In summary, flash plasma induced crosslinked layer is demonstrated as a 

simple and universally adoptable way to produce perpendicular orientation of BCP 

micro domain. The perpendicular orientation can be produced without considering 

surface energy differences or without using difficult and expensive methods. The 

surface chemistry was identified with AR-XPS, and 2 – 3 nm of armorphous carbon 

layer is produced with flash plasma treatment. We also replace the random 

copolymer brush with crosslinked BCP. The new concept to prepare perpendicular 

orientation to the BCP film can be adopted to directed self assmbly of BCP with 

high χ parameter like PS-b-PDMS. Our results show the potential functionality of 

flash plasma to enable nanoscale patterning of the periodic BCP structures. As the 

flash plasma process is very quick and simple and also can be readily scaled up to 

a larger area to tens of centimeter size, the flash plasma method will enable to apply 

in nanomanufacturing to creat nanometer scale patterns 
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Figure 2.1. Schematic of the plasma topcoat assisted directional self-assembly 

method.  
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Figure 2.2. Chemical structure of PS-b-PDMS, PS-b-PMMA and PS-b-P2VP. 
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Figure 2.3. Low magnitude SEM image of PS-b-PDMS (11k – 5k)  
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Figure 2.4. High magnitude SEM image of PS-b-PDMS (11k – 5k).   



４４ 

 

 

 

Figure 2.5. SEM image of PS-b-PDMS nanopatterns with varied plasma 

power and treatment time. 

  



４５ 

 

 

    

Figure 2.6. Phase diagram of PS-b-PDMS nanopatterns with varied plasma 

power and treatment time at high argon flow. 
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Figure 2.7. SEM images of PS-b-PMMA nanopatterns with varied plasma 

power and treatment time. 
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Figure 2.8. SEM images of PS-b-PMMA nanopatterns with varied plasma 

power and treatment time. 
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Figure 2.9. Angle-resolved X-ray photoelectron spectroscopy of Ar plasma 

treated PS-b-PMMA pattern. 
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Figure 2.10. Carbon ratio at ester group of Ar plasma treated PS-b-PMMA 

pattern detected by angle-resolved X-ray photoelectron spectroscopy. 
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Figure 2.11. Phase diagram of PS-b-PMMA nanopatterns with varied plasma 

power and treatment time.  
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Figure 2.12. SEM image of SML (a, d), SDC (b, e) and SVL (c, f) after thermal 

annealing.  
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Figure 2.13. Schematic of the top and bottom plasma treatment to prepare 

fully-perpendicular orientation to the BCP film.  
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Figure 2.14. SEM image of nano patterns with different morphology  
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Figure 2.15. GI-SAXS image for PS-b-PDMS (a-c) and PS-b-PMMA (d-f) 
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Figure 2.16. SEM image of top plasma treated PS-b-PDMS after solvent 

annealing. 
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Figure 2.17. XPS results for PS-b-PMMA, PS-b-PDMS and PS-b-P2VP with 

and without surface crosslinking layer.  
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Chapter 3 

 

Significantly reduced thermal conductivity 

and enhanced thermoelectric properties of 

single- and bi-layer graphene nanomeshes 

with sub-10 nm neck-width   
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3.1. Introduction 

 

Graphene, as an atomically thin 2-dimenstional allotrope of carbon materials, 

exhibits exceptional properties, such as superior electrical and thermal conductivity, 

high transparency,[1] intrinsic zero bandgap and semi-metallic nature. The 

modification of graphene structures including hydrogenation,[2] doping[3] and 

patterning[4] can maintain their superior properties and simultaneously tailor or 

enhance specific properties for various applications. When graphene is modified 

into graphene nanoribbons (GNRs) or nanomeshes (GNMs), a noticeable bandgap 

is, however, induced due to quantum confinement and a high on/off current ratio in 

field effect can be achieved.[4]–[9] Bilayer graphene structure also can derive the 

bandgap because of an inversion symmetry breaking.[10], [11] Several graphene 

nanostructure fabrication methods were suggested, including unzipping carbon 

nanotubes,[8] nanowire etch masks[9] and e-beam lithography.[4] However, these 

methods are not suitable for a large-area production of the modified graphene 

structures. Instead, a microphase-separated block copolymer (BCP) self-

assembly[12]–[14] can be more suitable for the etching mask to achieve 5 - 50 nm 

periodical GNMs[15]–[17]  and GNR bundles[18]–[20] in large scale. 

Thermal conductivity of graphene[21]–[23] also has been late but actively 
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investigated after the first measurement of thermal conductivity from Balandin 

group in 2008,[24] because of unusual thermal transport behavior from the low 

dimensional crystal. The thermal conductivity of single layer graphene was 

measured extremely high over 3000 W·m-1·K-1,[21], [22] which is far above the 

bulk graphite limit. It mainly originated from the lattice vibration from strong 

covalent sp2 bonding and long mean free path of phonon. Nanostructured defects 

which induce phonon-edge scattering and phonon spectra modification are known 

to significantly reduce and systematically control the thermal conductivity of low 

dimensional materials including graphene. However, thermal transport in 

nanostructured or defected graphene has not fully understand and not yet been 

proven experimentally. Only limited thermal conductivity measurements have been 

reported such as isotopically modified graphene by 13C atoms[25] and 45-nm-wide 

e-beam patterned GNRs on substrate.[26] 

The thermoelectric effect can be described as a temperature difference creates 

an electric potential. The thermoelectric efficiency is quantified by a figure of merit, 

given by 

                         ZT  T 

where S, σ, T, and κ are the Seebeck coefficient (thermopower), electrical 

conductivity, temperature, and thermal conductivity, respectively. In case of 
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graphene, the notably high electrical conductivity can be a superior advantage; 

however, thermal conductivity is severely high. Furthermore, graphene intrinsically 

has a relatively low thermopower value less than 100 μV·K-1 due to the zero-

bandgap nature.[27] Therefore, for a better thermoelectric efficiency, it is required 

to reduce the thermal conductivity and increase thermopower while maintaining the 

intrinsic high electrical conductivity.[21]–[23] Many computational researchers 

have suggested various graphene nanostructures in the range of 10 nm scale for 

significant enhancement of thermoelectric efficiency. This can be achieved in 

zigzag and armchair GNRs,[28]–[30] GNMs[31]–[33] and graphene 

superlattice[34], [35] with controlled number of graphene layers[36], [37] by tuning 

band structures for superior thermopower and reducing thermal conductivity 

through the dominant phonon-edge scattering. However, no experimental results 

have been reported for nanostructured graphene. There was only a report on the 

enhancement of thermopower of a few-layer graphene by an oxygen plasma 

treatment.[38]  

In this paper, we fabricated centimeter-scale single- and bilayer graphene 

nanomeshes (SGNMs and BGNMs) with various neck width from 8 nm to 21 nm 

using BCP self-assembly on CVD-grown graphene. The GNR is more ideal 

structure for investigating the quantum confinement effect, but the GNM structure 

was chosen because the nanomesh is quasi-isotropically periodic nano-patterns in 
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a large scale for engaging the quantum confinement and providing directional 

freedom during the macroscopic measurement and macroscopically interconnected 

network for higher mechanical stability at suspended geometry. By introducing sub-

10 nm patterns into graphene, the quantum confinement can simultaneously and 

effectively control the electronic and phononic band structures and frequency of 

phonon scattering, whereas sub-100 nm patterns in graphene only reduce the mean 

free path of the phonon and rarely affect the band structures and thermopower value. 

We also investigated the effect of cross-plane coupling in the BGNMs on the 

thermal and thermoelectric properties. To measure the thermal conductivity of the 

suspended GNM, we transferred the nanomeshes to micro-sized holey membranes 

and used the optothermal Raman technique.[24], [25], [39]–[42] We also prepared 

2-cm-long GNMs on an insulating substrate to measure the thermopower value 

from the conventional Seebeck coefficient measuring system, carrier concentration 

and mobility from Hall effect measurements and bandgap from FET characteristic 

measurements.   
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3.2. Experimental 

 

Materials 

First, graphene monolayer sheets were grown using a low-pressure CVD 

process on Cu foil at 1,000 °C with controlled H2 and CH4 gas flows. The as-

synthesized graphene with a supporting poly(methyl methacrylate) (PMMA) layer 

was transferred to a SiO2-deposited Si wafer and rinsed with acetone to remove 

residual polymers; then, an optional second graphene sheet was repeatedly 

transferred onto the first graphene/SiO2/Si substrate for twisted bilayer graphene. 

Figure S1 in the Electronic Supplementary Information shows the morphology and 

Raman spectra of the double-transferred graphene sheets on the SiO2/Si wafer, 

which corresponded well with the properties of BLG.[43]–[45] On the transferred 

SLGs or BLGs, 66.5 kg·mol-1 of PS-b-P2VP (76.7 vol% of PS) was spin-coated 

and solvent-annealed with slightly PS selective toluene vapor in 1 h to form 

hexagonally packed spherical nanostructures.[46] To develop topographical hole 

patterns of BCPs, P2VP spherical domains were selectively swelled by immersing 

in ethanol at 60 °C for 30 min;[47] 42 nm period hole patterns can be seen in the 

SEM image. We then etched the exposed nanohole area of graphene using an O2 

RIE process (90 W, 10 mTorr, 10 sccm). Etching times from 8 s to 23 s were 
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sufficient to punch holes to the basal plain of SLG/BLG. Rinsing in toluene and 

thermal treatment at 400 °C for 1 h in an Ar atmosphere was performed to remove 

the residuals from the samples. For transmission electron microscopy (TEM) 

analysis and thermal conductivity measurement using the optothermal Raman 

technique we additionally transferred the fabricated GNMs or graphenes to Au-

coated silicon nitride (SiNx) membranes with 2.5-μm-diameter holes using a 

PMMA support layer. Other measurements including the Seebeck coefficients and 

FETs were carried out with supported geometry on a SiO2/Si substrate. 

 

Synthesis of graphene from chemical vapor deposition 

In this research, graphene was grown by low-pressure CVD process on thin 

Cu foil (25 μm, Alfa Aesar). The Cu foil was cleaned by 5% nitric acid for 2 min 

and rinsed with water, methanol and IPA. And then, the Cu foil was put into the 

furnace and annealed at 1000 °C for 30 min with 100 sccm of H2 gas flow. We 

synthesized monolayer of graphene for 10 min with 100 sccm of CH4 and 40 sccm 

of H2 at same temperature, and the quenching process was followed. To transfer the 

graphene for the device fabrication, poly(methyl methacrylate) (PMMA, Sigma 

Aldrich, Mw ~ 350,000) was spin coated on the graphene/Cu foil. Cu was etched 

by immersing in a 114 g/L of ammonium persulfate ((NH4)2S2O8) aqueous solution 
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for 1 hour and PMMA/graphene film floating on the Cu etchant was washed by D.I. 

water several times. PMMA/graphene film was transferred by scooping up to the 

device or substrate and dried at 60 °C. To fabricate fine quality graphene, solvent 

annealing process was done. PMMA coated graphene on the substrate was put into 

a jar of 9.7 ml with acetone and sealed with controlled vent and the jar was put in 

the hood for an hour to spread the film to the substrate perfectly. After the solvent 

annealing process, PMMA was removed by dipping into acetone for 30 min and 

rinsed using methanol and IPA. To prevent contamination, graphene on substrate 

was kept in the vacuum. 

 

BCP self-assembly on graphene and fabrication of the GNM 

The single and bilayer graphene were treated with a hydroxyl-terminated 

PMMA homopolymer (Mn ~ 4,000, PDI ~ 1.15, Polymer Source) by spin-coating 

from 1 wt% chloroform solution, annealing at 170 °C for 3 h in vacuum and rinsing 

with chloroform for avoiding dewetting phenomena of BCP film. PS-b-P2VP (Mn,PS 

~ 50,000, Mn,P2VP ~ 16,500, PDI ~ 1.09) were purchased from Polymer Source, Inc. 

A 1 wt% solution of PS-b-P2VP in toluene was spin-coated to form 30-nm-thick 

films on the graphene. The BCP films were exposed to controlled toluene vapor 

(0.6 mL of toluene in a 9.3 mL volume glass chamber with a controlled leak) for 1 
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h and were immersed in ethanol for 30 min at 60 °C for the nanostructure 

reconstruction. The annealed BCP/graphene films were treated with O2 RIE (90 W, 

10 sccm, 10 mTorr, 10 s) to etch the graphene following solvent annealing. To 

remove the residual polymer, the nanomesh was thermally treated at 400 °C for 1 h 

in an Ar atmosphere. 

 

GNM Characterization 

The morphology of the graphene and BCP films was examined by field 

emission scanning electron microscopy (FE-SEM, JEOL JSM-6701F) at 10 kV, 

transmission electron microscopy (TEM, FEI Tecnai G2 F20) at 80 keV, atomic 

force microscopy (AFM, Asylum Research MFP-3D), and optical microscopy (OM, 

Nikon Optiphot). Raman spectroscopy (Renishaw inVia) with a 633 nm laser and 

100× objective lens was used to analyze the graphene structures. For the sample 

preparation for TEM and thermal conductivity measurements using the optothermal 

Raman technique, we transferred the fabricated GNMs to Au-coated silicon nitride 

membranes with 2.5 μm-diameter holes (Ted Pella, PELCO® holey silicon nitride 

support film) using a PMMA support layer. The thermopower and electrical 

conductivity of the GNM or unpatterned graphene films on 2 cm × 2 cm SiO2/Si 

substrates were measured by a TEP-600 (Seepel Instrument, Korea) thermoelectric 
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measurement instrument in the temperature range from 300 to 520 K under an Ar 

atmosphere. When we applied temperature differences (0.5, 1.5, and 2.5 °C in one 

direction and -0.5, -1.5, and -2.5 °C in the opposite direction) to the two ends of the 

sample, the probes measured the potential difference and yielded the Seebeck 

coefficients. The linear correlation coefficients of the linear fit were greater than 

0.99. Regarding the confirmation of the instrument reliability, the σ and S of Ni 

(99.99%) were 1.4×107 S·m-1 and -21.5 μV·K-1, respectively. The carrier 

concentration and mobility were obtained by the Hall effect measurement system 

(Ecopia, HMS-5500) at a 0.55 T magnetic field and 100 nA electric current with 

previously prepared thermoelectric samples at room temperature. We also prepared 

at least 5 GNM samples for each thermopower and electrical conductivities 

measurement and expressed standard deviation by error bars.  

 

Thermal conductivity measurements 

We used non-contact Raman optothermal method[21], [25], [39], [40] for the 

measuring thermal conductivity of graphene and graphene nanomeshes (GNMs). A 

633 nm beam of He-Ne laser was focused on the center of the suspended graphene 

or GNM samples using a 100× objective lens with a numerical aperture of 0.85. 
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Figure 3.4c shows a Raman mapping image of successfully transferred graphene & 

GNMs to Au-coated SiNx holey membrane with 2.5 μm holes. 

The radius of the laser spot was calculated by knife-edge method [39]. In brief, 

200 nm thick Au film was deposited onto the Si wafer and cleaved using a diamond 

knife for the freshly cleaved Si edge. We then executed micro-Raman scan across 

an edge of the Au/Si substrate. The integrated intensity (I) of the Si peak at ~520 

cm-1 can be proportional to total laser incidence to the Si wafer. Figure 3.12 shows 

the Raman intensity and its differential value as a function of the distance (x) of the 

laser beam. The slope dI/dx can be fitted to a Gaussian function exp x /r  

and the beam size, r0 was obtained. For the 100× objective lens, the r0 = 0.27 μm. 

The temperature rising from the Raman laser heating can be determined from 

the linear shift of Raman 2D peak according to the temperature. We measured the 

Raman 2D peak with weak laser power (~0.05 mW) meanwhile the sample was 

directly heated by hot plate to obtain a linear calibration between the temperatures 

versus the Raman 2D peak, as shown in Figure 5a. The slopes for the temperature 

versus the Raman 2D peak were -6.4, -3.4, -5.0 and -2.8×10-2 cm-1·K-1 for SLG, 

tBLG, SGNM, BGNM, respectively. The absorbed laser power of pristine graphene 

Q could be obtained from the difference between the power measured by power 

meter at an empty hole and that of a graphene-covered hole. The optical absorption 

of single layer graphene (SLG) and bilayer graphene (BLG) were measured 2.9 ± 
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1.0 % and 5.7 ± 1.6 % at 633 nm wavelength, respectively. The absorbed laser 

power of GNMs, which were also measured by power meter, have linear correlation 

with graphene coverage (1-ρ) and can be expressed as Q(1-ρ). In order to calculate 

the thermal conductivity, we used the heat diffusion equation in cylindrical 

coordinates from the previous research [25]. The thermal conductivity K of the 

graphene or GNMs can be described as 

𝐾  
𝛼 ln 𝑅

𝑟
2𝜋𝑡 𝑇 𝑇 / 𝑄 𝑄 1 𝜌

 

where R is the radius of the holes of 1.25 μm; r0 is the radius of the laser beam of 

0.27 μm; t is the thickness of the graphenes or GNMs; a is 0.98 for the 100× 

objective lens; Tm is the measured temperature; T0 is the room temperature; ρ is the 

areal porosity of GNMs which was measured by TEM and averaged in figure 3.2; 

Qair is the heat loss in air as 

Q 2𝜋𝑔 𝑇 𝑟 𝑇 𝑟𝑑𝑟 𝜋𝑟 𝑔 𝑇 𝑇  

and temperature profile T(r) can be simply adopted from the literature about two-

laser Raman thermometry with actual measurement of temperature distribution 

from the laser [41], 

𝑇 𝑟 𝑇
ln 𝑟

𝑅

ln 𝑅
𝑟

𝑇 𝑇  
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In this system, the heat transfer coefficient g was set as 2.9 × 104 W·m-2·K-1 

[25]. For the standard deviation of our measurement, we measured the 2D peak shift 

of GNMs repeatedly, and the standard deviation is displayed as error bars for figure 

3.5a and 3.5b, and based on this error, the temperature deviation (x-axis) of figure 

3.5c and 3.5d was determined. To calculate the thermal conductivities of GNMs, 

temperature deviation, laser absorbance to GNMs and heat transfer to air were 

considered and marked as y-axis error bars. 

 

Fabrication Process of GNM Field Effect Transistors 

We firstly executed E-beam patterning on PMMA resist coated GNMs and 

etched using RIE with O2 (50 W, 90 sccm, 100 mTorr, 3 min) at the area to be 

deposited the source and drain electrodes to avoid contact with metal electrode and 

residual GNMs. Cross-shaped isolated mesh area was reserved for measuring 

electrical properties. The source and drain electrodes were deposited using second 

E-beam lithography again followed by electron-beam evaporation of Ti/Au. The 

electrical properties of SGNM12 and BGNM8 devices were characterized in 

vacuum in the temperature ranges of 1.5–300 K with an Agilent B1500 

semiconductor parameter analyzer.  

Source drain current (IDS) was measured with an application of a constant 

source-drain bias voltage (VDS) of 1 mV as a function of back-gate voltage (VG). 
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When the samples are inserted in a cryostat for the temperature dependent 

measurement, the samples were annealed by the application of high current up to 

~300 μA to avoid the effect of dopants attached in ambient condition such as water 

and oxygen. Most of the samples showed the p-type behavior before the annealing 

but they change to the slightly n-type doped or neutral after the annealing. At 1.5 

K, the IDS at charge neutrality is fully suppressed which confirms that the 

dominating conduction is thermionic emission at this gate voltage. 

 

Electronic structure calculations 

We performed the first-principles calculations within the framework of density 

functional theory (DFT) as implemented in the plane-wave basis VASP code [44]. 

For treatment of the exchange-correlation energy, the projected augmented wave 

(PAW) pseudopotentials [44] with the PW91 [45] generalized gradient 

approximation (GGA) of Perdew and Wang is used. The GNM samples considered 

in electronic structure calculations have the hexagonal unit cell with the size ~ 22 

Å (see Figure S4a), where the edges of holes are passivated with H atoms. We focus 

on the simple hexagonal holes with pure armchair-type edges. The interlayer 

distance between the two GNM (AB stacking) is fixed with graphite interlayer 

spacing (3.35 Å). Geometry optimizations are performed using the conjugate 

gradient scheme until force components on every atom are less than 0.01 eV Å-1. 
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The fully relaxed structures are used to compute the electronic band structure. A 

plane-wave cutoff energy of 600 eV and an energy convergence criterion of 10-7 eV 

for self-consistent cycle are adopted. For ionic relaxation a 5 × 5 × 1 Monkhorst-

Pack k-mesh are used for the unit cell of GNM samples. For transport coefficients 

calculations, a much denser k-mesh of 23 × 23 × 1 is used. Both SGNM and BGNM 

samples with coverage 0.45 and 0.7 are considered. Figure 3.11b and c shows our 

computed band structure of SGNM and BGNM sample with coverage 0.7. 

 

Transport coefficient calculations 

For transport coefficient calculations, we employ semi-classical Boltzmann 

theory within the constant relaxation time approximation, as implemented in the 

BOLTZTRAP code.[46] The electrical conductivity (σ) and Seebeck coefficient (S) 

are calculated by defining the following function  

𝐿 𝑒 𝜏
𝑑𝑘

4𝜋
𝑣 𝑘 𝑣 𝑘 𝜀 𝑘 𝜇

𝜕𝑓
𝜕𝜀

 

and obtained from σ 𝐿 , and S 1/eT 𝐿 𝐿 , where e is the electronic 

charge, τ the relaxation time, 𝑣 𝑘
ℏ

∇ 𝜀 𝑘  the group velocity in the nth 

band at k, 𝜀 𝒌   the energy eigenvalues obtained from DFT, μ the chemical 
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potential, and f the Fermi-Dirac function at a given temperature T. Simulations are 

carried out at temperatures ranging from 300 – 600 K.  

We considered the scattering due to electron-phonon interactions to compute 

transport coefficients by calculating energy dependent relaxation time (()), which 

is mainly determined by the acoustic deformation potential scattering, rather than 

using constant  value. Here, we only considered the acoustic phonon scattering, 

and the relaxation time can be expressed as 

∑ 𝛿 𝜀 𝜀 , 

where kB is the Boltzmann constant, D   is the deformation-potential coupling 

constant (16 eV), 𝜌  the graphene mass density, υ  the graphene sound velocity, 

and A the area of the sample. The term  ∑ 𝛿 𝜀 𝜀 /𝐴 yields the density of 

states of graphene nanomesh samples. Our calculated Seebeck coefficients (S) of 

pristine graphene as a function of carrier concentration are in good agreement with 

measured Seebeck coefficients. And also, since the electronic band structure of 

graphene is invariant in the studied temperature region (300 K to 600 K), we used 

rigid band approximation in transport coefficient calculations. 
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Thermal conductivity calculations 

The lattice thermal conductivities for graphene nanomesh (GNM) systems are 

calculated with a classical molecular dynamics (MD) simulations employed within 

the LAMMPS package [47]. The thermal conductivity is computed from the 

fluctuations of the heat current, using the Einstein relation [34], [48], [49]. 

𝐾 lim
→

𝑅 𝑡 𝑅 0  

where kB is the Boltzmann constant, V the system volume and T the temperature, 

respectively.  is the mean square displacement of the integrated microscopic heat 

flux along the α direction, given by 𝑅 ∑ 𝜀 𝑟 , where 𝜀  is the energy of atom 

i at position ri. The volume is calculated as the product of the unit cell planar area 

times 3.35 Å and 6.7 Å for single layer and bilayer samples, respectively. To 

describe the covalent bonding interactions between C atoms, we used the Tersoff 

potential [50], [51], and the van der Waals interaction between graphene layers is 

described by the Lennard-Jones (LJ) potential [52]. All simulations are carried out 

at 300 K with a time step of 0.2 fs. To obtain converged results, 10 separate 

simulations are averaged for each system, each with different initial conditions. In 

each run, after a 100 ps equilibration period, the microscopic heat flux is recorded 

for 2×107 MD steps (4 ns) in order to obtain a converged thermal conductivity value. 

The GNM systems studied in thermal conductivity calculations have the rectangular 
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unit cell with the size of 50 Å, and circular holes with disordered edge are arranged 

in two-dimensional square lattice. We consider both SGNM and BGNM samples 

with different graphene coverages ranging from 0.4 to 1. 
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3.3. Results and Discussion 

 

Figure 3.1 schematically illustrates the GNM fabrication based on the BCP 

self-assembly and reactive ion etching (RIE) process on CVD-grown graphene 

sheets. First, graphene monolayer sheets were grown using a low-pressure CVD 

process on Cu foil at 1,000 °C with controlled H2 and CH4 gas flows. The as-

synthesized graphene with a supporting poly(methyl methacrylate) (PMMA) layer 

was transferred to a SiO2-deposited Si wafer and rinsed with acetone to remove 

residual polymers; then, an optional second graphene sheet was repeatedly 

transferred onto the first graphene/SiO2/Si substrate for twisted bilayer graphene. 

Figure S1 in the Electronic Supplementary Information shows the morphology and 

Raman spectra of the double-transferred graphene sheets on the SiO2/Si wafer, 

which corresponded well with the properties of BLG.[53]–[55] On the transferred 

SLGs or BLGs, 66.5 kg·mol-1 of PS-b-P2VP (76.7 vol% of PS) was spin-coated 

and solvent-annealed with slightly PS selective toluene vapor in 1 h to form 

hexagonally packed spherical nanostructures.[56] To develop topographical hole 

patterns of BCPs, P2VP spherical domains were selectively swelled by immersing 

in ethanol at 60 °C for 30 min;[57] 42 nm period hole patterns can be seen in the 

SEM image of Figure 3.2a. We then etched the exposed nanohole area of graphene 

using an O2 RIE process (90 W, 10 mTorr, 10 sccm). Etching times from 8 s to 23 
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s were sufficient to punch holes to the basal plain of SLG/BLG. Rinsing in toluene 

and thermal treatment at 400 °C for 1 h in an Ar atmosphere was performed to 

remove the residuals from the samples. For transmission electron microscopy (TEM) 

analysis and thermal conductivity measurement using the optothermal Raman 

technique (figure 3.1b) we additionally transferred the fabricated GNMs or 

graphenes to Au-coated silicon nitride (SiNx) membranes with 2.5-μm-diameter 

holes using a PMMA support layer. Other measurements including the Seebeck 

coefficients and FETs were carried out with supported geometry on a SiO2/Si 

substrate (figure 3.1c). 

In the AFM image of SGNM in figure 2b, hexagonally holed GNM structures 

were fully developed in a large area of the films without impurities, and the height 

difference between the mesh and holes was approximately 1 nm, which is 

comparable to monolayer graphene in the AFM experiments.[38] We controlled the 

neck width of graphene nanomesh patterns by varying the etching time from 8 to 

23 s.  Transmission electron microscopy (TEM) studies were then carried out for 

precise characterization of the GNM nanostructures. Figures 3.2c-g show the TEM 

images of SGNMs (c, d) and BGNMs (e-g) with variable neck widths. They clearly 

exhibit hexagonally arranged and circular-shaped nanoholes. The SGNM samples 

with an etching time of 13 and 18 s exhibit the averaged neck width of 16.3 nm and 

12.2 nm, respectively. The BGNMs with 13 s, 18 s and 23 s of etching time show 
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their average neck width of 21.1 nm, 14.4 nm and 8.2 nm, respectively. For the 

simplicity we hereafter denote the samples as SGNM16, SGNM12, BGNM21, 

BGNM14 and BGNM8 as their neck widths. The statistical analysis of the neck 

width and porosity of SGNMs and BGNMs are conducted and the results are shown 

in figure 3.3 and distribution diagrams are shown in figure 3.9. The standard 

deviations of variously etched neck widths, which is exhibited by error bars, are 

relatively narrow (approximately 2 nm) and can represent the ensemble average 

thermal and thermoelectric properties of graphene nanomeshes within endurable 

irregularity. The neck widths of the BGNMs were slightly thicker than those of the 

SGNMs at the same etching time because of the additional etching time required to 

punch the additional graphene layer of the BLG. We could not produce GNMs with 

smaller neck width because upon further etching time longer than 18 s for SGNMs 

and 23 s for BGNM the some of the holes start to merge due to the imperfection of 

anisotropic etching. We also estimated the porosity of the GNMs, the relative area 

of holes to the total area (ρ = Ah/Atot) of the sample, by an image analysis and it 

significantly increases from ~16 % for BGNM21 to ~59 % for BGNM8. The 

coverage of graphene in nanomesh (1 – ρ) is necessary for the calculation of thermal 

conductivity. 

Raman spectroscopy was performed under 633 nm He-Ne laser light excitation 

to verify the chemical condition of the suspended GNM structures as well as the 
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spectra of the starting materials of SLG and BLG for comparison, as shown in  

figure 3.4. For both the SGNMs and the BGNMs, the Raman G and 2D peaks 

maintain their shape and sharpness although their intensities are slightly lowered 

compare to those for the pristine samples. This suggests that the sp2 structures still 

remain at the basal plain after the etching process. The intensities of D and D' peaks 

increase with increasing the etching time, which is attributed to the fact that the 

total length of the disordered edge increases as the holes are enlarged.[58] Figure 

3.4c shows a Raman mapping image of successfully transferred graphene & GNMs 

and fully covered to Au-coated SiNx holey membrane with 2.5 μm holes. 

Among the several method for measuring thermal conductivity of 2D materials, 

such as micro-fabricated electrical heater/thermometer[26], [59], [60] and 

optothermal Raman method, we chose the optothermal Raman technique[25], [39]–

[41] for measuring from suspended geometry of GNMs. The laser light focused on 

the suspended GNMs at the center of a membrane hole acts as a heating source and 

the heat flows through the sample to the heat sink, the Au-coated membrane. By 

varying laser power, one can change the temperature of the sample at the laser-

irradiated point and the temperature is estimated by the Raman 2D peak position 

using a pre-calibrated temperature-2D peak position chart and linear regression. 

The calibration data is shown in figure 3.5a. For the calibration, we used a low laser 

power of 0.05 mW to avoid the laser heating. The slopes of the 2D peak position 
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versus temperature were –0.064 cm-1·K-1, –0.034 cm-1·K-1, –0.050 cm-1·K-1, and –

0.028 cm-1·K-1 for the SLG, BLG, SGNM and BGNM, respectively. The obtained 

coefficients are similar to the values for SLG and BLG reported in a previous 

study[61]. After the calibration the 2D peak position is used as a measure of local 

sample temperature. Figure 3.5b shows the 2D peak position as a function of the 

incident laser power. Thermal conductivity can be calculated by a heat-diffusion 

equation in cylindrical coordinates using the local temperature measured by Raman 

2D peak shift and the absorbed laser power.[25], [39] 

The absorbed laser power of pristine graphene Q could be obtained from the 

difference between the power measured by power meter at an empty hole and that 

of a graphene-covered hole. The optical absorption of SLG and BLG were 

measured 2.9 ± 1.0 % and 5.7 ± 1.6 % at 633 nm wavelength, respectively. The 

absorbed laser power of GNMs, which were also measured by power meter, have 

linear correlation with graphene coverage (1-ρ) and can be expressed as Q(1-ρ). In 

order to calculate the thermal conductivity, we used the heat diffusion equation in 

cylindrical coordinates from the previous research.[25] The thermal conductivity k 

of the graphene or GNMs can be described as 

k
𝛼 ln 𝑡 𝑅

𝑟

2𝜋𝑡
𝑇 𝑇

𝑄 𝑄 1 𝜌
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where R is the radius of the holes of 1.25 μm; r0 is the radius of the laser beam of 

0.27 μm from the by knife-edge method[39]; t is the thickness of the graphenes or 

GNMs; α is 0.98 for the 100× objective lens; Tm is the measured temperature; T0 

is the room temperature; ρ is the areal porosity of GNMs which was measured by 

TEM and averaged in figure 3.3; Qair is the heat loss in air as 

𝑄  2𝜋𝑔 𝑇 𝑟 𝑇 𝑟𝑑𝑟 𝜋𝑟 𝑔 𝑇 𝑇  

and temperature profile T(r) can be simply adopted from the literature about 

two-laser Raman thermometry with actual measurement of temperature distribution 

from the laser,[41] 

𝑇 𝑟 𝑇 𝑇 𝑇 . 

In this system, the heat transfer coefficient g was set as 2.9 × 104 W·m-2·K-1.[25]  

Measured thermal conductivity as a function of temperature from the Raman 

peak shift of the SLG, BLG, SGNM and BGNM is plotted in figures 3.5c and d. At 

305 K, the thermal conductivity of pristine SLG and BLG were approximately 

3,170 ± 1,280 W·m-1·K-1 and 1,650 ± 197 W·m-1·K-1, respectively. As temperature 

increases, the thermal conductivity of the pristine samples gradually decreases to to 

~910 W·m-1·K-1 for SLG and ~550 W·m-1·K-1 for BLG, respectively, which are the 
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representative temperature dependency (k ~ T-1) of intrinsic phonon-phonon 

Umklapp scattering and consistent with previous results.[25], [39], [40] The 

thermal conductivity of the BLG was lower than that of the SLG because of 

interlayer phonon scattering.[61], [62] For all the graphene nanomesh samples, 

thermal conductivity was lower than that measured on the pristine samples, <500 

W·m-1·K-1 in the measured temperature range. With decreases in the neck width of 

the GNMs, the thermal conductivities gradually decreased from ~579 ± 42 W·m-

1·K-1 for SGNM16 to ~337 ± 26 W·m-1·K-1 for SGNM12 in the SGNM sample sets 

and from ~440 ± 59 W·m-1·K-1 (BGNM21) and ~220 ± 28 W·m-1·K-1 (BGNM14) 

to ~78 ± 10 W·m-1·K-1 (BGNM8) near 350 K in the BGNM samples. Our sub-20 

nm GNMs show relatively very low temperature dependence of thermal 

conductivities from 300 K to 450 K. 

 Even though conventional thermal conductivity reduction of the solid 

material of porous structures, which derived by Eucken for the thermal conductivity 

of cylindrical porous solids, κsolid=κporous(1+2φ/3)/(1-φ),[63], [64] the ratio between 

solid thermal conductivity of SGNM12 and SGNM14 against to SLG was 0.537 

and 0.229 and those of BGNM14 and BGNM8 against to BLG was 0.39 and 0.181. 

Because the classic Eucken model is only valid when the material dimensions are 

much larger than the phonon MFP, extrinsic phonon-edge scattering from the mesh-

edges and phonon spectrum change from phonon confinement lead to a significant 
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thermal conductivity decrease of our sub-20 nm neck-width GNMs and dramatic 

discrepancy to the Eucken model. Especially in sub-20 nm nanomesh structure, the 

phonon energy spectra can be quantized due to the confinement of acoustic phonons 

which usually decrease phonon group velocity.[65] For the phonon-boundary 

scattering, the mean free path (MFP) can be described as Λ=D(1+p)/(1-p), where D 

is the nanostructure size and p is a probability of scattering at the boundary. If the 

phonon scattering dominantly occurs from rough boundary like our GNM`s edge 

disorders (p → 0), the D regulates the phonon MFP equivalently. The phonon MFP 

in pristine graphene was estimated up to ~800 nm at RT[66] while our nanomesh 

neck-widths D are in the range from 8 nm to 20 nm and the GNMs inevitably have 

complex configuration of edges. Therefore, phonon MFP of GNMs can be 

considerably reduced to comparable dimension of GNM nanostructures. Relatively, 

electron MFP of pristine graphene is approximately ~20 nm,[26] thus, edge disorder 

can successfully affects thermal transport more strongly than charge transport in 

our sub-20 nm GNMs. Also, because the extrinsic geometrical scattering including 

phonon edge scattering is rarely correlated with temperature,[21], [22] less 

temperature dependence of thermal conductivities of our GNMs are under control 

of edge phonon scattering regime. Comparing similar neck widths of SGNMs and 

BGNMs, such as SGNM12 and BGNM14, the thermal conductivity of BGNM14 

is still slightly lower than that of SGNM12, which originates from the additional 
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interlayer phonon scattering or existence of residuals in between two basal plains 

of BGNMs. Note that the thermal conductivity value for BGNM8 (~78 W·m-1·K-1) 

the lowest thermal conductivity among the suspended graphene structures ever 

reported. This could be achieved dominantly by the edge phonon scattering and 

modification of phonon dispersion from the sub-10 nm neck width of the nanomesh 

structure and additionally by interlayer phonon scattering from the bilayer structure. 

The temperature-dependent thermopower and electrical conductivity of 2 cm 

× 2 cm-sized graphene and GNMs on the SiOx/Si substrate were measured by 

conventional thin film-type thermoelectric measurement systems, as shown in 

figure 3.6a and b.  Carrier concentration and mobility are also important 

parameters for interpreting the thermoelectric properties. These values were 

obtained using the Hall effect measurement (figure 3.6c). As the temperature 

increases from 300 K to 520 K, the Seebeck coefficient gradually increases from 5 

± 2 μV·K-1 to 41 ± 17 μV·K-1 for SLG and from –22 ± 20 μV·K-1 to –120 ± 21 

μV·K-1 for BLG, which exhibit an agreement with the semiclassical Mott 

relation.[67] The sign indicates the p-type and n-type characteristics, for the SLG 

and BLG, and it may be originated from different doping conditions from different 

geometries of ambipolar 2D materials. The electrical conductivity of pristine SLG 

was in the range of ~4 × 106 S·m-1 and was slightly higher than that of BLG (~2 × 

106 S·m-1). The higher absolute value of the thermopower and the lower electrical 
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conductivity of the BLG compared with the SLG is comparable with previous 

results[23], [38] and is caused by the lower carrier concentration shown in figure 3. 

6c. The difference may result from the one-side (less) surface/substrate doping at 

each layer of the BLG compared with both-side doping at the SLG.  

For the GNMs, the thermopower of SGNM12 gradually increased from -12 ± 

5 μV·K-1 to -150 ± 27 μV·K-1 at the same temperature range, and the electrical 

conductivity decreased to ~2 × 105 S·m-1 which difference is approximately 1 order 

of magnitude. For the BGNMs, the wider neck width of BGNM14 exhibited higher 

thermopower from -54 ± 23 μV·K-1 to -200 ± 30 μV·K-1 and less electrical 

conductivity (~8 × 104 S·m-1) compared with that of SGNM12. Further decreasing 

the neck width of the BGNMs to 8 nm (BGNM8), the thermopower was 

considerably higher (-190 ± 80 μV·K-1 at 300 K and -520 ± 92 μV·K-1 at 520 K), 

which has not been demonstrated before in carbon-based nano-materials, with 

decreasing electrical conductivity to ~2 × 104 S·m-1. While the graphene edges from 

oxygen plasma usually bring the p-type doping by oxygen dangling bonds,[68] our 

all GNMs showed n-type characteristics. The graphene shows ambipolar transport 

in FETs, and the major carrier and their concentration was dominantly affected by 

the doping from the chemical condition of top surface and bottom substrate, and 

dangling bonds at the edge of the graphene.[69] Therefore, we optimized the 

temperature of thermal treatment at 400 °C in Ar atmosphere to minimize the effect 
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of surface/substrate doping and dangling bonds at the edges. The carrier 

concentration and mobility behavior of the SGNMs and BGNMs were quite 

different. While the mesh structure in the SGNMs relatively lowered the mobility 

from ~700 cm2·V-1·s-1 to ~200 cm2·V-1·s-1 and less reduced the carrier 

concentration from ~2 × 1013 cm-2 to ~5 × 1012 cm-2, that of the BGNMs fairly 

conserved the mobility (slightly changed from ~730 to ~530 cm2·V-1·s-1) and 

significantly reduced the carrier concentrations from ~1.6 × 1013 cm-2 to ~2.2 × 1011 

cm-2, at the rate of ~1/70 (BGNM8). The significant reduction of the carrier 

concentration was related to the decreasing basal plain area of the porous GNM 

structures and severely confined geometry from the narrower neck width. Because 

the Seebeck coefficient is inversely proportional to the carrier concentration and 

proportional to temperature for high carrier concentrations,[21]–[23], [70] dramatic 

decrease of the carrier concentration, especially in the BGNM8, influenced the high 

thermopower values and high temperature dependency of thermopower.  

In order to estimate the effective bandgap of the samples and to investigate its 

effect on thermoelectric properties, we fabricated GNM FETs on top of a highly 

doped Si substrate with a 300 nm thick thermally grown SiO2 using electron beam 

lithography and O2 plasma patterning. The fabrication details are described in 

Supplementary Information. Source drain current (IDS) was measured with an 

application of a constant source-drain bias voltage (VDS) of 1 mV as a function of 
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back-gate voltage (VG). Figure 3.6d shows the representative IDS-VDS curves 

measured for a GNM-FET at various temperatures. The bandgap of the sample is 

estimated by the Arrhenius plot as shown in the figure 3.10, using the formula of 

IDS = IDS,0·exp[Eg/(2kBT)]. Here, Eg is the energy bandgap and kB is the 

Boltzmann constant. The measured bandgap of SGNM12 was ~60 meV, which is 

comparable with previous results,[16] whereas the bandgap of the narrower neck-

width BGNM8 was ~25 meV, considerably lower than that of the SGNMs. This 

smaller bandgap of BGNMs can be attributed to the interlayer interaction induced 

parabolic band which leads to larger carrier dispersion near zero energy than the 

Dirac cones for SGNM. Because the bandgap in graphene has an inverse 

relationship with carrier mobility,[71] we attributed that our BGNM structures 

avoid significant loss of mobility for maintaining electrical conductivity, effectively 

reduce the carrier concentration for increasing Seebeck coefficient. Based on these 

thermoelectric measurements, we achieved a power factor (S2σ) of BGNM8 up to 

~8,200 μW·m-1·K-2 at 520 K due to relatively maintained electrical conductivity 

and superior thermopower.  

Using classical and quantum mechanical calculations, we investigated the 

effect of both sub-10 nm patterns and cross-plane coupling on thermal conductivity 

and thermoelectric properties of graphene nanomeshes. The thermal conductivity 

(κ) calculations of 42 nm pattern period of GNMs with different coverages were 
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performed using molecular dynamics simulations,[34], [47]–[49] and our computed 

κ values are shown in figure 3.7a. The significant reduction in κ for GNM samples 

is due to the presence of circular edges in nanomesh structure, inducing strong 

phonon scattering at this edge disorders. With decreasing coverage of GNMs, κ 

reduces further due to the narrower neck width of the nanomesh structure. Because 

of the dominant edge-phonon scattering of GNMs, interlayer phonon scattering 

from the BGNM was relatively less affected to the reduction of thermal conductivity. 

Our calculated thermal conductivity is on the similar order of magnitude of the 

experimentally measured value of graphene. For estimations of the electron 

transport in the GNMs, we employed ab initio electronic structure calculations and 

the Boltzmann transport approach.[43]–[45] Based on our computed configuration 

and band structures of GNMs in figure 3.10, the band gap of BGNM is smaller than 

that of SGNM at the same coverage of GNMs. Figure 3.7b shows our calculated 

thermopower values as a function of temperature for SGNM and BGNM samples 

with different coverage. Here, the thermopower values of each sample are obtained 

at intrinsic carrier concentration of corresponding experimental GNM samples. The 

coverage of graphene in nanomesh is directly proportional to the carrier 

concentration, thus, the less coverage GNM has a larger thermopower value. These 

results suggest that quantum confinement from a narrower neck width and less 

bandgap from the bilayer structure led to better thermoelectric efficiency. 
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3.4. Conclusion 

 

In conclusion, we fabricated large-sized SGNMs and BGNMs with 8-nm 

neck widths using BCP self-assembly and firstly measured the thermal conductivity 

of nano-patterned graphene with unsupported geometry using the optothermal 

Raman technique and also firstly obtained the thermoelectric properties of nano-

patterned graphene. From our measurements, we achieved significantly reduced 

thermal conductivity of ~78 W·m-1·K-1 from the BGNM with 8 nm neck-width, 

which is the lowest thermal conductivity of graphene nanostructures, and a 

maximum thermopower of -520 μV·K-1 while maintaining their high carrier 

mobility. Our GNM nanostructures successfully induced dominant phonon-edge 

scattering within sub-10 nm neck-width scale and quantum confinement for the 

control of electron and phonon transport behaviors. Because BCP lithography 

provides a robust fabrication route for forming sub-10 nm nanomesh structure over 

large areas, our approach can be an excellent platform to investigate the nano-

pattern effect or pattern geometry effect on thermal and thermoelectric phenomena 

of nano-patterned 2D materials including graphene, MoS2 or other dicalcogenides. 

And also, the nano-patterned 2D materials can be expected to contribute for 

obtaining highly efficient and flexible thermoelectric materials for the self-powered 

devices of wearable electronics.
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Figure 3.1. Fabrication and thermal measurements of a sub-10 nm GNM.  
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Figure 3.2. Structures of the GNM 
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Figure 3.3. Neck width and porosity of the GNMs. Neck width and porosity of 

the SGNMs and BGNMs as a function of RIE time from the image analysis. 
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Figure 3.4. Raman spectra and mapping image of the GNMs.  
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Figure 3.5. Thermal conductivity of the suspended SLG, BLG, SGNM and 

BGNM using an optothermal Raman technique 
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Figure 3.6. Electric and thermoelectric properties of graphenes and GNMs. 
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Figure 3.7. Theoretical prediction of thermal conductivity and thermoelectric 

properties of graphenes and GNMs.   
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Figure 3.8. (a) Optical microscope image and (b) SEM image of edge area 

between CVD grown single layer graphene (SLG) and repeatedly transferred 

bilayer graphene (BLG) on SiO2 (100 nm)/Si substrates.  
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Figure 3.9. The radius of (a, c) neck width and (b, d) pore diameter of (a, b) 

SGNM and (c, d) BGNM as a function of RIE time.  

  



１０９ 

 

 

 

Figure 3.10. Arrhenius plot for the conductivity of a, SGNM12 and b, BGNM8 

plotted with respect to the inverse of the operating temperature from 150 K to 

300 K.  
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Figure 3.11. (a) Structure and (b and c) theoretical prediction of thermal 

conductivity and thermoelectric properties of graphenes and GNMs.  
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Figure 3.12. Raman intensity at 520 cm-1 of cleaved Au/Si substrate  
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Figure 3.13. The fabrication process of cross-shaped isolated mesh area and 

source and drain electrodes of the GNM FETs using E-beam lithography. 
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Chapter 4 

 

Van der Waals Heterostructure of Graphene 

Nanostructure and Molybdenum Disulfide for 

Superior Thermoelectric Materials 
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4.1. Introduction 

 

Thermoelectric materials that can generate electricity from waste heat will 

play an important role in the global sustainable energy solution[1]–[3] . Low 

dimensional materials open new routes to high performance thermoelectric 

properties due to their unique density of states with confined electrons and 

holes[4]–[8]. Two dimensional transition metal dicalcogenides (TMDCs) represent 

a new class of high performance thermoelectric materials[9]. 2 D molybdenum 

disulfide (MoS2) is one of TMDCs which have high thermopower and very low 

thermal conductivity[6]. The theoretical Seebeck coefficient of suspended MoS2 is 

over 500 μV·K-1 and the theoretical electrical conductivity is 100,000 S·m-1 at room 

temperature[10]. The theoretical power factor (S2·σ) is over 10,000 μW·m-1K-2 at 

300 K. However, the difficulty of measuring the electrical conductivity, thermal 

conductivity and thermoelectrical properties of MoS2, the experimental study is 

still limited. [11], [12]. 

To modify the properties of 2 D materials including graphene and MoS2, 

heterostructure of 2 D materials comes into limelight[9], [13], [14]. The properties 

of heterostructure can be tuned by changing the materials, directions, orders and 

even sizes. Vertical and parallel heterostructures are reported by several 
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researchers[9], [13], and the materials has superior properties than single 2 D 

materials. MoS2 with 1.89 eV direct bandgap has low electrical conductivity[15], it 

means that to apply MoS2 with large area, the electrical conductivity should be 

enhanced. Several approaches to enhance the electrical conductivity of the MoS2, 

such as treating MoS2 with chemical dopant, changing the phase of the MoS2. 

Meanwhile, graphene, 2D carbon allotrope with superior electrical and 

thermal properties are widely used as an electrode for thin film materials[16]–[18]. 

Hence the electrical conductivity of the graphene is very high level up to 107 S·m-

1[16], the graphene electrode can be used for the current collectors[19]. However, 

the Seebeck coefficient of the single layer graphene is only ~100 μV·K-1[20], 

applying graphene into thermoelectrics is not widely used. On the other hand, nano 

patterned graphene shows significantly enhanced thermoelectric properties and 

reduced thermal conductivity[8], [21]–[25]. In case of graphene nano ribbons, the 

Seebeck coefficient enhancement is achieved while the electrical conductivity 

keeps high with carrier confinement effect[26]–[30]. In this paper, we prepared 

graphene nano ribbons (GNRs) from CVD graphene and block copolymer self-

assembly to enhance the electrical property of MoS2 selectively. GNRs have 

electrical conductivity individually, however, the electrical conductivity in 

centimeter scale cannot be measured as the GNR is disconnected to each other. 

GNRs were transferred to CVD grown MoS2 which has lower electrical 
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conductivity, but has superior thermoelectric properties. By introducing 

heterostructure of GNRs and MoS2, the heteromaterial with high electrical 

conductivity, high Seebeck coefficient and low thermal conductivity could be 

achieved. 
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4.2. Experimental 

 

Preparation of MoS2 from CVD method 

Atomic layer of molybdenum disulfide was prepared by chemical vapor 

deposition (CVD). MoS2 was grown on SiO2/Si with 300 nm oxide layer directly. 

SiO2/Si wafer was cleaned using organic solvent. Baking process and oxygen 

plasma treatment was followed. Branched polyethylenimine (MW 800 g/mol) 1% 

solution was spin coated to the substrate, and baked at 120 °C in vacuum for 30 

min. After baking process, PEI thin film was washed with DI water several times 

to remove extra PEI. PEI treated substrate was dipped into ammonium 

tetrathiomolybdate (ATM) 10 mM solution for 10 min, and rinsed with DI water 

several times and baked at 120 °C in vacuum for 30 min. ATM/PEI coated substrate 

was placed to the furnace and baked at 700 °C for 1 hour. ATM decomposed at 

500 °C to MoS2, and PEI decomposed perfectly over 400 °C. MoS2 layer from this 

process is used right after thermolysis. 

 

Fabrication of graphene  

Graphene was prepared by chemical vapor deposition method. First, 

copper foil (Alfa Aesar) with 25 μm thickness was cleaned with acetone, methanol 
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and IPA and dried with N2. Cleaned copper foil was put into the furnace and lower 

the pressure to 2.3 ✕ 10-4 Torr level. Waiting for 5 minutes, 100 sccm of 99.999% 

hydrogen gas was flowed for 30 min and ramp the temperature to 1000 °C at the 

heating rate of 30 °C/min. The copper foil is annealed at 1000 °C with hydrogen 

flow for 30 min again to flat the surface of the foil. To grow graphene, 100 sccm of 

99.999% methane gas and 40 sccm of 99.999% hydrogen gas was flowed for 10 

min. at 1000 °C. After the growth process, the chamber is cooled down rapidly 

within 20 min. To transfer graphene, poly(methyl methacrylate) (MW: 350,000 

g/mol) 4% anisole solution is spin coated as an assistance layer. Copper was etched 

by immersing in a 114 g/L of ammonium persulfate ((NH4)2S2O8) aqueous solution 

for 1 hour and PMMA/graphene film floating on the Cu etchant was washed by D.I. 

water several times. PMMA/graphene film was transferred by scooping up to the 

device or substrate and dried at 60 °C. To fabricate fine quality graphene, solvent 

annealing process was done. PMMA coated graphene on the substrate was put into 

a jar of 9.7 ml with acetone and sealed with controlled vent and the jar was put in 

the hood for an hour to spread the film to the substrate perfectly. After the solvent 

annealing process, PMMA was removed by dipping into acetone for 30 min and 

rinsed using methanol and IPA. To prevent contamination, graphene on substrate 

was kept in the vacuum. 
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Preparation of graphene nanoribbon from block copolymer self-

assembly 

Polystyrene-block-poly(2-vinylpryidine) (PS-b-P2VP) (MW: 50,000 

g/mol – 17,500 g/mol) 0.3 wt% solution in chloroform is spin coated directly onto 

bilayer graphene to form 30 nm thin film of block copolymer. PS-b-P2VP film is 

solvent annealed by tetrahydrofuran in 9.3 ml chamber with controlled leakage to 

form the cylinder patterns. The cylinder pattern of PS-b-P2VP is applied as a mask 

for lithography process. Oxygen plasma treatment was done for 25 s to 35 s to 

control the line width of the GNR. After oxygen plasma treatment, the polymeric 

residue was removed by thermal annealing at 500 °C. 

 

Fabrication of GNR/MoS2 van der Waals Heterostructure 

PMMA is spin coated to GNR as an assistance layer. Sacrificial layer of 

substrate was removed by dipping in HF 5% solution for 10 min, then PMMA/GNR 

is floating on HF solution. PMMA/GNR is carefully fishing out to fresh water 2 ~ 

3 times and fishing again with MoS2 on SiO2/Si wafer. To remove water molecules 

between the junction of GNR and MoS2, further thermal annealing was processed 

at 200 °C. After the thermal annealing process, acetone rinsing was followed to 

remove PMMA assistance layer.  
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Characterization of GNR/MoS2 van der Waals Heterostructure 

To measure TEM. GNR MoS2 was transferred again to silicon nitride 

(SiNx) TEM grid with 2.5 μm hole diameter without supporting layer. Raman 

spectroscopy of heterostructure was also taken from suspended heterostructure. The 

thermal conductivity of heterostructure was measured by optothermal Raman 

technique. The details of optothermal Raman technique is discuss in result and 

discussions. The Seebeck coefficient was measured with Seepel machine, which 

build -2, -1, 0, 1 and 2 K of temperature difference and measuring the thermoelectric 

voltage and the reliability is 0.99 for each samples. 
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4.3. Results and Discussion 

 

Electrical and thermoelectric properties of MoS2 was measured after 

chemical doping MoS2 by benzyl viologen (BV)[31]. By doping MoS2 with BV, 

the electrical conductivity is dramatically enhanced to several S/m, however the 

Seebeck coefficient is reduced to several hundreds μV/K. Hence MoS2 with BV is 

stable in water unlike pristine MoS2, GNR could be fished up with MoS2 with BV 

on substrate. By doping MoS2 film, the electrical conductivity could be measured 

in centimeter scale. The electrical conductivity of MoS2 single layer has a semi 

conducting properties, so the electrical conductivity could be tuned by chemical 

doping or external environmental conditions[15]. The electrical conductivity of 

doped MoS2 is enhanced to 1 S/m.  

To enhance the electrical conductivity of the MoS2, graphene nanoribbon 

was applied to the top of the MoS2 film. GNR was prepared by BCP 

nanolithography[26],[32]. Graphene transferred to SiO2/Si wafer was covered by 

PS-b-P2VP thin film. Using THF as a solvent annealing material, parallel cylinder 

pattern was produced. Line width of GNR could be controlled by changing the 

oxygen plasma etching time from 20 s to 35 s. The morphology of GNR is shown 

in figure 4.8. To control the electrical and thermoelectrical properties, the line width 
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should be tuned from tens of nanometer to sub-10 nanometers. The electrical 

conductivity of GNR cannot be measured in centimeter scale with 4-point probe. 

GNR with different line width is coated by PMMA and transferred to MoS2 film. 

The morphology and the quality of GNR/MoS2 heterostructure were 

measured by transmission electron microscope (TEM) and Raman spectroscopy. 

TEM image and selected area electron diffraction (SAED) show GNR/MoS2 

heterostructure was successfully prepared by our methods. In SAED patterns, the 

inner hexagonal peaks indicate MoS2 monolayer and outer doubled hexagonal 

peaks indicate bilayer graphene nanoribbons on MoS2. Hence the lattice size of the 

MoS2 is larger than that of graphene, the SAED pattern of MoS2 is shown in 

narrower q-values. Randomly produced GNR structure is observed with TEM, 

which is encouraged structure for measuring the thermal conductivity. The thermal 

conductivity is measured with optothermal Raman technique, which calculates the 

thermal conductivity from the heat dissipation. GNR with randomly oriented 

morphology could spread heat and electron randomly, which makes optothermal 

Raman technique trustable. 

The Raman spectroscopy of GNR/MoS2 heterostructure is displayed in 

Figure 4.4. The signature peak of MoS2 is shown in the range of 383 ~ 430 cm-1, 

and the that of graphene is shown around 1580 cm-1 and 2600 cm-1. Figure 4.5 
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shows the Raman trace of signature peaks of MoS2 (383 cm-1) and graphene (1580 

cm-1) in suspended GNR/MoS2 heterostructure. GNR/MoS2 heterostructure is well 

formed and transferred perfectly to the silicon nitride TEM grid. The thermal 

conductivity and the thermoelectric power will be measured within several months. 

To measure electrical properties of GNR/MoS2 heterostructure, we 

measured the electrical conductivity as a function of temperature. GNR/MoS2 

shows significantly enhanced electrical conductivity about 1000 times than BV 

doped MoS2. It is the highest value for MoS2 single layer materials. However, the 

contact resistance affects to the electrical properties of GNR/MoS2 heterostructure, 

the contact of two atomic layer should be tuned to have lower contact resistances. 
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4.4. Conclusion 

 

In this part, we introduced graphene nanoribbon/molybdenum disulfide 

van der Waals heterostructure having higher electrical conductivity. We assumed 

that GNR which has higher electrical conductivity than MoS2 will act as highways 

for electron to enhance the electrical conductivity and mobility. We successfully 

fabricate the heterostructure of GNR and MoS2 heterostructure with block 

copolymer nanolithography, and the dimension of the materials was tuned. 

However, the thermal properties and thermoelectric properties were not measured 

yet. The contact resistance between GNR and MoS2 should be tuned with chemical 

doping or thermal annealing process, the heterostructure with enhanced 

thermoelectric properties can be gained. 
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Figure 4.1. Preparation of GNR/MoS2 heterostructure 
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Figure 4.2. Schematic image of GNR/MoS2 heterostructure 
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Figure 4.3. Schematic image of preparation of GNR/MoS2 heterostructure 
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Figure 4.4. Raman spectroscopy of GNR/MoS2 heterostructure 
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Figure 4.5. Raman mapping of GNR/MoS2 heterostructure. 
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Figure 4.6. TEM image and SAED pattern of GNR/MoS2 heterostructure 
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Figure 4.7. The electrical conductivity of GNR/MoS2 heterostructure 
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Figure 4.8. SEM image of GNR with different linewidth 
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Figure 4.9. Film thickness and line width versus etching time 
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Figure 4.10. Raman spectroscopy of GNR with different etching time 
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Figure 4.11. Schematic image of preparing GNR/MoS2 heterostructure 
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Figure 4.12. Schematic image of preparing MoS2 and SEM image of MoS2 on 

substrate. 
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Figure 4.13. Basic properties of CVD graphene.  
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of Compressible Thermoelectric Foams for 

Self-powered Pressure Sensors 
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5.1. Introduction 

 

Increasing data communication from machine to machine, from machine to 

human and from human to human requires a means of collecting data from various 

sensors. One of the most important sensors for humans is the pressure sensor that 

provides information on various systems, including blood pressure[1], heart rate[2] 

and respiration rate[3]. Ideally, wearable sensors would be especially selective in 

response to specific stimuli and offer the flexibility and stretchability[4] to 

accommodate mechanical deformation of the skin[5]–[12]. Wearable sensors that 

adhere to the body or are implanted in the skin are currently limited by power 

problems, including frequent recharging and battery replacement. To address this 

issue, small-scale energy-harvesting technologies that convert the body’s energy 

into electrical energy[13] have been developed based on triboelectric[14], [15], 

mechanoelectric[16], [17], piezoelectric[18]–[21], and thermoelectric[22]–[24] 

effects.  

There has been great interest in thermoelectric generation systems for energy 

harvesting from human heat based on the Seebeck effect, in which a temperature 

gradient is converted into electrical energy. Several studies have demonstrated 

flexible and wearable thermoelectric generators (TEGs) for body heat harvesting 

using conventional rigid semiconductor TE materials; however, these materials are 
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limited in their use and form for wearable devices[25]–[27]. Recently, conducting 

polymers have been studied as flexible TEG materials[28], [29]. Conducting 

polymers have moderate Seebeck coefficients, high electrical conductivities, and 

low thermal conductivities; these properties are conducive to high thermoelectric 

performance[28], [30]. Due to their low toxicity and ease of processing with various 

coating or printing technologies, conducting polymers are well suited for next-

generation devices, offering a low cost, low power consumption, and good 

flexibility[5], [22], [27]. Poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the 

most conductive polymers; thus, PEDOT-based TE materials have been widely 

studied for improved thermoelectric properties, and can be tuned via doping 

concentration or epitaxial-assisted crystallinity[10], [30], [31].  

Foam, a three-dimensional (3D) cellular material with open cells, is made up 

of an interconnected network of solid struts that form the edges of cells. The cellular 

microstructure has a porous morphology; this allows for the absorption of other 

materials[32]–[34], while offering the advantages of low-density[32], [33], 

structural compressibility[6], [32], [33], and elasticity[32], [33]. Moreover, by 

infiltrating the foam with conductive materials such as graphene[6], [35], carbon 

nanotubes[36], or conducting polymers[37], 3D structures with electrical 

conductivity can be prepared easily. Therefore, many approaches for highly 

sensitive piezo-resistive-type pressure sensors have been studied in preparation for 
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the development of conductive cellular structures, such as conductive foams from 

neat conductive materials[9], [37], [38], elastic polymers/conductive materials 

composites[5], [39]–[41], and coating of a polymer sponge with conductive 

materials[6], [35]. Recently, thermoelectric and piezo-resistive characteristics-

based temperature–pressure dual sensors from PEDOT:poly(styrenesulfonate) 

(PSS) on deformable microstructure frames  (D. Zhu et al.)[9], and aerogel 

structures of PEDOT:PSS with elastomeric cross-linkers (X. Crispin et al.)[37], [38] 

have been reported; these sensors exhibit highly sensitive, independent 

measurements of pressure and temperature without crosstalk. However, 

PEDOT:PSS is a brittle material due to the high content of conjugated functional 

groups and crystallization, which are not suitable for sensors that undergo repeated 

stretching and compression. To maintain mechanical elasticity and long-term 

stability as a piezo-resistive-type pressure sensor, only a limited amount of brittle 

PEDOT:PSS coating can be applied to a porous sensor structure, thereby limiting 

energy production[5], [38]. Thus, the sensitivity of pressure sensors and the energy 

production of thermoelectric materials are in conflict with one another; a new 

structural approach is required to maintain the advantages of the incorporated 

sensor materials.  

In this article, we propose a coaxial strut structure of poly(styrene-

ethylene/butylene-styrene)(SEBS)-PEDOT:PSS-melamine foam (SPM) with a 
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partially fractured microstructure to create an energy-efficient, highly sensitive self-

powered pressure sensor. Conventional melamine foam (MF) has a micro-sized 

cellular structure that acts as a compressible and elastic core framework. The 

intermediate PEDOT:PSS layer is an active material with thermoelectric properties 

and high electrical conductivity. A rubbery block copolymer, SEBS, is used for the 

outer shells due to its superior mechanical elasticity; SEBS also protects the brittle 

PEDOT:PSS layer, this stabilizing the mechanical properties of the coaxial foam 

even with a relatively thick PEDOT:PSS layer that generates more thermoelectric 

power and has high electrical conductivity. Given that the thick PEDOT:PSS is 

relatively insensitive to pressure changes, the coaxial foam is compressed to 1/20 

to induce partial microfractures of the PEDOT:PSS in the SEBS shell only. This 

serves to maintain high thermoelectric performance and electrical conductivity, but 

also greatly enhances pressure sensitivity. In this study, the coaxial foam was 

assembled as a wearable TEG. Our wearable prototype generated 338 nW when 

attached to the forearm in an external environment; pressure readings ranged from 

1 to 28 kPa, with a fast response and long-term stability over more than 10,000 

cycles of pressure loading and unloading. We also demonstrated proof-of-concept 

of a self-powered pressure sensor without external power supply.
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5.2. Experimental 

 

Preparation of PM and SPM foams 

Highly conductive PEDOT:PSS (Sigma Aldrich, highly conductive grade) 3-

4 wt% solution was infiltrated into melamine foam (BASF, Basotech®) and dried 

at 60 °C for 6 hours. The infiltration process was repeated from 1 to 5 times to 

prepare PM1 to PM5. To prepare SPM, the PM was immersed in SEBS solution (1 

wt%, THF) for 1 hours and dried at 60 °C in vacuum. To improve the sensitivity to 

the pressure, each cell was compressed for 5% of thickness for original thickness 

to induce micro-fractures of PEDOT:PSS on melamine struts. 

 

Characterization of Thermoelectric Properties of PM and SPM 

The thermal conductivity and Seebeck coefficient were measured as prepared 

pristine foam, and to measure electrical conductivity, a copper foil was pasted on 

the bottom and the top of PM and SPM by silver paste as electrode. Thermal 

conductivity of cubic foam was measured by TCi thermal conductivity 

measurement system (C-Therm Technologies Ltd.). For measurement of the 

through plane electrical conductivity of foam, copper foil was attached to the foam 
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on opposite faces and measured the resistance of the foam using Keithley 2000 

multimeter. The electrical conductivity, the thermal conductivity and the 

thermopower of the SPM1 to SPM5 were measured along the in-plane direction. 

The thermopower and electrical conductivity of the SPM were measured by a TEP-

600 (Seepel Instrument, Korea) thermoelectric measurement instrument.  

 

Fabrication of Wearable Thermoelectric Generator 

21 cells of SPM5 with copper electrode on the top and the bottom of the foam 

were prepared for wearable thermoelectric generator. The SPMs were connected in 

series by electric copper wire with silver paste. Assembled TEG was dried at 60 °C 

in vacuum oven for 12 hours. For wearable TEG application, SEBS film was used 

as a soft and stretchable substrate. SEBS pellet (Kraton, G1657) was pressed at 

120 °C for 10 min. to prepare ~200 μm. The SEBS shows sticky characteristics, and 

two SEBS films can be attached on both sides with physical pressure. The SPM-

based TEG covered with SEBS was applied to forearm to measure the electricity 

from human heat. The measurement on the forearm was executed at external 

condition (0 °C, approximate 20% humidity) without any cooling materials. To 

measure the output power as a function of temperature gradient, the SPM-based 

TEG was placed to the home-built thermoelectric measurement system. The peltier 
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pads for cooling and heating were placed to the top and make the temperature 

difference to 10 K to 20 K. The output voltage and current were measured by 

Kithley 2400 multimeter and the output power was calculated from these values. 

The output power per weight of the device was also calculated by dividing the 

output power by total weight of the active materials. 

 

Pressure Test of SPM Foam 

Single cell of PM and SPM with the size of 1 x 1 x 0.5 cm3 were prepared for 

pressure measuring test. Figure 5.16 shows a high-cycle pressure sensitivity testing 

system consisting of an electric-dynamic type actuator, a power amplifier and a load 

cell[42]. Strain gage-based load cells have a capacity of 50 N. To amplify the output 

signal of the load cell, an analog amplifier (Instrument Division Co., Model 2210) 

was used. The electro-dynamic type actuator based on the speaker principle 

includes a field magnet and a moving bobbin with a coil. We used the PXI module 

(National InstrumentTM) which consists of PXI-8106 embedded controller for 

system control and data processing, and PXI-6221 for signal acquisition of load-

cell and force sensor. The applied force was converted into pressure with material 

dimension. Relative resistance variation (R/R0) as a function of pressure was 

measured with very low frequency of 0.1 Hz. The response and recovery test with 
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square wave of deformation was applied was done with frequency of 0.1 Hz. Over 

10000 times of cyclic test of loading and unloading pressure of 4.4 kPa was done 

with high frequency of 10 Hz. 

 

Self-Powered Pressure Sensor Test 

9 cells of SPM5 were connected in series for self-powered pressure sensor. 

Home-built thermoelectric measurement system was used to realize the continuous 

temperature gradient and Keithley 2400 was connected to the SPM based TEG 

directly to measure the thermoelectric current for pressure test. The pressure was 

applied to the top of the TEG and the changes of the current was recorded. While 

the pressure test was done, the temperature difference along the TEG was kept to 

ΔT = 50 K. The thermoelectric current was recorded as shown in the multimeter. 
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5.3. Results and Discussion 

 

Figure 5.1 shows a schematic diagram of the coaxial strut preparation process 

of the 3D cellular open-cell structure with partial microfractures. MF, having a 

cellular structure (figure 5.2a) with a ~140 μm pore size and a 5-μm strut width 

shows highly compressible properties and high water uptake to pores. PEDOT:PSS-

melamine (PM) foam was prepared by simply infiltrating the MF with PEDOT:PSS. 

MF was immersed in a 4 wt% of PEDOT:PSS aqueous solution and dried at 60°C 

for 5 h. To enhance thermoelectric power generation, the amount of PEDOT:PSS 

increased with subsequent infiltrations. This process was repeated one to five times 

to prepare PM1–PM5 samples. The PEDOT:PSS coating layer on melamine struts 

(figure 5.2b) forms conductive paths through the interconnected 3D cellular open-

cell structure. With repeated PEDOT:PSS coatings, the strut widths increased 

linearly around 1 μm/time, as shown in figure 5.8. However, the brittle nature of 

the PEDOT:PSS, and lack of a specific interaction between PEDOT:PSS and MF, 

causes the PEDOT:PSS particles to break away from the MF skeleton under 

repetitive mechanical deformation, as shown in figure 5.9. For structural stability, 

even under high loading conditions of PEDOT:PSS, a highly elastic SEBS shell was 

introduced to PM struts. The PM foam was also simply immersed into a SEBS 

solution in THF and dried at 60°C for 12 h. The prepared coaxial SPM maintained 
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its cellular structure; figure 5.2c shows a scanning electron microscopy (SEM) 

image of the thin SEBS outer shell. MF, PM, and SPM exhibited very low densities 

of 0.0078, 0.026–0.18, and 0.089–0.27 g cm−3, respectively. Foams of size 1 × 1 × 

0.5 cm3 were used in the TEG module and pressure sensor assemblies.  

To enhance pressure sensitivity, a microfractured structure was adopted for the 

conductive material[6]. We strongly compressed PM and SPM foams to 1/20 to 

induce partial fracture of PEDOT:PSS. In the case of PM, the brittle PEDOT:PSS 

coating layer was broken by strong mechanical deformation, resulting in the 

fragmentation and delamination of large PEDOT:PSS particles from the melamine 

structure (figure 5.9a-b). In contrast, with SPM, partial microfracture of 

PEDOT:PSS occurred only within the protective SEBS outer shell, leaving PEDOT: 

PSS fragments in the shell.  

Especially, it can be seen that the SEBS shell keeps the connecting pathes well 

even in the part where the strut breaks due to the large pressure. (figure 5.9c-d). The 

fragments in the shells served to reconnect electrical conduction paths in 

accordance with the mechanical deformation; therefore, the resulting structure 

retained a high electrical conductivity and was sensitive to changes in resistance. 

Figure 5.3 shows the electrical and thermoelectric properties of PM and SPM 

cells with different repeated times of PEDOT:PSS infiltration. As the infiltration 

amount increased, the thickness of the PEDOT:PSS layer increased from 7 to 10 
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μm (figure 5.8). Thus, the electrical resistivity of PM decreased as a function of 

PEDOT:PSS infiltration, as shown in figure 5.3. The electrical resistivity of SPM 

was slightly higher as SEBS partially penetrated into the PEDOT:PSS conductive 

path; however, the resistivity of SPM remained low and decreased with subsequent 

infiltrations. The resistivity of SPM5 was only 0.61 ± 0.279 Ω cm−1, which is 

sufficiently low for thermoelectric generation. The thermopower, electrical 

conductivity, and thermal conductivity of SPM were measured with respect to the 

number of PEDOT:PSS infiltration iterations. The thermopower of SPM remained 

in the range of 13.3 to 14.4 μV K−1, regardless of the number of infiltrations, in 

agreement with the thermopower readings of spin-coated PEDOT:PSS thin film. 

On the other hand, the electrical and thermal conductivities increased linearly as a 

function of PEDOT:PSS infiltration time due to thicker conductive layers. The 

electrical conductivities of SPMs increased up to 6 S cm−1, which is a fairly high 

value among highly porous cellular structures of conductor materials. The thermal 

conductivities of SPMs remained lower than 0.066 W m−1 K−1, which is five times 

lower than that of PEDOT:PSS thin film (0.31 W m−1 K−1)[43], even after five 

iterations of PEDOT:PSS infiltration, owing to their porous structures.   

The low thermal conductivity of SPM maintained the thermal gradient of the 

heat source and heat sink, thus allowing it to generate electricity for a long period 

of time. Due to the isotropic porous structure of MF, we observed similar values in 
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electrical conductivity, thermal conductivity, and thermopower, regardless of the 

measurement direction, as shown in figure 5.10. 

For thermoelectric generation, 1 × 1 × 0.5 cm3-sized SPM foam was prepared. 

The SPM5 single cell exhibited 0.4 mV with a 30 K vertical temperature gradient 

(figure 5.4), a reasonable value (~13.3 μV/K) compared with the measured 

thermopowers of conventional Seebeck measuring instruments (figure 5.3b). 

Twenty-one SPM5 cells were connected in series for thermoelectric generation 

(figure 5.4b); the total electrical resistance of the TEG from these SPM5 cells was 

~22 Ω, which indicates that the contact resistance between the electrode and the 

foam of our TEG was negligible. Two 200-μm SEBS films were attached to both 

sides of our assembled TEGs for optimal adhesion/contact. In the proof-of-concept 

of wearable TEGs, a high thermoelectric voltage of 2.6 mV was maintained for a 

considerable period of time in an external environment when worn on the forearm 

(figure 5.4c); this performance was attributed to the low thermal conductivity of 

our TEG prototype. The output power density of the TEG of SPM5 was measured 

with a fixed temperature gradient (figure 5.4d); the maximum output power at ΔT 

= 20 K was 338 nW from our TEG, and 448.7 nW/g with 21 SPM5 cells. The SPM 

also can be compressed with lateral direction (figure 5.11). And the foam can 

recover the original shape by releasing external stress, meaning that the foam can 

fit the body to gather thermal energy from the rough surface. Laterally compressed 
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foam also has compressibility with vertically applied pressure (figure 5.11d-f) 

A thermoelectric sponge was also applied to the pressure sensing material, as 

shown in Fig. 5. S-H Yu et al.[6] demonstrated that pre-strained foam that induces 

the breakage of the conductive backbone has high pressure sensitivity. A pre-strain 

method for high sensitivity was applied to our PM and SPM foams to induce the 

microfractured structure of PEDOT:PSS layers without and with the SEBS outer 

shells. Figure 5a and b shows the resistance changes of PM and SPM foams before 

and after 95% compression with repeated pressure loading (6 kPa) and unloading. 

Pristine PM foam was sensitive to changes in resistance with pressure change, but 

also showed a gradual increase in resistance with repeated testing, due to the 

externally exposed conductive paths of brittle PEDOT:PSS (figure 5.9). In contrast, 

pristine SPM with SEBS shells, as protective layers, exhibited reliable resistance 

behavior with repeated pressure testing. After 95% compression, PM did not 

recover to its original thickness and their relative resistance R/R0 decreased, while 

compressed SPM recovered its original thickness within a short time owing to the 

rubbery SEBS outer shells and the R/R0 of SPM foam increased due to occurring 

microfractures. When additional strong compression was applied to the compressed 

SPM, the resistance shows no more significant changes. Therefore, the resistance 

of compressed PM did not change under additional pressure, as the conductive paths 

were stuck together before and after loading compression, whereas the resistance 
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of compressed SPM was more sensitive to pressure changes up to 1.7 times and 

showed a stable response. Digital images of PM1 and SPM1, before and after 

compression, are shown in figure 5.12. Figure 5.5c-f shows the resistance and R/R0 

changes of PM1, PM5, SPM1, and SPM5 after compression. Given that the 

resistance of SPM1 with a thin PEDOT:PSS layer was higher than that of SPM5, 

SPM1 was more sensitive than SPM5, with a R/R0 change of about 1.5 times larger 

at the same pressure. 

Figure 5.6 shows the resistance behavior with pressure loading. Pressures up 

to 30 kPa were applied to PM1 and SPM1 samples in figure 5.6a. The resistance of 

SPM1 changed with the applied pressure along the inverse curve down to ~1/10 of 

the original resistance, whereas the resistance of PM1 did not change due to the 

fixed thickness from the pre-press process. Under five cycles of repeated loading 

and unloading with different pressures, from 4.4 to 25 kPa, SPM1 worked very well 

as a rapid- response pressure sensor (figure 5.6b). The resistance behavior of SPM3 

and SPM5 with 95% compression was also tested with pressure loading (figure 

5.13). The change in relative resistance of SPM3 and SPM5 under pressure is 

restricted as SPM3 and SPM5 have higher modulus compared with SPM1. However, 

SPM3 and SPM5 could bear under higher pressure, which means that higher 

pressure can be detected with SPM3 and SPM5. To observe the response and 

recovery behavior of SPM1, resistance and pressure changes from the load cell in 
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a single 8-kPa pressure cycle were analyzed over time (figure 5.6c). figure 5.6d and 

e shows the detailed response and recovery behavior of SPM1. The response time 

of SPM1 was less than 10 ms when pressure was applied, but stabilization time was 

97 ms because of an overshooting in given force. The SPM1 pressure sensor 

followed the same trend as that of the applied force trace, showing highly sensitive 

and agile sensor performance. Because the SEBS shell helps the foam to recover its 

original shape, the recovery time of the relative resistance was also less than 10 ms; 

however, additional time around 56 ms was needed to stabilize the resistance 

readings due to residual vibrations. The resistance difference versus time for (figure 

5.14a-c) SPM3 and (figure 5.14d-f) SPM5 with 35 kPa for the observation of 

response and recovery behaviors. The response time of SPM3 and SPM5 was only 

a few ms when the pressure was applied, however, the stabilization time was about 

100 ms because of an overshooting in given force. The blue line displaying the 

given force read by load cells and the red line showing the relative resistance of 

SPMs show the same tendency with given pressure. The green dotted line shows 

the peak of relative resistance and pressure read by load cell, and the gap of two 

lines is narrower than 5 ms. The response and recovery behaviour of SPM3 and 

SPM5 was tested by loading and unloading pressure of 30 to 40 kPa (figure 5.14). 

The response and recovery behaviours show same tendency with varied conductive 

wall thickness. The repeated test loading and unloading pressure of 4.4 kPa was 
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executed for over 10,000 cycles at 10 Hz, as shown in Fig. 6f. Even under repetitive 

pressure loadings at high frequency, the SPM1 foam exhibited reliable and stable 

pressure-sensing performance. 

The SPM foam with high thermoelectric and piezo-resistive pressure-sensing 

properties was applied in a proof-of-concept, self-powered pressure sensor system 

with temperature variation, as shown in figure 5.7a. The temperature gradient was 

applied to the SPM-based TEG without loading pressure, and the thermoelectric 

current was measured with a Keithley 2400 multimeter as ~170 μA at ΔT = 50 K. 

We repeatedly applied pressure to the SPM-based TEG and measured the 

thermoelectric current with a pressure load under a constant temperature difference. 

The thermoelectrical current ratio (I/Io) of the SPM-based TEG with repeated 

loading and unloading of pressure (17 kPa and 24 kPa) is shown in figure 5.7b. We 

confirmed that thermoelectric current changes of the SPM foam according to the 

applied pressure can be detected without the need for any external power source, 

with the exception of the measuring instruments. We also varied the temperature 

gradient from -20 K to 20 K to establish the effect of the temperature different 

between the surface and the environment. Figure 5.15 shows the measured I-V 

curve with different pressure and temperature gradient. The thermoelectric current 

is changed under pressure at the same temperature gradient. And the slope of the I-

V curve keeps constant under different temperature gradient meaning that the 
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resistance does not change with varied temperature.
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5.4. Conclusion 

 

We developed a coaxial SEBS/PEDOT:PSS/MF structure for a self-powered 

pressure sensor based on the thermoelectric effect and piezo-resistive properties. 

Our device configuration has the structural benefit of a coaxial SPM structure for 

better fit to the human body. A thermoelectric voltage of 2.6 mV could be generated 

on human skin. Additionally, the SEBS shell protects the brittle PEDOT:PSS layer 

on the melamine strut from repetitive mechanical deformation and maintains stable 

performance with higher PEDOT:PSS content. Furthermore, partial microfracture 

of the PEDOT:PSS in the SEBS shell only significantly enhanced the pressure 

sensitivity, while maintaining high conductivity and thermoelectric performance. 

For pressure sensor applications, the SPM showed superior pressure-sensitive 

characteristics with microfractured coaxial struts; the response and recovery times 

of SPM less than 10 ms, with 8 kPa of applied pressure. The long-term stability of 

the SPM pressure sensor was confirmed from stable output signals over 10,000 

cycles of repeated pressure loading/unloading. The SPM-based TEG was also 

applied to a proof-of-concept self-powered pressure sensor based on 

thermoelectricity and piezo-resistivity. A coaxial structure for a 3D cellular 

conductor-based pressure sensor that additionally can generate energy from waste 

heat is a promising platform for manufacturing stably deformable materials for 
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long-term operation of self-powered wearable devices. Moreover, compressed SPM 

shows higher electrical conductivity with narrower cover area which make the 

thermoelectric generator more efficient. This coaxial cellular platform can be 

applied to various types of self-powered pressure sensors and energy harvesting 

devices and, more generally, could serve as an ideal structure for various 

deformable devices in future applications such as passive radio-frequency 

identification.  
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Figure 5.1. Schematic image of preparing coaxial 3D cellular conductor with 

micro-fractured morphology 
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Figure 5.2. (a-c) SEM image of melamine foam (MF), PEDOT:PSS infiltrated 

foam (PM), and PM covered with SEBS (SPM) 
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Figure 5.3. Characteristics of the PEDOT:PSS-melamine (PM) foam and 

SEBS-PEDOT:PSS-melamine (SPM) foam with differently repetitive 

PEDOT:PSS infiltration process 
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Figure 5.4. Thermoelectric module of SPM5.   
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Figure 5.5. Resistance change under pressure of (a) PM and (b) SPM  
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Figure 5.6. Pressure sensing performance of 95% compressed PM and SPM 

foams 

  



１７６ 

 

 

 

Figure 5.7. (a) Digital image of self-powered pressure sensor test and (b) I/I0 

with repeated pressure loading and unloading test under temperature 

difference of 50 K. 
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Figure 5.8. The strut widths as a function of PEDOT:PSS infiltration times. 
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Figure 5.9. SEM image of PM (a, b) and SPM (c, d) after repeated pressure 

loading and unloading test.  
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Figure 5.10. (a) Schematic image of PM foam with measurement direction, (b) 

relative electrical conducitivity, thermal conductivity and Seebeck coefficient 

against to horizontal direction (x-axis). 
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Figure 5.11. Digital image of SPM1 and laterally compressed SPM1 foam. 

SPM1 is compressed with external strain machine.  
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Figure 5.12. Digital images of PM and SPM. (a) The digital image of MF and 

PM with different infiltration number.  
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Figure 5.13. Pressure-sensing performance of 95%-compressed SPM foams 

with different thickness of PEDOT:PSS conductive path.   

0 50 100 150 200 250
0.5

0.6

0.7

0.8

0.9

1.0

1.1
 SPM3
 SPM5

R
/R

o

Pressure (kPa)



１８３ 

 

 

 

Figure 5.14. Pressure-sensing performance of 95%-compressed SPM3 and 

SPM5.  
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Figure 5.15. The measured I-V curves of self-powered pressure sensor based 

on 9 of SPM5 cells.   
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Figure 5.16. Fatigue test setup with moving coil linear stage to evaluate the 

durability of the sensor  
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초 록 

 

본 연구에서는 블록공중합체의 나노 구조 제어를 통한 저차원 물질의 

나노 패턴의 제작 및 분석 방법에 대해 기술하였다. 첫째로, 수직의 배

향을 갖는 블록공중합체의 나노 구조를 제작하기 위하여 블록공중합체

의 표면에 가교된 층을 도입하였다. 기존의 방법과 달리 본 연구에서 

제시된 방법을 이용할 경우 다양한 종류의 블록공중합체에서 수직의 배

향을 가질 것이라는 것을 세 가지 서로 다른 블록공중합체

(polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA)와 

polystyrene-b-polydimethylsiloxane (PS-b-PDMS), 

polystyrene-b-poly(2-vinylprydine) (PS-b-P2VP))에 적용하

여 증명하였다. 표면의 플라즈마 처리를 통하여 가교가 진행된 블록공

중합체는 블록공중합체에 대하여 물리적으로 블록공중합체의 이동을 제

한함으로써 수직 구조를 가지도록 유도함을 확인하였다. 또한 바닥 면

까지 수직의 배향을 가지는 블록공중합체 나노 구조를 제시하기 위해 

상부와 하부 모두 가교 층을 도입하였다. 하부의 가교된 블록공중합체 
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층은 중립의 표면에너지를 가지므로 블록공중합체에 대해 효과적으로 

수직 구조를 제시할 수 있다. 해당 방법은 쉽고 빠른 시간에 넓은 영역

에서 어떠한 블록공중합체에도 적용이 가능하기 때문에 다양한 나노 구

조를 도입하기에 적합한 방법이다. 

둘째로 10 나노 이하의 그래핀 나노메쉬 구조를 블록공중합체 나노 

패턴 방식으로 제작하여, 뛰어난 열전 성능과 낮은 열 전도도를 가진다

는 것을 밝혔다. 10 나노 미터의 크기를 가지는 그래핀 나노 구조(나노

리본 혹은 나노메쉬)는 양자 감금 효과와 포논 가장자리산란으로 인해 

전기적 특성뿐만 아니라 열 전도성 및 열전 특성이 크게 변화될 것으로 

예상된다. 블록공중합체의 자기 조립으로 대면적, 10나노 이하의 단일 

및 이중 층 그래핀 나노메쉬를 제작하고, 열전도도와 열전성능 및 전기

전달 특성을 측정하여 양자 감금, 포논 가장자리 산란 및 교차 평면 커

플링의 효과를 확인하였다. 그래핀 나노구조의 열 전도도를 측정하기 

위해 공중에 띄운 후 열전도도를 측정하였으며, 다양한 샘플 중에서 8 

나노미터의 폭을 갖는 이중 층 그래핀 나노메쉬는 78 W · m-1 · 

K-1 로 매우 낮은 열전도도를 가짐을 확인하였다. 또한 열전 특성 또

한 -520 μV· K-1의 높은 값을 가지는 것을 확인하였으며, 이러한 

결과는 고전 역학 및 퀀텀-메카니컬 시뮬레이션을 통해 결과를 뒷받침 
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할 수 있다. 

마지막으로 앞선 연구에서 진행한 열전 물질의 성능과 열전 구조 제

어의 기술을 바탕으로 열전 발전에 직접적으로 적용하기 위하여 셀룰러 

구조를 가지는 멜라민 폼과 PEDOT:PSS 의 복합체를 제조하여, 자가

발전형 압력 센서로 적용이 가능함을 확인하였다. 본 연구에선 신체활

동을 감지하기 위한 센서로서, 장기간 사용하기에 적합한 자가발전형 

압력센서로의 적용을 하였다. 전도성 고분자를 기반으로 하며 동시에 

압력센서로 적용이 가능한 방법을 적용하였으며 기계적인 안정성과 압

력센서의 민감도를 증가시키기 위하여 poly(styrene-

ethylene/butylene-styrene)(SEBS)-poly(3,4-ethylenedioxy 

thiophene):poly (styrenesulfonate)(PEDOT:PSS)-melamine 

foam (MF) 의 삼중 구조를 제안하였으며, 고감도, 고효율의 자가발전

형 압력센서로서의 거동이 보임을 확인하였다. 특히 기존의 보고된 적 

없는 삼중 구조를 제안함으로써 높은 기계적 안정성과 복원력을 보인다

는 것을 확인하였다. 삼중 구조를 가지는 열전 소재는 열전발전모듈로 

조립되어, 외부 전원 공급 장치 없이 팔뚝에서 340 nW의 발전 효율을 

보임을 확인하였다.  
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