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Abstract 

One-atom-thick layer graphene has superlative thermal conductivity k = 

2000 ~ 5000 W/mK but it is significantly suppressed by the presence of lattice 

defects. Among the different types of lattice defects, substitutional defects 

efficiently reduce the in-plane thermal conductivity but maintain the unique 

hexagonal structures of graphene, which possibly enables to preserve other 

novel properties like high electrical mobility and optical transparency. 

According to the second-order perturbation theory, the phonon scattering rate 

by the substitutional dopants is known to be proportional to the square of the 

mass different with the host C atoms (∆𝑀 ). Previous studies have only 

demonstrated the thermal conductivity reduction of graphene by the 
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substitutional dopants of small mass difference, including N, 13C, B, and 24C.  

In addition, they mostly facilitated the case of small mass perturbation and 

thermally and atomically isolated suspended graphene. The heavy dopants of 

larger mass difference will possibly provide more interesting and significant 

thermal properties alteration in graphene, including by over one order-of-

magnitude further reduction in k. 

In this point, the selection of our experimental investigation on the thermal 

properties alteration by substitutional dopants is the silicon atoms, which 

provides the largest mass difference compared to previous works, in our 

knowledge. We have successfully synthesized Si-doped graphene (SiG) by 

using liquid precursor and facilitating the low pressure chemical vapor 

deposition (LPCVD) synthesis, which suppresses the lattice defects in 

synthesized graphene samples and thus allows the exclusive understandings 

on the effects of Si dopants. In addition, the Si doping concentrations 

indicated by I(D)/I(G) Raman peak ratio are controlled by manipulating the 

synthesis temperature and pressure. Correlation between the I(D)/I(G) and Si 

doping concentration enables to measure the in-plane thermal conductivities 

with the Si doping concentration variation.  

The in-plane thermal conductivity (𝑘𝑆𝑖𝐺)  of the supported SiG was 

probed using optothermal Raman thermometry after being transferred on an 

ultra-thin 8 nm SiO2 substrate. The measurement results show that 𝑘𝑆𝑖𝐺  



 

 iii 

gradually decreases with the increase of Si dopant mass concentration from 

1.41 % to 3.13 %, exhibiting more than one order-of-magnitude reduction 

from the supported pristine graphene of k = 645.6 ~ 900.2 W/m·K down to 

𝑘𝑆𝑖𝐺  = 46.7 ~ 79.5 W/m·K for the present supported SiG. When compared to 

the suspended pristine graphene (PG) case (k = 2662.5 W/m·K), the reduction 

is accounted for being nearly two order-of-magnitudes. We attribute the 

observed substantial reduction of 𝑘𝑆𝑖𝐺  to the exceptionally large phonon 

scattering strength of Si dopants, which can be explained by the large mass 

difference between the doped Si atoms and the C atoms. We have also found 

that enhancing graphene-substrate conformity through thermal annealing in 

vacuum further lowers 𝑘𝑆𝑖𝐺  from that of the ambient annealing case, due to 

the increasing phonon scattering rate by underlying substrate. Further aspects 

in our findings include reduced temperature dependence of 𝑘𝑆𝑖𝐺  and 

negligibly small non-equilibrium effect in Si-doped graphene, both of which 

are believed to attribute to the enhanced phonon scattering (reduced phonon 

mean free path) by Si dopants as well as by the presence of the graphene-

substrate interface.  

Finally, we found that substitutional silicon dopants do not violently 

destruct the electrical properties of graphene when compared to previously 

measured thermal conductivities. The measured thermal conductivities show 
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the maximum 8 times further reduction than that of electrical conductivities 

at about 2.6 % Si doping concentration. This results can be attributable to the 

resemblance of silicon and carbon atoms in terms of their number of valence 

electrons. We note that substitutional doping of graphene with heavy Si atoms 

can be a novel strategy to independently control the thermal properties and 

thus possibly enhance the thermoelectric efficiency of graphene. 
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Chapter 1 

Introduction 

1.1. Background and motivation 

Pristine graphene (PG) with perfect hexagonal carbon lattices exhibits 

outstanding phonon transport, which results in superlative thermal 

conductivities.[1-6] The observed outstanding in-plane thermal conductivity 

(𝑘) of graphene can be attributed to the strongest bonding nature of sp2 

configuration with relatively light mass of carbon, and strict momentum 

conservation requirement of 2D materials which reduces initial and final 

states available for the scattering of heat carriers in the phase space. Those 

exceptional aspects give the large ballistic thermal conductance per unit area 

and long average phonon mean free path (MFP) of λ~775 nm. However, the 

long phonon mean free path of graphene indicates that thermal conductivity 

can be significantly affected by the extrinsic scattering factors with 

intentionally introduced lattice defects. Defected graphene structures show 

considerably reduced in-plane thermal conductivities (𝑘)  when affiliated 

with edge roughness,[7] grain boundaries,[8,9] point defects,[10-14] carbon 
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13C isotopes,[15] substitutional dopants to graphene,[14-19] or patterned 

nanoholes[20] (Figure 1.1). The reduced 𝑘  can be attributable to the 

enhancing phonon scattering rate induced by these imposed defects. Such 

increases of phonon scattering are known to strongly influence the 

dependence of 𝑘 on the sample size and temperature, in case of point defects, 

for instance.[14,21] In addition, it was found that thermal conductivity 

reduction with the increase of defects concentration can be self-limited by the 

additional defects, exhibiting the saturated reduction behavior.[13] 

Theoretical studies also showed a notable reduction of 𝑘 when point defects 

were present that would alter the spectral phonon mean free paths (MFPs).[12]  

The importance of defected graphene arises when further applications of 

graphene are needed to use it as potential future materials. One of the most 

disadvantageous property of graphene is the zero bandgap electronic 

bandstructure, which makes it hard to independently control the electron/hole 

charge carriers as semiconductors. Many previous studies experimentally 

showed that substitutional doping with foreign atoms can open the bandgap 

and increase the intrinsic charge carrier concentration.[22-24] However, these 

introduced defects can essentially degrade the thermal properties of graphene, 

mostly attributing to the inherent long phonon MFPs as mentioned above. 

Therefore, quantitative verification of thermal conductivity dependence on 
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the types of introduced defects or concentration should be preceded by the 

practical application of defected graphene. 

However, most experimental previous studies regarding thermal properties 

alteration by defects examined the “extrinsic” effects of imposed defects. The 

intensive plasma radiation or high power e-beam, one of the simplest way to 

induce those extrinsic defects, can result in permanent damage to graphene 

and often convert the surrounding graphene to amorphous carbon-like 

structures. Those irradiation possibly deteriorates other novel properties of 

graphene such as its electrical properties or optical transparency.  

In contrast, the “intrinsic” effects of substitutional dopant atoms need more 

attention for practical benefits since doped atoms do not violently destruct the 

hexagonal lattice structure and could quite possibly maintain the properties 

of graphene. Especially, substitutional dopants as defects for intentional 

properties control can lead to the graphene’s enhanced thermoelectric 

conversion efficiency (ZT).[4,20,25] Thermoelectricity is the direct 

conversion of energies between temperature and voltage gradient, which 

attributed to the asymmetric propagation of charge carriers under temperature 

gradient (Figure 1.2). Highly efficient thermoelectric materials have attracted 

many researchers because of their significant applications in terms of energy 

harvesting, electricity generation from the wasted heat, for example. 
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Thermoelectric conversion efficiency ZT is generally described as 

 

ZT =
𝜎𝑆2𝑇

𝑘
 

 

where 𝜎 is the electrical conductivity, 𝑆 is the Seebeck coefficient, 𝑇 is 

the temperature, respectively. This thermoelectric efficiency of pristine 

graphene is generally known to be order of 10-4 ~ 10-2, attributing to its high 

thermal conductivity.[26,27] Henceforth, the lowered 𝑘  through 

substitutional doping can lead to graphene’s enhanced thermoelectric 

conversion efficiency.[4,20,25] This possibility is further supported by the 

fact that doped silicon atoms were reported to maintain the considerable 

electric charge carrier mobility of graphene.[28]  

In this point, the substitutional dopant atom of our interest is silicon (Si) 

from the same group as C, both have two electrons in the outermost p-subshell 

(Figure 1.3). In 2012, unintentionally doped Si impurities in graphene lattices 

were found from STM images in spite of their large size difference.[29] In 

this case, Si/SiO2 wafer or quartz tubes can be the source of Si impurities 

during the high-temperature (i.e. 1000oC) growth. Since 2014, some 

experimental synthesis of Si-doped graphene have been reported to be 
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successful with the solid, liquid and gas precursors.[28,30,31] Previously 

theoretical studies have also investigated the effect of Si dopants on the 

graphene properties alteration such as enhanced molecular sensing[30], 

opening of the bandgap[31], enhanced hydrogen storage capacity[32], and the 

role as a metal-free catalyst[33].  

In terms of thermal conductivity reduction by subsitutional dopants, Si-

doped graphene (SiG) can be one of the most interesting platform because of 

their large mass difference with host C atoms, since the second-order 

perturbation analysis[34] showed that the carrier scattering rates increase with 

an increase of point defects concentration and proportionally to the square of 

the perturbed mass difference (∆𝑀)2. This large mass difference between Si 

and C could provide a significantly larger reduction in 𝑘, by over one order-

of-magnitude further reduction when compared to the previously studied 

dopants with smaller ∆𝑀 , including 13C ( ∆𝑀 = 1 )[14,15], B ( ∆𝑀 =

1.2)[16], N (∆𝑀 = 2)[17-19], and 24C (∆𝑀 = 12)[14]. In addition, previous 

report demonstrated the maintained considerable electrical properties of Si-

doped graphene, justifying the investigation on thermal conductivity 

reduction by Si dopants for the thermoelectric efficiency enhancement of 

graphene.[28] 

In spite of the presence of previous studies on the thermal properties of 



 

 6 

substitutionally doped graphene, our extensive literature survey have found 

that previously published studies (Table 1.1) provided mostly theoretical 

predictions of 𝑘 with an exception for the case of 13C isotope[15] dopant for 

the experiment. Moreover, both theoretical and experimental published 

studies favored the thermally and atomically isolated configurations of 

suspended graphene when examining the effects of substitutionally doped 

foreign atoms on the quantitative thermal conductivity reduction. Considering 

that graphene itself is virtually impossible to be structurally self-standing, 

determination of the thermal properties of supported graphene justifies a more 

practical necessity. However, underlying solid substrate in the system of 

supported graphene is known to suppress the vibrational modes of flexural 

(ZA) phonons and reduce the phonon life times. This additional graphene-

substrate interfacial phonon scattering reduces the 𝑘 = 2000 ~ 5000 W/mK 

for the suspended PG to 𝑘 = 300 ~ 1000 W/mK for the supported PG.[35-

41] In spite of this significant effect of the substrate, the rareness of the 

previous studies on the defected supported graphene can be attributable to the 

complexities in affiliation with the inevitable out-of-plane heat transport 

through the substrate, worsening the measurement uncertainties to derive the 

in-plane thermal conductivity.[35,39] However, it was demonstrated that the 

use of extremely thin substrate could suppress the out-of-plane heat 
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dissipation and thus enhance the measurement reliability. 

 

1.2. Objective of the study 

The objective and scope of the study can be classified into three catagories; 

(1) To improve the synthesis method for the high-quality Si-doped 

graphene and understand how to control the doping properties, (2) To 

understand the thermal properties alteration of supported graphene 

induced by substitutionally doped Si atoms, and (3) To show the 

possibility of thermoelectric efficiency of graphene through 

substitutional Si doping.  

In chapter 2, we first compare the different synthesis methods available for 

the Si-doped graphene and improve them to obtain the high-quality Si-doped 

graphene. This may provide the exclusive understandings on the thermal 

properties alteration by Si dopants. By manipulating the synthesis parameters, 

we also understand how to control the doping characteristics such as doping 

concentrations or homogeneity. The controlled doping concentration enables 

to measure the thermal conductivities with doping concentration variation. 

Various characterization tools show successful synthesis of high-quality Si-

doped graphene with full growth on copper catalyst. 
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In chapter 3, we firstly experimentally measure the in-plane thermal 

conductivity of Si-doped graphene with the increase of doping concentration, 

as supported on SiO2 substrate using optothermal Raman thermometry 

(Figure 1.4). By facilitating the commercially available ultrathin 8-nm SiO2 

TEM grid, we enhance the measurement reliability for the derived the in-

plane thermal conductivity. In addition, we conduct the thermal annealing 

after transferring graphene onto substrate to allow the precise reflection of 

substrate scattering on our measurement thermal properties. 

In chapter 4, thermal properties of Si-doped graphene are discussed. The 

measurement results shows the significant reduction induced by Si dopants 

when compared with those of suspended and supported graphene. Other 

extrinsic scattering factors for phonon propagation such as grain boundaries 

and conformity with the substrate are also examined to exclusively 

understand the effects of substitutional Si dopants. Temperature dependence 

of thermal conductivity and possible thermal non-equilibrium between 

different heat carriers are investigated for the case of Si-doped graphene.  

Finally, in chapter 5, we measured the electrical properties using the 4-point 

probe measurement with gate voltage variation. The reduction ratio of 

electrical conductivities are compared with those of thermal conductivities 

and we discuss the possibility of ZT enhancement by Si dopants.  
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Figure 1.1. Schematic descriptions on the defected graphene with vacancy, 

substitutional dopants, edge roughness, and grain boundary. All of the defects 

inherently reside in the graphene hexagonal lattices, which suppresses the 

transport characteristics of energy carriers. 

 

 

 

 



 

 10 

 

Figure 1.2. Simple description on the principle of thermoelectricity, which 

indicates the induced thermoelectric voltage in response to the temperature 

gradient across the materials, and vice versa. 
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Figure 1.3. (a) Perfect hexagonal structure of pristine graphene, and (b) 

graphene with substitutional Si dopants of our interest.  
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Figure 1.4. A description for the optothermal Raman thermometry to derive 

the in-plane thermal conductivity of Si-doped graphene as supported on 

extremely thin (8 nm) SiO2 TEM grid. Note the significant phonon scattering 

induced by Si dopants. 
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Chapter 2 

Synthesis of graphene 

2.1. Methods for graphene synthesis 

2.1.1. Pristine graphene  

Since the first experimental preparation of atomically thin graphene layers 

by mechanical exfoliation so called ‘scotch tape method,[42] a few of 

available methods for the graphene synthesis have been established. 

Mechanical exfoliation is the method to peel the atomically thin graphitic 

layer from the HOPG (Highly Ordered Pyrolytic Graphite) and is known to 

provide the high-quality (i.e. single crystalline) graphene. However, it is hard 

to control the thickness, size, and area of samples for the practical application 

(i.e. scalability problem) and also suffers from the poor sample preparation 

repeatability. 

Epitaxial growth of graphene is generally facilitate the commercially 

available SiC sample to directly grow the graphene layers.[43] By annealing 

the SiC at the high temperature (more than 1100oC) in vacuum, silicon atoms 

in SiC are sublimated and remaining carbon atoms are rearranged on the 
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surface to form the graphitic layers. The most advantageous aspects of 

epitaxial graphene growth is that no transfer process is needed to obtain the 

supported samples for the electronic devices. This possibly maintains its 

outstanding properties because inevitable crack or wrinkles during the 

transfer is one of the most attributable reasons for the conductivity 

degradation.(ref) Instead, graphene can be directly synthesized on the 

commercially available semiconducting substrates. But this promising 

synthesis method essentially requires the expensive synthesis conditions like 

high temperature and vacuum.  

The third method we want to introduce is the reduced graphene oxide 

(rGO),[44] which is literally produced by the reduction process of the 

graphene oxide. In order to obtain the graphene oxide, three 

mechanical/chemical transformation processes of graphite should be needed; 

from graphite to graphite oxide, from graphite oxide to graphene oxide, and 

from graphene oxide to rGO. The most common methods to synthesize the 

graphite oxide is to intentionally oxidize it with the strong oxidizer like 

sulphuric acid. Then, it should be mechanically exfoliated as atomically thin 

layer sheets by ultrasonication as suspended in water. Therefore, rGO samples 

are generally synthesized as a colloidal sheets in liquid. Various reduction 

process can be successively to synthesize rGO. It is known that the properties 
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of rGO are affected by which the reduction processes are used, such as 

thermal annealing, microwave and photoreduction, or chemical methods. 

Note that graphene oxide has its own significance and advantages in terms of 

cost-effectiveness and mass production. Nonetheless, it cannot provide the 

large area layered samples with uniform thickness.  

For the large area uniform synthesis, CVD (Chemical Vapor Deposition) 

process is the most widely accepted methods to synthesize the layered 

graphene.[45,46] In the CVD process, carbon sources from the precursors are 

deposited onto catalytic metal substrates at the high temperature (i.e. 

generally 800~1000oC), which nucleates the graphene islands. Continuous 

deposition of active carbon species finally merges nucleated islands as a fully-

grown atomically thin layer. It has been experimentally verified that various 

solid[47,48], liquid[49,50], and gas[45] carbon sources can be used as 

precursors for the graphene synthesis. Due to the nucleated nature of CVD-

synthesized graphene samples, they are essentially polycrystalline with the 

grain sizes of 1~10 m order. This indicates that the most attractive properties 

of graphene (i.e. the highest thermal and electrical conductivity) can be 

degraded, attributing to the significant scattering of energy carriers at the edge 

of grain boundaries during their propagation. However, manipulation of 

synthesis parameters (i.e. synthesis time and precursor partial pressure) and 
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adoption of two-step pressure control process can provide the high-quality 

samples with minimum grain boundary scattering. Even the CVD synthesis 

of millimeter-scale single crystalline graphene has been reported, 

representing the comparable electrical mobility with mechanical exfoliated 

graphene.[51] 

 

2.1.2. Substitutionally doped graphene  

Substitutional doping or heteroatom doping means the replacement of host 

C atoms in graphene lattices with other foreign atoms as shown in Figure 1.1 

The major purpose of substitutional doping is to semi-permanently tailor the 

properties of graphene for the specific application, which depends on the 

choice of heteroatoms. Some experimental studies have been reported to 

incorporate substitutional dopants such as nitrogen (N)[23,52], boron (B)[53], 

sulfur (S)[54], and phosphorus (P)[55]. The current available synthesis 

methods for substitutional doping can be classified into post-treatment doping 

and in situ doping.[56] Post-treatment substitutes specific dopants into 

already-synthesized graphene lattices. In contrast, in situ doping 

simultaneously incorporate the heteroatoms while achieving graphene 

synthesis.  

Most post-treatment facilitate graphene oxide (GO) samples for the 
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preparation of doped graphene because reactive oxygen functional groups in 

GO can act as doping sites. Targeting heteroatoms are incorporated using 

high-energy sources such as thermal annealing, ultrasonication, and plasma 

with appropriate precursors. Thermal annealing treatment typically requires 

more than 600oC of high temperature but it can be helpful to self-heal the 

lattice defects or broken sp2 bonding.[57] Ultrasonication conveniently 

substitutes heteroatoms when GO samples are dispersed in the solution phase 

of heteroatom precursors, which can be attributable to the hydrophilic 

properties of oxygen functional groups. Plasma treatment has been reported 

to successfully achieve the Cl doping using precursor-based plasma.[58] GO-

based approach of above ‘post-treatment methods’ possibly provides the cost-

effective mass production of doped graphene samples. 

The simplest approach for in situ method is the ball milling, which 

mechanically breaks the lattice edges of substitution sites. Ball-milling of 

graphite with precursors of specific heteoroatoms provides massive 

production of doped-graphene nanosheets at low cost. Synthesis of S-doped 

graphene using PG and sulfur power ball milling was reported.[59] However, 

it only incorporates dopants near hexagonal edges, attributing to the 

chemical/mechanical stability of graphene. This indicates that this approach 

is inappropriate not only for the properties manipulation of bulk graphene but 
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for the platforms to understand the dopants effect. 

As mentioned above, chemical vapor deposition (CVD) process is known 

to provide the most qualified graphene samples in the practical application 

point of view, i.e. the large area, uniform single layer graphene. Likewise, 

simultaneous supply of heteroatoms precursors during the process of pristine 

graphene growth makes it possible to conveniently synthesize the large area 

doped graphene. In addition, doping concentration can be easily manipulated 

by adjusting the precursors ratios for heteroatoms and carbon atoms. Similarly, 

typical characteristics of synthesized graphene like the number of layers, 

doping concentration, and grain sizes can be controlled with optimized CVD 

process parameters like temperature, pressure, or growth time. The non-

destructive nature of CVD for the synthesis of doped graphene can also yield 

the comparatively defect-free graphene compared to other methods. In spite 

of other disadvantages of high operating temperature, our works facilitate the 

CVD process to synthesize the Si-doped graphene. Note that some previous 

studies regarding the synthesis of Si-doped graphene also adopt the CVD 

process, which may be attributable to the advantages mentioned above. 
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2.2. Synthesis of Si-doped graphene 

2.2.1. Review of previous studies  

Our extensive literature survey has been found the available experimental 

synthesis for the Si-doped graphene using solid[28], liquid,[30] and gas 

precursors[31], respectively. Use of a solid precursor (triphenylsilane 

(C18H15Si))[28] is known to incorporate pure Si-C bonding structure (i.e. 

102.1 eV in XPS spectra) in graphene lattices, however, the provision of both 

Si and C using single precursor makes it difficult to manipulate the Si doping 

concentrations. In addition, crystalline solid (particle) nature of precursors 

possibly contaminates the inner systems of furnaces and the lack of supply 

lines requires additional heating systems like firebricks or heating belt to 

sublimate precursors (Figure 2.1). Moreover, it was found that the 

synthesized SiG exhibits approximately two order-of-magnitude smaller 

crystallite sizes compared to that of PG. This can be attributed to the 

increasing bonding disorders or vacancies, which can results in the 

excessively large I(D)/I(G) (i.e. defects concentration) peak ratio. They 

obtained the SiG with the doping concentration of 2.63 %. 

Liquid precursors of MTMS (Methoxytrimethylsilane, C4H12OSi)/hexane 

(C6H14) mixture were reported to be available for the synthesis of SiG. MTMS 

and hexane provides the Si and C atoms, respectively. They facilitated the 
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bubbler-assisted (Ar gases) supply of liquid precursors while synthesizing 

SiG and controlled the doping concentration by varying the MTMS/hexane 

volume concentration. SiG samples with controlled doping concentration 

represent the proportional relation between the XPs-measured doping 

concentration and I(D)/I(G) peak ratio with maximum doping concentration 

of 1.75 %. In addition, XPS spectra exhibits the consistent Si bonding 

configurations between samples with different concentration and pure Si-C 

bonding. 

In case of gas precursors (Silane (SiH4) and methane (CH4))[31], they also 

allows for the Si doping concentration control by manipulating the flux ratio 

of the two precursor gases. However, generally gas precursors are suffer from 

the safety issues of flammable gas (i.e. methane)[60,61]. In addition, 

synthesized SiG samples show the slightly inconsistent Si 2p binding energy 

spectra (100-101.2 eV) between doping concentration controlled samples and 

exhibits ambiguity in detailed Si bonding configuration. For instance, authors 

represent an additional peak at 103.2 eV with almost an equal strength in their 

XPS spectra, which was remained unknown (Figure 2.2). This may obstructs 

the comprehensive understanding of the altered graphene properties by Si 

dopants. They reported the doping concentration level of the range from 2.7 

to 4.5 %. 
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In summary, it has been reported that those solid, liquid, and gas precursors 

can be used while achieving the growth of SiG but each available methods do 

not represent the consistent characteristics between samples such as Raman 

spectra, relation between doping concentration and I(D)/I(G). We believe that 

this inconsistency can be attributable to the difference not only in precursors 

phase but in the different synthesis parameters like temperature or pressure. 

Note that our understanding on the previous synthesis methods justifies the 

use of liquid precursors, which exhibit the advantageous aspects especially in 

terms of consistent and well-known Si bonding configurations. Therefore, our 

work improves the synthesis procedure to establish the controllable synthesis 

recipes for the high-quality Si-doped graphene. 

 

2.2.2. Improvement of synthesis method  

Our improvement of liquid precursors-based CVD synthesis majorly lies 

on the understanding on the effects of synthesis parameters. While previous 

liquid precursor synthesis facilitates the ambient pressure (AP) CVD, we 

adopt the low pressure (LP) CVD. It is known that mass-transport limited 

kinetics in APCVD can lead to variation in the thickness of precursor species 

boundary layer along the catalyst due to inherent defects, dust or its roughness 

(Figure 2.3).[62] And the variation in the boundary layer thickness possibly 
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induces the non-uniform distribution of precursor species across the copper 

catalyst. On the other hand, the major limiting step for the synthesis under 

LPCVD is the surface reaction of those species with catalyst due to high 

diffusivity of the precursor species. This indicates that synthesis under 

LPCVD less suffers from the non-uniform precursor species distribution than 

APCVD. In addition, the lowered pressure enhances the copper evaporation 

rates and increases the desorption of activated carbon species during the 

graphene growth. This results in the decrease of the graphene nucleation 

density and successively reduces the grain boundaries. These aspects of 

LPCVD possibly reduces the possible deposition of particulates and lattice 

defects near grain boundaries. Enhancement of annealing time not only 

removes the possible inherent impurities in catalytic copper substrate and also 

helpful to increase the grain sizes of synthesized graphene.  

As shown in Figure 2.4, our synthesis results represent the lowered 

I(D)/I(G) peak ratio with comparable Si doping concentration of previous 

works. It is known that all of the lattices defects can activate the D peak such 

as vacancy, sp3 types, or substitutional dopants. Therefore, our lowered 

I(D)/I(G) ratio with comparable Si doping concentration indicates that D-

peak activating defects other than Si dopants can be significantly reduced in 

our LPCVD synthesis. In addition, our optimized synthesis represents the 
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consistent XPS & Raman spectra between samples and proportionality 

between Si doping concentration and I(D)/I(G) peak ratio, indicating the well-

controllable synthesis.  

 

2.3. Details in synthesis recipes 

2.3.1. Recipe for pristine graphene  

Pristine graphene (PG) was synthesized using the low pressure chemical 

vapor deposition (LPCVD) that gives the uniform monolayer graphene. In 

our experiment, 25mm-thick copper foil (2.5 cm × 5 cm in dimension) with 

99.999% purity (Alfa aesar, Product # 13382) was pre-cleaned with nickel 

etchant to be used as a catalyst.[9,35,46] First, the furnace was ventilated to 

the order of 10-5 Torr after putting the copper foil inside the CVD furnace to 

minimize the possible oxidation of copper foil induced by remaining oxygen. 

After ventilation, catalyst copper foil was thermally annealed for 40 min at 

1000oC with a flow of hydrogen to recrystallize the grains of copper and 

remove impurities (Figure 2.5). In order to obtain the fully-grown graphene 

of centimeter scale in dimension, we facilitate the two-step CVD that consists 

of two stage with different CH4 : H2 flow rate ratio while maintaining the 

temperature of 1000oC. At the initial stage (CH4 : H2 = 30 sccm : 5 sccm), the 

methane gas was flowed into the CVD furnace for 10 min to nucleate the 
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graphene on the copper foil. Then, graphene eventually becomes the fully-

merged graphene layer at the second step under the enhanced flow rate of CH4 

(CH4 : H2 = 60 sccm : 5 sccm) for 5 min. After the synthesis, the CVD 

chamber was cooled down fast to atmospheric temperature with mild 

hydrogen gas flow (1.5 sccm).  

 

2.3.2. Recipe for Si-doped graphene  

For the Si-doped graphene (SiG) synthesis, both LPCVD and copper foil 

with 99.999% purity were identically facilitated. Liquid precursors, MTMS 

(Methoxytrimethylsilane, C4H12OSi) and hexane (C6H14), were used for the 

resources of Si and C atoms, respectively. Our CVD synthesis system (SciEn 

Tech Inc.) was modified to accommodate a controlled supply of liquid 

precursors, as shown in Figure 2.6. Driving force for the supply of liquid 

precursor is the pressure difference between the liquid container and CVD 

furnace. MTMS/hexane concentration was maintained as 0.8% volume 

concentration, which gives the single bonding feature between Si and C as 

previously reported.[28] Analogous to the pristine graphene synthesis 

procedure, CVD furnace was ventilated before the growth and copper foil was 

thermally annealed at targeting temperature (from 800 to 1000oC) for 40 min 

(Figure 2.6) under hydrogen flow of 5 sccm. Then, MTMS/hexane was 
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simultaneously supplied into CVD furnace for 20 min with Ar and H2 flow 

while maintaining the targeting temperature. The flux ratio of Ar and H2 flow 

is 1000 : 50 sccm and the precursors pressure. The amount of supplied 

precursor is varied from 0.02 to 0.08 Torr increment of pressure. Those 

pressure and temperature variation control the characteristics of synthesized 

SiG, as discussed later. Total pressure inside the quartz furnace during the 

growth corresponds to the ~1 Torr. Cooling to atmospheric temperature was 

followed with only Ar flowing (500 sccm).  

 

2.4. Si doping concentration & homogeneity control 

2.4.1. Doping concentration  

Systematic synthesis expeirments enable to manipulate Si doping 

concentration (i.e. ~I(D)/I(G)) by varying the synthesis temperature and 

precursors pressure. Those parameters are controlled with the range from 800 

to 1000oC, and 0.02 to 0.08 Torr, respectively. The substitutional doping of Si 

is progressed under the competition between the formation of C-C and Si-C 

bonds. The Si incorporation with relatively lower bond energy of Si-C bond 

(320 kJ mol-1)[63] may prevail at lowered temperature when compared to C-

C bonds in graphene with higher energy (346 kJ mol-1).[64,65] This indicates 

that lowered synthesis temperature (i.e. 800oC) provides the higher Si dopant 
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concentrations due to its higher bonding formation probability. However, the 

coverage of SiG at lowered temperature tends to be incomplete, and the grain 

sizes become too smaller because of the denser nucleation of C atoms. The 

resultant significant phonon scattering at the edge of grain boundaries can 

obscure the Si dopants effects on the reduced thermal conductivity of SiG.[8,9] 

On the other hand, an increase of the synthesis temperature (i.e. 1000oC) can 

create larger grains, which is attributable to the enhanced copper evaporation 

rate during the synthesis. However, the increasing temperature suppresses the 

probability of Si-C bonding formation and this shows progressively 

decreasing Si dopant concentrations. In addition, when we elevate the 

precursor partial pressure from 0.02 to 0.08 Torr, the increase of dopant-

substrate collision frequencies are expected, which possibly incorporates 

more Si dopants into graphene lattices.[23]  

All of elaborated aspects are shown in Figure 2.7, which represents the 

I(D)/I(G) Raman mapping results of synthesized samples. In case of samples 

under 0.02 Torr synthesis pressure, the average value of I(D)/I(G) gradually 

increases showing 0.134, 0.278, and 0.332 when the synthesis temperatures 

are 1000oC, 900oC and 800oC, respectively. Similarly, average I(D)/I(G) 

increases from 0.312 to 0.614 when the temperature decreases from 1000oC 

to 900oC for the 0.08 Torr synthesis pressure. Note that average I(D)/I(G) and 
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Si doping concentration can be linearly correlated with the below equation of 

 

𝐶𝑆𝑖 = 3.4137[𝐼(𝐷)/𝐼(𝐺)] + 0.1296 

 

where the 𝐶𝑆𝑖 is the XPS-measured Si doping concentration (see Figure 2.4).  

 

2.4.2. Doping homogeneity  

Systematic Raman mapping study allows the statistical approach to 

understand the effects of synthesis parameters on the Si doping homogeneity. 

We believe that synthesis temperature is the major factor that affects the 

doping distribution of SiG. This is because the formation probability of Si-C 

bond against C-C bond significantly depends on the synthesis temperature, as 

mentioned above. Doping homogeneity can be numerically compared by 

facilitating the standard deviation of I(D)/I(G) distribution in Raman mapping 

result (Figure 2.8). We found that the standard deviation decreases when the 

synthesis temperature decreases for both synthesis pressure. In addition, G 

peak and 2D peak Raman shift, whose position significantly depends on the 

doping characteristics, show homogeneous distribution when the temperature 

decreases, as shown in Figure 2.9. For lowered temperature, elevated 

probability of Si-C bond formation during the growth of each graphene 
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lattices can be attributed to the enhanced doping homogeneity. Also notable 

increases of I(D)/I(G) average value are represented in Figure 2.8. 

 

2.5. Sample characterization 

2.5.1. Raman spectroscopy 

Raman spectrums, non-destructive and versatile tool for the material 

characterization,[66,67] were obtained for PG and SiG after transferred onto 

SiO2 TEM grid as shown in Figure 2.10. Typical intense peak, G peak (~1580 

cm-1) and 2D peak (~2680 cm-1), are presented in the Raman spectrum of PG. 

It is known that G peak originates from the lowest order zero-momentum 

phonon (E2g) scattering at the Brillouin zone center, while 2D peak 

corresponds to the excitation of two phonons with opposite momentum in the 

vicinity of the K point.[66,68] In addition, arising D peak and D’ peak in SiG 

spectrum are activated by double resonant inter-valley and intra-valley 

process with defects which provide the lost momentum to satisfy the 

conservation.[69,70] Monolayer characteristics and negligible defects for PG 

are confirmed from the 2D peak to G peak intensity ratio (I(2D)/I(G) ~ 3) and 

D peak to G peak intensity ratio (I(D)/I(G) ~ 0), respectively. On the other 

hand, Raman spectrum of SiG shows the noticeable increase of I(D)/I(G) 

compared to that of PG, indicating the D peak activation by Si dopants as 
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defects in SiG lattice.[28,30,31] The lowered 2D-G peak ratio can be 

attributed to the p-type doping and increasing rate of scattering between 

photoexcited electron and defects, both stemming from substitutional Si 

dopants.[68] In addition, deconvolution of SiG spectrum (inset of Figure 2.10. 

(a)) indicates the boundary-like properties of defects in SiG (I(D)/I(D’) ~ 

4)[71] induced by lattices distortion near substitutional Si dopants. Similar 

boundary-like nature of N dopants in N-doped graphene was already observed 

in previous work.[69] Those elaboration demonstrates the substitutional 

characteristics of Si dopants in graphene lattice. 

 

2.5.2. X-Ray Photoemission Spectroscopy (XPS) 

XPS can be used to analyze the surface characteristics of materials by 

measuring the binding energy of specifics atoms. Quantitative doping 

concentration in SiG was deduced from the XPS spectra (SIGMA PROBE). 

We transferred synthesized PG and SiG onto sapphire substrate (Alfa Aesar, 

Product # 45020) before the XPS investigation, not typical SiO2 substrate, to 

avoid the spectral interference of Si signal from the underneath substrate. In 

addition, transfer procedure also might help to remove the impurities or 

clusters in graphene/copper, thus increasing the spectral accuracy of the result. 

In Figure 2.10. (b), single peak of binding energy at 102.1 eV demonstrates 
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the characteristics of single Si bonding to host C atoms.[28,30] In addition, 

negligible intensity near 103 ~ 105 eV reveals no bonding form of O – Si – 

C, for example.[28,30,72] Therefore, our SiG samples are pertinent to study 

the sole effect of Si dopants on thermal properties. And Si dopants 

concentration (Si/C) is calculated as 1.91 % in average from XPS spectra. 

 

2.5.3. Scanning Electron Microscopy (SEM) 

We facilitate the SEM to confirm the growth characteristics of as-

synthesized graphene on copper foil. SEM image can visualize the contrast 

of as-synthesized graphene against underneath copper substrate, which is 

attributable to the large atomic number difference between carbon and copper. 

As shown in Figure 2.11, incomplete growth of graphene represents the 

notable contrast in the captured image, while fully grown graphene do not. 

This notable contrast also allows to visualize the growth of multilayer 

graphene. We confirmed the full growth of SiG before conducting all of the 

characterization. 

 

2.5.4. Grain size visualization 

Nucleation mechanisms for the CVD growth of graphene inherently exhibit 

the polycrystalline characteristics, whose grain boundaries essentially scatter 
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the propagating energy carriers. We visualize grain boundaries of PG and SiG 

after their full growth on copper catalyst in order to elaborate the effects of 

grain sizes on in-plane thermal conductivity (Figure 2.12). Mild dry 

annealing (MDA) enables the optical visualization of its grain boundaries by 

oxidizing underneath copper substrate.[9,73] Then digital image processing 

allows the derivation of average grain size, which is defined as area-

equivalent diameter in statistical results. Both PG and SiG are found to have 

the micron-scale order grain size, 3.78 μm for PG and 1.04 μm for SiG, 

respectively. The reduced grain size of SiG is attributable to the decreased 

synthesis temperature from 1000oC to 900oC, which suppresses the copper 

evaporation rate and enhances the number of remaining nucleated carbon 

species. Along with the doping concentration analysis, we have discovered 

that the CVD synthesis at 900C under 0.08 Torr precursor pressure provides 

the best tailored SiG for both large grain sizes and high doping concentrations, 

whose properties will be our main concern for the characterization and 

thermal conductivity measurement. 

 

2.6. Summary 

In chapter 2, we report the all of our elaborations regarding (doped) 

graphene synthesis, improved synthesis recipes, manipulation of doping 
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properties, and characteristics of synthesized graphene samples. Among the 

various graphene synthesis techniques, CVD justifies the practical necessity 

in terms of large area synthesis and properties controllability. In addition, 

heteroatoms incorporation can be easily conducted by supplying the 

precursors of targeting dopants. By comparing and summarizing available 

techniques for Si-doped graphene synthesis, we found that liquid precursors 

(MTMS/hexane) not only provide the pure Si-C bonding but manipulate the 

doping concentrations under controlled precursors concentration.  

Our LPCVD allows to synthesize the high-quality Si-doped graphene with 

lowered defects. Surface-reaction limited kinetics and enhanced copper 

evaporation rate in LPCVD suppresses lattice defects induced by non-

uniform distribution of precursors and nucleated grain orientation mismatch, 

respectively. I(D)/I(G) and Si doping concentration correlation shows that our 

SiG samples exhibit lowered I(D)/I(G) with comparable doping concentration. 

This represents that little defects other than Si dopants are reside in the lattices 

of our SiGs. We also found the linear correlation between the Si dopants 

concentration and I(D)/I(G), which provides the rough estimation on Si 

dopants concentration with I(D)/I(G) variation.  

Manipulation of Si doping concentrations are conducted by controlling the 

synthesis parameters, temperature and precursors pressure. Reduced 
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temperature allows to increase the possibility of Si-C bonding incorporation, 

attributing to the lower Si-C bonding energy compared to C-C bonding. In 

addition, increased precursors also enhance the Si doping concentration by 

increasing the collision frequency to catalytic substrates. We also found that 

uniform Si dopants distribution can be obtained with lowered synthesis 

temperature. I(D)/I(G) Raman mapping and statistical analysis of Raman data 

support all of those experimental findings.  

In terms of both significant grain size and Si doping concentration, SiG 

samples under 900oC synthesis temperature and 0.08 Torr precursors pressure 

are considered as optimized one, which will used for the following research. 

Raman spectrum comparison indicates the substitutional dopants 

characteristics, p-type doping behavior, and boundary-like defects (lattice 

distortion) near Si dopants. XPS spectrum analysis represents the successful 

incorporation of pure Si-C bonding in SiG lattice. Fully-grown SiGs are 

ensured through the examination of SEM images. Finally, grain boundary 

visualization shows the order-of-magnitude larger grain sizes of both PG and 

SiG than average phonon mean free paths of graphene as supported on SiO2 

substrates. 
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Figure 2.1. Schematics for the synthesis of (a) Si-doped graphene[28] (from 

Wang et al, 2015, J. Mater. Chem. C) and (b) pristine graphene[48] (from Li 

et al, 2011, ACS NANO) using solid precursors. Both system require the 

heating tape to sublimate the solid precursors after the annealing process. In 

addition, the furnace can be contaminated by placed solid precursors during 

the ventilation. 
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Figure 2.2. (From Zhang et al, 2016, Nanoscale) XPS spectrums of Si-doped 

graphene samples synthesized by gas precursors (methane and silane). 

Samples with different doping concentration represent the inconsistent XPS 

spectra with unknown peak of more than 103 eV. This obstructs the exclusive 

study on the pure Si dopants effects. 
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Figure 2.3. Descriptions on the kinetics in (a) APCVD and (b) LPCVD near 

copper substrates. Non-uniform precursors distribution near catalytic copper 

substrate can be attributed to the mass-transport limited kinetics in APCVD. 

On the other hand, surface reaction limited kinetics in LPCVD can synthesize 

uniform graphene as long as the temperature of the substrate is uniformly 

maintained. 
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Figure 2.4. Si dopants concentration as functions of I(D)/I(G) Raman peak 

ratio for SiG samples with available synthesis methods using solid, liquid, 

and gas precursors. Lowered I(D)/I(G) with comparable Si doping 

concentration indicates the negligible defects in graphene lattices other than 

Si dopants. 
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Figure 2.5. (a) CVD systems for graphene synthesis. (b) Descriptions on the 

pristine graphene synthesis procedures with time and temperature variation. 

Two-step method enables to grow the large domain graphene. 
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Figure 2.6. (a) Modified CVD system to accommodate the liquid precursors 

for the Si-doped graphene synthesis. (b) Descriptions on the Si-doped 

graphene synthesis procedures with time and temperature variation. 
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Figure 2.7. I(D)/I(G) Raman peak ratio mapping for the Si-doped graphene 

samples with different pressure and temperature conditions. Note that 

decreasing temperature and increasing precursors pressure enhance the 

doping concentration and homogeneity. 

 



 

 41 

 

Figure 2.8. Statistical distribution of I(D)/I(G) peak ratio obtained from the 

Raman mapping in Figure 2.7. for the precursor pressure of (a) 0.02 Torr, and 

(b) 0.08 Torr. 
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Figure 2.9. Distribution of G and 2D Raman peak position in Si-doped 

graphene synthesized with varied temperature at 0.08 Torr precursor pressure. 

More homogeneous distributions with lowered temperature indicates the 

homogenous Si doping distributions in Si-doped graphene. Randomly 

selected 50 positions data are represented.  

 

 

 

 



 

 43 

 

 

Figure 2.10. (a) Representative Raman spectrum of pristine graphene and Si-

doped graphene. Inset figure shows the deconvoluted spectra, which indicates 

the boundary-like defects (lattice distortion) of Si dopants. (b) XPS spectra 

of near Si binding energy for both pristine graphene and Si-doped graphene. 
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Figure 2.11. SEM image of (a) incompletely grown graphene and (b) fully-

grown graphene. Some wrinkles in fully-grown graphene are observed. 
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Figure 2.12. Grain size visualization of synthesized pristine graphene and Si-

doped graphene. MDA enables to optically observe the grain boundaries of 

graphene. Lowered synthesis temperature in Si-doped graphene can be 

attributable to the decreased grain size. 
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Chapter 3 

Thermal conductivity measurement 

3.1. Measurement scheme 

Thermal conductivity derivation basically requires the measurement of 

temperature enhancement of specific materials under the input heat (or 

power). This is because diffusive heat transport can be generally described by 

the below Fourier law 

 

Q = −kA
𝑑𝑇

𝑑𝑥
 

 

where Q is the heat flux, A is the cross-sectional area, k is the thermal 

conductivity, and dT/dx is the temperature gradient along the heat 

propagation direction, respectively. Sufficiently larger system size compared 

to average phonon MFPs of materials (L ≫ 𝜆𝑝) ensures the diffusive heat 

transport when the phonons are dominantly scattering between themselves, 

not restricted by system physical boundaries.[4] Therefore, experimental 

measurements design should develop how to give the heat flux, precisely 
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measure the temperature enhancement and materials geometry.  

In case of graphene, thermal conductivity measurement of graphene can be 

conducted by both electrical method and Optothermal Raman method. 

Electrical resistance methods electrically heat the graphene and derive the 

temperature enhancement from the calibration data with measured 

resistance.[41] In spite of the measurement accuracy, sample preparation 

procedure should follow the complicated fabrication process which possibly 

contaminates the samples. In addition, micron-scale patterning makes it hard 

to completely neglect the effects of phonon boundary scattering.  

Optothermal Raman method, the main concern of our research, facilitates 

the Raman laser as a heater and a temperature prober.[9,35,39,74] Raman 

spectrum of graphene generally represents the distinct peaks, whose center 

position depends on the temperature increment. Therefore, temperature probe 

through the Raman laser can be easily accessed by recording the Raman peaks 

shift with the temperature variation. Note that each of Raman peaks reflect 

the temperature of specific phonons, LO phonons for G peak and TO phonons 

for 2D peak, for instance.[75,76] In spite the relatively higher measurement 

inaccuracy, the simple fabrication process allows us to facilitate the Raman 

method for the measurement of SiG thermal conductivity. Fortunately, our 

group research demonstrates the enhancement of measurement accuracy 
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through the use of extremely thin substrate, as described in the next section.  

 

3.2. Sample preparation 

3.2.1. Why supported graphene? 

When the graphene samples are synthesized and facilitated for the 

experimental or practical applications, one-atom-thick layers should be 

transferred and supported onto the solid substrates. This is because graphene 

cannot be essentially self-standing without underlying substrates, which is 

attributable to its high surface energy. Therefore, investigation on the 

graphene properties as supported justifies more practical necessity. In 

addition, underlying solid substrates are known to significantly scatter the 

propagating energy carriers, whose scattering rates depends on the materials 

properties and contact conditions. In spite of the importance of the substrate 

effect, only the suspended graphene samples are facilitated in previous studies 

when investigating the quantitative alteration of thermal conductivities by 

introduced defects.[10,13,15] For the optothermal Raman measurement, the 

ambiguity majorly lies on the uncertain dissipation of heat through the 

underlying substrate (out-of-plane), as described in Figure 3.1. This 3-D 

complexity obstructs the precise derivation of in-plane thermal conductivity, 

compared to the suspended samples.  
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In spite of above practical ambiguities in deriving the supported graphene 

thermal conductivity, previous study innovated the accuracy-enhanced 

Optothermal Raman thermometry with the utilization of extremely thin 

substrate.[35] Use of an ultra-thin (8-nm) SiO2 TEM grid as supporting 

substrate turned out to minimize the heat dissipation through the substrate 

compared to the typical SiO2/Si substrate (Figure 3.2). About five order-of-

magnitude reduction of substrate thickness not only increases the in-plane 

thermal resistance and substrate heat capacity, thereby significantly 

enhancing the measurement reliability for in-plane thermal conductivity of 

graphene. The resulting in-plane conductivity of the supported graphene was 

affected neither by the wide variation of the temperature-dependent substrate 

conductivity nor the inherently uncertain graphene-substrate interfacial 

conductance.  

 

3.2.2. Graphene transfer 

SiG samples grown on copper foil are transferred onto 8-nm thick SiO2 

TEM grid, following the procedure described in Figure 3.3. First, PMMA 

solution is prepared by dissolving the PMMA powder (Sigma Aldrich, 

#182265) in chlorobenzene (Sigma-Aldrich, #319996) with 46 mg/ml 

concentration and continuously stirring for 2 days. Graphene/copper samples 
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are coated with PMMA layer by spin-coating PMMA/chrolobenzene solution 

with 4000 rpm for 45s. Then, PMMA layers are cured by annealing at 165oC 

for 90 sec. Copper etchant solution is made by the sonication of Ammonium 

Peroxydisulfate (Alfa Aesar, #54106) dispersed in DI water with the 

concentration of 1 mg/50ml, where PMMA/graphene/copper layers are gently 

placed. After mild etching of underneath copper, DI water jet spray is 

conducted on behalf of O2 plasma to remove the graphene grown on the 

opposite side and enhance the rate of copper etching. Then, 

PMMA/graphene/copper samples are cut into 1 mm × 1 mm pieces and 

placed again into etchant to completely remove the underneath copper foil. 

After 3 hours, PMMA/graphene samples are rinsed with DI water for 30 min, 

and successively they are transferred onto targeting 8-nm SiO2 TEM grid. 

Because of their small size, we use the “perfect loop” (TED PELLA, #13064) 

which facilitate the surface tension for the easy pick-up and transfer (Figure 

3.4). After transfer, PMMA/graphene/SiO2 samples are dried in ambient and 

vacuum, for 30 min, respectively. Supporting PMMA layers are removed by 

dipping samples in acetone for 90 min, and successive cleaning with IPA and 

DI water completes the whole transfer process. Optical visualization with 

100x objective lens represents the successful transfer with minimum wrinkles 

or folded area, as shown in Figure 3.5. 
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3.2.3. Thermal annealing 

We mentioned that graphene-substrate scattering dominantly influences on 

the in-plane thermal conductivity of supported graphene, attributable to the 

significant suppression of out-of-plane vibrational ZA phonon modes.[6,41] 

However, note that inevitable initial suspension of graphene after wet transfer 

onto solid substrate do not ensure the complete adhesion between graphene 

and substrate. For example, thermal conductivity measurement immediately 

after the transfer is known to exhibit the comparable values with suspended 

graphene (~2000 W/mK), indicating the ‘suspended-like’ adhesion of 

‘supported graphene’.[35] On the contrary, supported graphene can reflect the 

significance of substrate phonon scattering by enhancing the graphene-

substrate conformity (adhesion). The dependence of graphene-substrate 

adhesion on the sample preparation conditions can interrupt the precise 

determination of in-plane thermal conductivity. 

Therefore, we prepare the supported Si-doped graphene samples with the 

significant graphene-substrate conformity by repeated thermal annealing in 

ambient and vacuum. It is known that intercalated water molecules between 

graphene and solid substrates can be attributed to the significant graphene-

substrate separation distance after wet transfer.[35] By conducting the 

repeated thermal annealing, those intercalated molecules can be removed and 
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therefore graphene-substrate conformity can be enhanced. Moreover, 

annealing in high vacuum additionally enhances the graphene-substrate 

conformity with further removal of intercalated molecules. Those samples 

can reflect the significant effects of underlying substrate in supported 

graphene. Note that vacuum-annealed supported pristine graphene exhibits 

the thermal conductivity of ~600 W/mK, order-of-magnitude lower than 

values measured immediately after transfer.[35] 

To avoid the above ambiguity for the thermal conductivity derivation, 

supported Si-doped graphene samples with different conformity conditions 

were prepared by (1) annealing in the ambient pressure (ambient-annealed) 

with temperature range from 300 K to 500 K for more than 10 times and (2) 

annealing in high vacuum of 10-7 Torr (vacuum-annealed) with the same 

temperature range for 2 hours. Ambient-annealed samples may exhibit the 

intermediate conformity to the underlying substrate attributing to the 

remaining ambient species between graphene and substrate. On the other 

hand, vacuum-annealed samples could be corresponded to the supported 

graphene with saturated graphene-substrate conformity under the strongest 

phonon scattering from the substrate. This can be evidenced by room 

temperature thermal conductivity of ambient-annealed PG (900.18 W/mK, 

more than 10 times annealing at 530 K in average) higher than that of 
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vacuum-annealed PG (645.56 W/mK, annealing in a high-vacuum of 10-7 

Torr with same temperature), as our previous study demonstrated.[35] We 

measured and found the thermal conductivities reduction for both ambient-

annealed SiG and vacuum-annealed SiG by comparing them with those of PG 

under corresponding thermal annealing condition.  

 

3.3. Thermal conductivity measurement 

3.3.1. Detailed procedure 

Thermal conductivity measurement procedure follows the three steps; (1) 

Measurement of effective optical absorption ( 𝛼𝑒𝑓𝑓 ), (2) Temperature 

calibration of graphene samples, (3) Measurement of temperature 

enhancement by irradiated heat flux, and (4) Numerical calculation of heat 

diffusion equation.  

First, we measure the effective optical absorption of the Si-doped graphene 

as supported to calculate the precise given heat flux in samples. Our 

measurement scheme considers not only direct absorption from given heat 

flux but the reflected heat flux from the underlying substrate, as shown in 

Figure 3.6. The effective optical absorption of supported graphene can be 

described as 
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𝛼𝑒𝑓𝑓 = 𝛼𝑔 + 𝛼𝑔𝜌𝑆𝑖𝑂2
(1 − 𝛼𝑔) 

 

where the 𝛼𝑔  is the optical absorption of graphene and 𝜌𝑆𝑖𝑂2
 is the 

reflectance of underlying SiO2. Here, 𝛼𝑔  and 𝜌𝑆𝑖𝑂2
 can be estimated by 

measuring the transmitted heat flux with and without the graphene, and SiO2 

TEM grid.  

Our measurement experimentally determined the effective absorption of 

SiG to be 1.97 ± 0.237 % at  = 514 nm. The decreased effective absorption 

for the supported SiG from the generally accepted value of 2.3% for the 

suspended graphene is accredited by the internal reflections from the SiG-

substrate interface.[35] The universal relation[77] between the optical 

transmittance (𝑇)  and optical conductivity (𝐺)  is given by 𝑇 = (1 +

2𝜋𝐺/𝑐)−2 with the speed of light 𝑐. Defected graphene generally exhibits 

the decreasing optical conductivity, either by functionalization[78] or plasma 

irradiation[79]. Likewise, the substituted Si atoms provide the enhanced 

scattering of propagating electrons, and the reduction of the optical 

conductivity by the Si atoms can lead to an increase of the transmittance and 

thus a decrease of the absorption. Previous studies already demonstrated the 

decreasing optical absorption of Si-doped graphene.[28]  

Note that graphene surface reflectance and the absorption of SiO2 substrate 
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are assumed to be negligibly small, attributing to the facts of less than 0.1% 

for the visible range from 400 nm to 700 nm[77] (graphene reflection), and 

the extinction coefficient (the imaginary part of the complex refractive index) 

being less than 2 × 10-4 for the range above 330 nm (SiO2 absorption), 

respectively.[80] When the heat flux is given by Q, the actual heat flux in the 

equation should be given as 𝛼𝑒𝑓𝑓𝑄. 

In second stage, graphene samples are placed onto hot plate to linearly 

calibrate graphene temperature with Raman peak positions shift, dw/dT. 

Before the calibration, we repeatedly anneal the samples for more than 10 

times with the range up to 500 K to enhance the graphene-substrate 

conformity (ambient-annealed samples). Then, we correlate both 2D peak and 

G peak shift with the hot-plate temperature interval of 30 K. For the each 

temperature, we collected more than 10 Raman spectrums to estimate the 

uncertainties range from the measurement error. Note that we facilitate the 

514 nm wavelength laser and 100x objective lens for the whole Optothermal 

Raman measurement (inVia-reflex, Renishaw). 

After the calibration, we record the Raman shift under the targeting input 

heat flux, given by Raman laser (dw/dQ). Given heat flux is measured by 

using the power meter. Maximum given heat flux is set as ~ 1mW, attributing 

to the expected lower thermal conductivity of Si-doped graphene. Again we 
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collected more than 7 Raman spectrums for each incident heat flux to estimate 

the measurement uncertainty. Use of calibration data enables to obtain the 

temperature increment by the given heat flux. Probing the temperature 

enhancement of vacuum-annealed samples are followed by the measurement 

for ambient-annealed samples. Note that linear correlation of dw/dQ allows 

to derive the effective thermal conductivity near room temperature, while the 

exclusive derivation with each Q vs. w relation gives the temperature-

dependent thermal conductivity. 

Heat diffusion equation for our graphene/SiO2 system can be described by 

below separated governing equations with cylindrical coordinate 

as.[9,35,39,74,81] 

 

at graphene : 𝑘𝑔
1

𝑟

𝑑

𝑑𝑟
(𝑟

𝑑𝑇𝑔

𝑑𝑟
) − 𝑘𝑆𝑖𝑂2

1

𝑟

𝑑

𝑑𝑟
(𝑟

𝑑𝑇𝑆𝑖𝑂2

𝑑𝑟
) −

ℎ

𝑡𝑔
(𝑇𝑔 − 𝑇𝑎) +

𝑞𝑙𝑎𝑠𝑒𝑟
′′ = 0 

at SiO2 substrate : 
1

𝑟

𝑑

𝑑𝑟
(𝑟

𝑑𝑇𝑆𝑖𝑂2

𝑑𝑟
) +

𝑑2𝑇𝑆𝑖𝑂2

𝑑𝑧2 = 0 

 

The boundary conditions for above equations are given by: 

 

𝑇g(∞) = 𝑇𝑆𝑖𝑂2
(∞, z) = 𝑇∞ 
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𝜕𝑇𝑔

𝜕𝑟
|

𝑟=0

=
𝜕𝑇𝑆𝑖𝑂2

𝜕𝑟
|

𝑟=0

= 0 

𝑘𝑆𝑖𝑂2

1

𝑟

𝑑

𝑑𝑟
(𝑟

𝑑𝑇𝑆𝑖𝑂2

𝑑𝑟
)|

𝑧=𝑡𝑆𝑖𝑂2

= 𝐺(𝑇𝑔 − 𝑇𝑆𝑖𝑂2
|

𝑧=𝑡𝑆𝑖𝑂2

) 

𝑘𝑆𝑖𝑂2

𝜕𝑇𝑆𝑖𝑂2

𝜕𝑧
|

𝑧=0

= ℎ(𝑇𝑆𝑖𝑂2
(𝑟, 0) − 𝑇𝑎) 

 

Here, 𝑘𝑔 and 𝑘𝑆𝑖𝑂2
 are the thermal conductivity of graphene and SiO2 (1.37 

W/mK)[82],  𝑇𝑔  and 𝑇𝑆𝑖𝑂2
 are the temperature of graphene and SiO2 

substrate, 𝑡𝑔 and 𝑡𝑆𝑖𝑂2
 are graphene (0.335 nm) and SiO2 thickness (8 nm), 

ℎ  is convective heat transfer coefficient of graphene (2.9+5.1/-2.9 × 104 

W/m2K)[74], 𝑇𝑎 is room temperature (300 K), and 𝐺 is thermal boundary 

conductance (30 MW/m2K)[83] between the substrate (SiO2) and graphene. 

Another parameter 𝑞𝑙𝑎𝑠𝑒𝑟
′′  is the absorbed heat flux calculated as 

𝛼𝑒𝑓𝑓𝑞𝑜′′exp (−2𝑟2/𝑟𝑜
2) with Gaussian energy distribution of incident laser, 

and 𝛼𝑒𝑓𝑓  is the effective absorption of graphene under the additional 

consideration of reflection from the substrate. The laser beam radius 𝑟0 is 

the estimated as 𝑟𝑜 = 𝜆𝐿/(𝜋𝑁𝐴)  (𝑁𝐴 = 0.75, 𝜆𝐿 = 514  nm). Note that 

out-of-plane conduction through the underlying substrate and convective heat 
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transfer are also considered (Figure 3.7) 

We facilitate the Gauss-Seidel iterative numerical analysis under finite 

different scheme to derive the wwo-dimensional temperature distribution for 

the graphene/substrate.[9,35] Temperature distribution in graphene derived 

from the governing equation can be weight-averaged as effective temperature 

of graphene, 𝑇𝑚, using the below equation. 

 

𝑇m =
∫ 𝑇g (𝑟)exp(− 2𝑟2 𝑟0

2⁄ )𝑟𝑑𝑟

∫ exp(− 2𝑟2 𝑟0
2⁄ ) 𝑟𝑑𝑟

 

 

Determination of 𝑘𝑔  can be conducted by facilitating 𝑘𝑔  as a fitting 

parameter matching the experimentally measured graphene temperature Tm 

and numerically calculated Tm with given parameters.  

Note that we conduct experiments with the I(D)/I(G) variation by 

exclusively probing the area with different I(D)/I(G) peak ratio. We believe 

that this enables to elaborate the effects of Si dopants concentration on the 

thermal conductivity reduction of graphene. We selected the 7 points with the 

different I(D)/I(G) peak ratio with the range from 0.38 to 0.88. Our estimation 

in chapter 2.4.1 indicates the corresponding Si dopants concentration range 

of 1.43 % ~ 3.13 %. 
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3.3.2. Temperature calibration result 

In case of pristine graphene, 4 peaks in Raman spectrum can be facilitated 

for the temperature calibration (Figure 3.8). Previous study demonstrated that 

zone-center longitudinal optical (LO) phonons are associated with the G peak 

(~1580 cm-1), and transverse optical (TO) phonons are related to the emerging 

2D peak (~2680 cm-1).[75] Two minor peaks, D+D’’ peak (~2450 cm-1) and 

2D’ peak (~3240 cm-1) involves the LA/TO phonons and two LO phonons, 

respectively. For the temperature calibration of Si-doped graphene, both G 

peak and 2D peak are used, attributing to their distinct peak shape and high 

intensity. To elaborate the effects of Si doping concentration on the measured 

thermal conductivities, we individually calibrate the temperature with the 

I(D)/I(G) variation, which reflects Si dopants concentration as mentioned in 

Chapter 2. All of the calibrations are conducted for the temperature range 

from 300 K to 430 K. 

For the all measured case of I(D)/I(G), 2D peak calibration results 

(𝑑𝑤2𝐷/𝑑𝑇 ) represent the sensitive temperature dependence compared to 

those of 𝑑𝑤𝐺/𝑑𝑇, indicating the better measurement reliability of 2D peak 

calibration (Figure 3.9). In addition, both 𝑑𝑤2𝐷/𝑑𝑇 and 𝑑𝑤𝐺/𝑑𝑇 decrease 

with the increase of I(D)/I(G) (Si dopants concentration). This indicates the 

enhanced temperature increment with the same Raman shift, possibly 
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translated as the decrease of thermal conductivity. Note that we linearly 

correlate the Raman shift and graphene temperature. The results are 

summarized in Table 3.1. 

During the calibration experiment, we avoid the local heating by 

facilitating the low power laser of ~0.05 mW. Because the hot plate heats the 

graphene at the bottom of graphene/SiO2 samples, the low thermal 

conductivity of SiO2 (𝑘𝑆𝑖𝑂2
= 1.37 W/mK) possibly induces the temperature 

gradient along the out-of-plane direction. However, we assume that supported 

graphene temperature is almost same with the hot plate set-up temperature. 

This can be justified by the use of extremely thin (8-nm) SiO2 TEM grid, 

which minimize the possible temperature gradient between the graphene 

surface and the bottom of substrate. We also emphasize that Gaussian fitting 

is facilitated to record the Raman peak shift center for each spectrums. 

 

3.3.3. Temperature enhancement under heat flux 

Next, we record and linearly correlate the Raman peaks shift with the 

variation of heat flux input, Q. By using the obtained data of 𝑑𝑤2𝐷/𝑑𝑄 and 

𝑑𝑤𝐺/𝑑𝑄 , temperature of graphene under specific input heat flux can be 

obtained following the below equations  
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𝑇𝐺 =
𝑑𝑤𝐺

𝑑𝑄
/

𝑑𝑤𝐺

𝑑𝑇
+ 300 

𝑇2𝐷 =
𝑑𝑤2𝐷

𝑑𝑄
/

𝑑𝑤2𝐷

𝑑𝑇
+ 300 

 

where 𝑇𝐺 and 𝑇2𝐷 indicate the graphene temperature obtained from the G 

peak calibration and 2D peak calibration, respectively (Figure 3.10 and 3.11). 

Thermal conductivities are derived by matching the experimentally measured 

temperature (𝑇𝐺  and 𝑇2𝐷) and the numerically calculated temperature 𝑇𝑚 

with fitting parameter of thermal conductivity (𝑘). This also enables to obtain 

the thermal conductivities with the temperature variation.  

As shown in Figure 3.5, we successfully transfer the graphene onto TEM 

grid of 70 μm × 70 μm square area. When we consider the average phonon 

mean free path of supported graphene (~90 nm), large Knudsen number 

L/λ ≫ 1 ensures the diffusive heat transport when heat flux of maximum 1 

mW is irradiated. Although the data is not shown, this also justifies the 

boundary conditions of constant room temperature when solving the heat 

diffusion equations. 

 

3.4. Summary 

In chapter 3, we discuss all of detailed aspects regarding the thermal 
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conductivity measurement of graphene. The fact that one-atom-thick single 

layer graphene should be practically supported onto solid substrate justifies 

the use of supported graphene during the whole experiment. Our 

advantageous use of ultra-thin 8-nm SiO2 TEM grid as supporting substrate 

is known to enhance the measurement reliability. To reduce the ambiguity 

induced by the different graphene-substrate conformity for the in-plane 

thermal conductivity of supported graphene, we prepare the two-kinds of 

graphene with different graphene-substrate separation distance. Note that our 

samples reflect the effects of Si dopants concentration in affiliated with 

substrate scattering of vibrational phonon modes (ZA) for the thermal 

conductivity reduction. 

We facilitate Optothermal Raman thermometry, which uses the Raman 

laser as a heater and temperature prober. Temperature-dependent shift of some 

distinct peaks in Raman spectrum allows to calibrate the temperature with the 

variation of incident heat flux. By comparing the experimental temperature 

and numerically-solved temperature distribution in the supported graphene, 

we can derive the thermal conductivity of both PG and SiG. All of 

experimental results are summarized in Figures of chapter 3. We will discuss 

and elaborate the various aspects of thermal properties alteration induced by 

the substitutionally doped Si atoms, in chapter 4. 
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Figure 3.1. Description of the heat dissipation of incident heat flux for the (a) 

suspended graphene and (b) supported graphene. Additional out-of-plane 

conduction in supported graphene increases the ambiguity in exclusively 

deriving the in-plane conduction, which results in the increased measurement 

uncertainty. 
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Figure 3.2. Description of the heat dissipation of incident heat flux for the 

graphene supported onto (a) thick substrate and (b) thin substrate. Decreased 

out-of-plane conduction enhances the measurement reliability to derive the 

in-plane thermal conductivity of supported graphene. 
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Figure 3.3. Transfer procedure of CVD-synthesized graphene. Both pristine 

and Si-doped graphene samples were transferred onto 8-nm thin SiO2 

substrate by facilitating the described “PMMA-transfer method”. 
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Figure 3.4. Picture of loop for picking up the PMMA/graphene film during 

the transfer process. About the area of 1mm ×  1mm graphene can be 

transferred. 
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Figure 3.5. Pictures of graphene as transferred onto SiO2 TEM grid. Red 

arrows indicate the interfaces of graphene showing the mild optical contrast. 

Blue box represents the below zoomed-area, which describes well-transferred 

graphene with minimum wrinkles or chemical residues. 
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Figure 3.6. The schematic view of the “effective optical absorption” of 

supported graphene. Both direct absorption and indirect absorption from the 

reflected laser from underlying substrate are considered. The reduced optical 

absorption can be attributable to the decreased optical conductivity by the Si 

dopa 
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Figure 3.7. Schematic description for the heat diffusion equation considering 

the optical absorption from incident heat flux, air convection, and conduction 

through the substrate.  
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Figure 3.8. Typical Raman spectrum of pristine graphene with different 

distinct peaks. Each peaks reflect the scattering of optical electrons with 

corresponding phonons, which enables to probe the temperature of different 

heat carriers. 
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Figure 3.9. Experimental results for the Raman peak shift calibration with the 

graphene temperature and I(D)/I(G) variation, dw/dT. All of the results 

indicate that the slope of G peak calibration is lower than that of 2D peak, 

representing the temperature-sensitivity and measurement reliability of 2D 

peak calibration.  
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Figure 3.10. Experimental results for the graphene temperature vs. incident 

heat flux with the facilitation of 2D peak. Ambient-annealed samples and 

vacuum-annealed samples exhibit the different temperature with the same 

incident heat flux, indicating the dissimilar graphene-substrate conformity 

between samples. 
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Figure 3.11. Experimental results for the graphene temperature vs. incident 

heat flux with the facilitation of G peak. Similar difference between ambient-

annealed samples and vacuum-annealed samples can be observed when 

compared to 2D peak calibration results. 
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I(D)/I(G) 
2D peak calibration G peak calibration 

dw
2D

/dT 
(𝒄𝒎−𝟏/𝑲) 

dT/dQ
in
 

(𝑲/𝒎𝑾) 
dw

G
/dT 

(𝒄𝒎−𝟏/𝑲) 
dT/dQ

in
 

(𝑲/𝒎𝑾) 

0.38 −0.0438 85.759 −0.0311 61.738 

0.46 −0.0413 99.445 −0.0296 86.014 

0.51 −0.0439 121.57 −0.0374 106.24 

0.53 −0.0311 126.67 −0.0232 105.87 

0.61 −0.0308 170.08 −0.0267 187.67 

0.72 −0.0378 142.8 −0.0261 149.34 

0.81 −0.0421 137.14 −0.0303 131.35 

0.88 −0.0293 130.54 −0.14 154.86 
 

Table 3.1. Summarized results for the temperature calibration and 

temperature vs. incident heat flux with the I(D)/I(G) variation. 
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Chapter 4 

Thermal properties of Si-doped graphene 

4.1. Thermal conductivity reduction 

4.1.1. Si dopants concentration effect 

Our main concern is the thermal conductivity of supported Si-doped 

graphene compared to pristine graphene, which reflects the effects of Si 

dopants on thermal conductivity reduction. The measurement with the 

I(D)/I(G) variation (from 0.38 to 0.88) allows to elaborate the Si dopants 

concentration effect. In chapter 3, we already estimated the corresponding Si 

dopants concentration range from 1.43 % to 3.13 %. By following the detailed 

procedure described in chapter 3, we derive the thermal conductivity of Si-

doped graphene as shown in Figure 4.1, 4.2 and Table 4.1 with both 2D peak 

and G peak calibration. Note that all of results in Figure 4.1, 4.2 and Table 

4.1 indicate the thermal conductivity at (near) room temperature, which is 

attributable to the linear correlation between the incident heat flux and Raman 

peak shift (dw/dQ). In chapter 4.1.1, we only concentrate on the thermal 

conductivities of graphene annealed in ambient pressure (ambient-annealed 
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samples).  

Here, we regard the effective thermal conductivity of ambient-annealed 

SiG as the thermal conductivity measured at the average I(D)/I(G) value 

(~0.61 which estimated to be 1.91% Si doping concentration) with 2D peak 

calibration, 76.17 W/mK. This effective thermal conductivity of supported 

SiG shows nearly two order-of-magnitudes reduction from the suspended PG 

case of 2663 W/mK[9] and nearly one order-of-magnitude reduction from 

the supported PG of 900.18 W/mK[35]. 

Assuming the independent contribution of each phonon scattering 

mechanisms, total phonon scattering rate (τ) from Matthiessen's rule can be 

described as 

 

𝜏𝑃𝐺
−1 = 𝜏𝑖𝑛𝑡

−1 + 𝜏𝐺𝐵
−1 + 𝜏𝑠𝑢𝑏

−1  

𝜏𝑆𝑖𝐺
−1 = 𝜏𝑖𝑛𝑡

−1 + 𝜏𝐺𝐵
−1 + 𝜏𝑠𝑢𝑏

−1 + 𝜏𝑆𝑖
−1 

 

where the 𝜏𝑖𝑛𝑡
−1  is the phonon scattering rate induced by the intrinsic 

properties of graphene including normal and Umklapp scattering, 𝜏𝐺𝐵
−1 by the 

grain boundary scattering in CVD-synthesized graphene, 𝜏𝑠𝑢𝑏
−1  by the 

underlying substrates scattering, and 𝜏𝑆𝑖
−1  by the incorporated Si dopants. 

The additional phonon scattering mechanisms in SiG can be mainly 
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attributable to the increasing phonon scattering rate by Si dopants, 𝜏𝑆𝑖
−1. 

The phonon scattering rate by the presence of substitutional atoms can be 

described by 𝜏𝑆𝑖
−1  = 𝑉0(𝜔3/𝑣2)Γ ,[7,13,15] where 𝑉0  is the volume per 

atom, 𝜔 is the phonon frequency, 𝑣 is the phonon group velocity, and Γ is 

the phonon scattering strength. Here, the average phonon group velocities are 

known to be nearly identical, i.e., (𝑣𝑆𝑖𝐺/𝑣𝑃𝐺) = (𝑀𝑃𝐺/𝑀𝑆𝑖𝐺)1/2 =

0.9875,[15,84]. Therefore, the phonon scattering rate by foreign atoms is a 

strong function of the phonon scattering strength Γ, which is known to be 

proportional to the square of mass difference between the dopant and the host 

atom, i.e., Γ ~ (∆𝑀)2. When compared to previous study, the excessively 

high phonon scattering strength of Si dopants (Γ ~ 256) results in the order-

of-magnitude reduction by 90% for 1.91% Si doping concentration, while the 

13C isotope doping[15] in 12C of suspended case provides Γ ~ 1 and results 

in only 27% reduction of thermal conductivity at a comparable concentration 

of 1.1 at.%. Note that our SiG samples show the order-of-magnitude reduction 

even under simultaneous contribution of substrate scattering, which possibly 

reduces the relative contribution of other scattering mechanisms (Si dopants) 

on total phonon scattering rate. This large mass difference of Si dopants also 

represent the larger reduction compared to other substitutional dopants with 

small mass difference, such as N and B (Table 4.2). 
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Note that we assumed the substitutional Si dopants are similarly treated as 

isotope defects and did not account for possible thermal conductivity 

alteration caused by the bond strength change in Si–C bonding.[85] 

According to the second-order perturbation theory[34], total phonon 

scattering rate change by point defects should be described as below 

 

𝜏𝑆𝑖
−1 ∝ (𝑆1

2 + (𝑆2 + 𝑆3)2) 

 

which includes the mass difference with host atoms and point defects (𝑆1), 

bond strength change (𝑆2), and bond length change induced by point defects 

incorporation ( 𝑆3 ). Note that 𝑆1  represents the phonon scattering 

contribution of 𝜏𝑆𝑖
−1, while 𝑆2  and 𝑆3  represent the contribution of 𝜏𝑖𝑛𝑡

−1 . 

Previous theoretical prediction demonstrated the effects of both bond strength 

and length alteration on thermal conductivity reduction in N-doped graphene. 

In their study, graphitic nitrogen doping showed about 61% reduction, while 

pyridinic doping represented nearly 89% reduction both compared to pristine 

suspended graphene.[18] This enhanced thermal conductivity reduction can 

be attributable to the significant bond properties alteration (𝑆2 and 𝑆3) near 

nitrogen dopants. As described in above paragraph, we only consider the mass 

difference term ( 𝑆1 ) to explain the effects of Si dopants on thermal 
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conductivity reduction. Nevertheless, we believe that it does not substantially 

contradict our discussion to explain that large mass difference between C and 

Si can be majorly attributed to the thermal conductivity reduction caused by 

intentionally substituted Si dopants. 

All of the measured thermal conductivities show the progressive decrease 

with the Si dopants concentration (~I(D)/IG)). At the maximum Si doping 

concentration (I(D)/I(G) ~ 0.88, 3.13 % Si doping concentration), thermal 

conductivity is reduced to 96.4 W/mK (2D peak calibration) and 79.469 

W/mK (G peak calibration). With the increase of doping concentration, 

thermal conductivity reduction is observed to be saturated. The similar 

behavior of thermal conductivity reduction was demonstrated in previous 

experimental studies on other suspended defected graphene under e-beam or 

plasma irradiation.[10,13] This is because long-wavelength phonons, which 

significantly contribute to the heat propagation, are known to become less 

affected by additional defects with the increase of defects concentration.[13] 

Closely packed introduced defects after certain doping concentration do not 

effectively scatter the long-wavelength phonons compared to sporadically 

distributed defects at the low concentration.  

Therefore, we believe that the certain critical defects concentration 𝑁𝑐 , 

where the thermal conductivity reduction effectively stops, might be the 
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function of inter-defect distance (d) to average phonon mean free path (λ) 

ratio, λ/d. The average phonon mean free path for supported graphene on 

SiO2 is known to be 90 nm.[86] Our SiG shows the critical defects 

concentration at the I(D)/I(G) ~ 0.61, which can be corresponded to the 

spatially averaged Si dopants concentration, 1.91 at.%. Considering the 

carbon number density in graphene (3.82 × 1015 cm-2), the inter-defects (Si 

dopants) distance at the critical defects concentration for our sample could be 

estimated from the equation of d = 1/(π𝑁𝑐)1/2 = 1/(π × 0.0191 × 3.82 ×

1015 cm−2)1/2 = 0.66 nm and this gives the λ/d~136. 

Two previous studies facilitate the suspended graphene which has the 

longer phonon mean free path (775 nm)[4] than supported graphene. One 

previous study determined the critical defect concentration as 1.5 × 1011 

cm-2 under E-beam irradiation.[13] Another study demonstrated that thermal 

conductivity reduction effectively saturated near 0.1 % of defect 

concentration under oxygen plasma treatment.[10] Inter-defects distance is 

derived by following the same procedure and Table 4.3 summarizes the 

comparison of the λ/d  between samples experimentally observed the 

critical defects concentration. We found that λ/d ratio for our SiG samples 

is within the range of previous studies with minor variation. The difference 

can be attributable to the (1) distinction in the phonon scattering strength 



 

 81 

between different types of defects, (i.e. vacancy defects and Si dopants), and 

the lack of criteria for the determination of 𝑁𝑐 (i.e. specific value of d𝜅/d𝑁 

at 𝑁𝑐 ). In addition, unavoidable uncertainty for the Optothermal Raman 

thermometry can be minorly attributed to the observed difference in λ/d 

ratio. Note that supported graphene requires about two order-of-magnitude 

much defects concentration for the saturated thermal conductivity reduction. 

Further studies regarding the determination of critical defects concentration 

for defected graphene with specific conditions will be helpful to manipulate 

the heat spreading efficiency in graphene. 

 

4.1.2. Graphene-substrate conformity effect 

As mentioned above, wet transfer process onto solid substrate inevitably 

induces some suspension of graphene, which can be attributable to the 

nanoscale roughness of underlying substrate. Our previous studies already 

demonstrated that thermal annealing efficiently enhances the graphene-

substrate conformity and enables thermal conductivities to reflect the 

substrate effects. Enhanced graphene-substrate conformity indicates the 

increase of substrate ZA phonon scattering which is known to significantly 

reduce the in-plane thermal conductivity. As mentioned in chapter 3.2.3, we 

individually measure the thermal conductivities of ambient-annealed SiG 
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(intermediate conformity) and vacuum-annealed SiG (maximum conformity) 

to remove the possible ambiguity from the dissimilar contribution of substrate 

on phonon scattering, 𝜏𝑠𝑢𝑏
−1 . Definitely we compare the thermal conductivities 

with supported pristine graphene with corresponding thermal annealing 

conditions. 

As shown in Figure 4.1, 4.2 and Table 4.1, vacuum-annealed SiG shows 

the notably reduced thermal conductivities compared to those of ambient-

annealed SiG. This can be attributable to the enhanced graphene-substrate 

conformity in vacuum-annealed SiG samples. Intercalated water molecules in 

supported graphene are efficiently removed when thermally annealed in high 

vacuum.[35] This decreases the graphene-substrate separation distance and 

successively enhances the graphene-substrate conformity, finally increasing 

the scattering rate of the propagating phonons in graphene. We can conclude 

that still the importance of graphene-substrate conformity on the in-plane 

thermal conductivities holds for the case of substitutionally doped graphene. 

From the Metthiessen's rule, the difference in 𝜏𝑠𝑢𝑏
−1  between the ambient-

annealed SiG and vacuum-annealed SiG may affect the relative contribution 

of Si dopants on total phonon scattering. Similar alterations in relative 

contribution of specific phonon scattering mechanisms were already 

examined, decreasing temperature dependence in supported graphene or 
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defected graphene, for instance.[9,14,35,41] When the measured thermal 

conductivities are fitted with I(D)/I(G)−α , we found the lowered α  of 

vacuum-annealed SiG when compared to that of ambient-annealed. For the 

2D peak and G peak calibration, α decreases from 0.906 to 0.851 and from 

1.568 to 1.27, respectively. This indicates that thermal conductivity 

dependence on Si dopants concentration is reduced when vacuum-annealed, 

which can be attributable to the relatively enhancement of substrate scattering 

contribution (𝜏𝑠𝑢𝑏
−1 ), in spite of the only slight difference between ambient and 

vacuum conditions. On the other hand, the slight difference of α can also 

interpreted as the dominant contribution of Si dopants phonon scattering 

comparable to the substrate scattering. 

 

4.1.3. Grain size effect 

The nucleation growth mechanism of CVD graphene samples are 

inherently polycrystalline, which scatters the propagating energy carriers at 

the grain interfaces (grain boundary). Phonon scattering rate at the grain 

boundary 𝜏𝐺𝐵
−1  enhances when the grain sizes decrease attributing to the 

increase in nucleation density. Intuitively, this grain boundary scattering rate 

shows their significance only when the grain sizes are decreased comparable 

to the average phonon mean free paths, as demonstrated by previous 
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experimental researches using suspended graphene.[9,25] This is because the 

propagating phonons tend to be scattered at the grain boundary before 

scattered by another phonons, only when the grain sizes are comparable to 

the average phonon mean free path. 

Similarly, in spite of the inherent polycrystalline growth of CVD 

graphene,[9,25] previous theoretical analysis in supported graphene already 

demonstrated that grain boundaries significantly affects thermal conductivity 

only when the grain sizes are smaller than average phonon MFP (~90 nm) 

(Figure 4.3).[8,86] As shown in chapter 2.5.4, our SiG samples exhibit the 

order-of-magnitude larger grain sizes (~ 1μm), indicating the negligible effect 

of grain boundary scattering on the thermal conductivity reduction. Therefore, 

phonon scattering associated with grain boundaries is not main concern in 

terms of thermal conductivity reduction of SiG compared to PG. 

 

4.1.4. Doping inhomogeneity effect 

Si dopants do not exhibit the perfect uniform distribution along the 

graphene lattices, which is attributable to the chemical probability 

dependence of Si-C bonding incorporation. Although our Optothermal 

Raman thermometry locally probe the thermal conductivities of graphene 

samples, Si dopants distribution near heating area essentially influences the 
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measured thermal conductivities because of inevitable temperature gradient 

near probe point. Therefore, we calculate the effective Raman probing area 

under temperature gradient, thermal activation boundary (TAB), and confirm 

the dopants distribution (~I(D)/I(G)) (Figure 4.4). Uniform dopants 

distribution inside the TAB means that measured thermal conductivities do 

not hold the possible uncertainties induced by non-uniform dopants 

distribution.  

The radius of TAB, 𝑟𝑇𝐴𝐵  is calculated based on the criterion for TAB, 

(𝑇𝑇𝐴𝐵 − 𝑇𝑎)/𝑇𝑚 ≈ 0.02, where the 𝑇𝑇𝐴𝐵, 𝑇𝑎, and 𝑇𝑚 are the temperature 

at TAB, ambient temperature (300 K), and the measured temperature of 

graphene under maximum laser irradiation (power of 1mW), respectively. For 

each regions with specific I(D)/I(G), Gaussian temperature distribution 

calibrated from 2D peak correlation for vacuum-annealed SiG is facilitated to 

derive the 𝑟𝑇𝐴𝐵 . At the TAB, all the regions show the temperature 

enhancement below 10 K with the radius of shorter than 2 m (Table 4.4). 

When we draw the TAB at the measured spots in Raman mapping (Figure 

4.5), we found the relatively uniform distribution of Si dopants within TAB. 

This indicates that our derived thermal conductivities contain negligible 

uncertainties possibly stemming from the doping inhomogeneity inside the 

examination regions. 
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4.2. Temperature independence of thermal conductivity 

4.2.1. Si dopants effect 

In chapter 4.1.1, all of the thermal conductivities are measured at room 

temperature, which were derived from the Q vs. T linear correlation. On the 

other hand, individual derivation of thermal conductivities from the each Q 

vs. T correlation results enables to obtain the temperature dependence of SiG 

thermal conductivity with Si doping concentration variation. Temperature-

dependent thermal conductivities are plotted in Figure 4.6, for the case of 2D 

peak calibration based ambient-annealed samples. This figure describes the 

negligible temperature dependence of SiG for the temperature range from 300 

K to 500 K (see Table 4.5). In the total phonon scattering rate from 

Metthiessen's rule, intrinsic phonon scattering term 𝜏𝑆𝑖𝐺
−1  includes the 

temperature-dependent Umklapp scattering mechanisms, which is the main 

contribution on the in-plane thermal resistance in graphene. 

In case of PG, the phonon-phonon Umklapp scattering increases with a 

temperature increase due to the increased phonon population and this is 

generally well represented by the negative temperature dependence of 

thermal conductivities.[7,9] When the Si dopants are incorporated into PG 

lattices, additional phonon scattering contribution by Si dopants arises, as 

described in chapter 4.1.1. Therefore, the prevailing Si dopants-phonon 
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scattering will lower the relative contribution of phonon-phonon scattering 

and successively the temperature dependence of thermal conductivities can 

also be reduced.[12,21] In addition, suppression of long-wavelength phonons, 

which importantly contribute to the whole in-plane conduction but show 

significant temperature dependence, can be attributed to the suppressed 

temperature dependence. Well-fitted linear correlation between the 

temperature enhancement and incident heat flux for other cases of vacuum-

annealed samples with G peak calibration also indicates the similar 

temperature independence of thermal conductivities (see Figure 3.10 and 3. 

11). Consistent findings have been demonstrated in point-defected 

graphene,[14] where the temperature dependence of thermal conductivity is 

found to be weakened with the increase in vacancy defects concentration. 

 

4.2.2. Graphene-substrate conformity effect 

Similar with above elaboration, enhanced graphene-substrate conformity 

(𝜏𝑠𝑢𝑏
−1 ) can conceal the effects of temperature-dependent Umklapp scattering 

included in intrinsic graphene scattering rate of 𝜏𝑖𝑛𝑡
−1 . Previous study 

demonstrated that temperature dependence of pristine graphene thermal 

conductivity becomes weakened with repetition of thermal annealing, which 

allows to enhance the graphene-substrate conformity.[35] Direct 
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measurement of thermal conductivities after transfer shows the temperature 

dependence comparable to the suspended case. However, when the number 

of thermal annealing excesses five times, temperature dependence is 

significantly reduced and vacuum annealing shows further suppression 

(Figure 4.7). Similarly, our ambient-annealed SiG and vacuum-annealed SiG 

exhibit the negligible temperature dependence. Along with the Si dopants, 

long-wavelength phonons suppression by underlying substrate can be 

attributed to the observed temperature dependence. 

 

4.3. Non-equilibrium errors in measurement data 

4.3.1. Why non-equilibrium problem arises? 

Non-equilibrium error in thermal conductivity measurement scheme 

indicates the possible uncertainties induced by the non-equilibrium state 

between different polarized phonons. Generally thermal conductivity 

measurement requires the precise derivation of temperature enhancement of 

materials under specific heat flux. Therefore, if we measure the temperature 

of specific phonons that show the deviated temperature with other phonons, 

thermal conductivity can be under- or over-estimated while solving the heat 

diffusion equation. According to previous theoretical and experimental 

studies[31,76], non-equilibrium error problem arises when Optothermal 
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Raman thermometry is facilitated to measure the in-plane thermal 

conductivity of suspended graphene. The main reasons for the non-

equilibrium error in Optothermal Raman thermometry can be summarized 

into three aspects; (1) inherent weak coupling between energy carriers, (2) 

Large length mismatch between heating spot size and average phonon MFP, 

and (3) unbalanced contribution of different phonons on in-plane thermal 

conduction.  

Two atoms in unit cell gives the six phonons in graphene, three optical 

phonons and three acoustic phonons. Previous theoretical study[76] used the 

simulation models based on the first principles density functional theory and 

a multi-temperature model to indicate that Raman laser-excited hot electrons 

are mainly relaxed by the optical phonons. However, the weak coupling 

between the optical phonons and acoustic phonons makes it hard to result in 

the sufficient scatter between phonons, which leads to the strong non-

equilibrium. Perturbation theory based calculation in conjunction with 

phonon-phonon scattering rates also represent the weak coupling between 

acoustic phonons themselves, especially for flexural acoustic (ZA) phonons. 

Therefore, non-equilibrium error can be reflected in measurement data when 

we measure the temperature of specific phonons that show the weak coupling 

with other energy carriers. 
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As mentioned in chapter 1, suspended graphene shows exceptionally long 

average phonon MFPs 775 nm, attributing to strict momentum conservation 

requirement in 2D materials along with strong bond strength in sp2 C-C. On 

the other hand, local thermal conductivity measurement in Optothermal 

Raman thermometry heats the spot size of about 218 nm in radius (100x 

objective lens for 514 nm wavelength laser, in our case), much shorter than 

average phonon MFPs. This length mismatch do not ensure the enough space 

to interact between phonons so that they do not sufficiently scatter each other 

to reach the thermal equilibrium before they propagate out of heating spot. 

Especially considering the dominant contribution of long MFPs phonons (> 

775 nm) on thermal conduction, insufficient heater size cannot provide the 

required thermalization length for phonons equilibrium in graphene. 

Finally, unequal contribution of different phonons on thermal transport can 

enlarge the non-equilibrium error in thermal conductivity derivation. Optical 

phonons generally show the lowered group velocity compared to acoustic 

phonons for most materials, less contributing to the thermal conductivity. In 

case of graphene, it is well-accepted that ZA phonons are dominantly 

contribute to heat transport up to 85% among the three acoustic phonons (LA, 

TA, and ZA).[6,41] This can be explained by the large density of states (DOS) 

and symmetry-based strict selection rule that suppresses the anharmonic 
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phonon-phonon scattering.[87] However, as mentioned above, ZA phonons 

exhibit the weakest coupling with the hot electrons and optical phonons, 

representing the most deviated temperature with other energy carriers. This 

indicates that probing the temperature of energy carriers other than ZA 

phonons can lead to the amplified non-equilibrium error in measurement data. 

Previous theoretical predictions already demonstrated that simulation under 

the assumption of equal contributions of all acoustic phonons reduced the 

underestimation factor from 2.6 to 1.8.[76] 

Unfortunately, we cannot probe the exact temperature of ZA phonons, the 

most dominant heat carrier in suspended graphene, by facilitating the 

Optothermal Raman thermometry. As mentioned above, Optothermal Raman 

thermometry calibrates the graphene temperature with the peak shifts in 

Raman spectrum, which reflect the temperature of specific phonons (Figure 

3.8). Because Raman scattering indicates the inelastic scattering between the 

incident photons and optical electrons, most Raman peaks represent the 

temperature of optical phonons in graphene, which are the most coupled 

energy carriers with optical electrons. Therefore, probing the temperature of 

minor contributor (optical phonons) in Optothermal Raman thermometry can 

be the most important reason for possible non-equilibrium error. Note that 

reduced R2 in Lorentzian of Raman peaks can be attributed to the inadequate 
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strategy of enlarged heater size to suppress the non-equilibrium error. 

 

4.3.2. Non-equilibrium error in Si-doped graphene 

To access the non-equilibrium error in Si-doped graphene, we compare the 

calibrated temperature 𝑇2𝐷  and 𝑇𝐺 , where 𝑇2𝐷  mostly represents the 

phonon temperature in the vicinity of the Κ point (TO phonons, 2D peak) 

and 𝑇𝐺 represents the phonon temperature at the Brillouin-zone center (LO 

phonons, G peak).[66] We conveniently define the normalized discrepancy of 

the two calibrated temperatures for the two different phonons as 

[
|𝑇2𝐷−𝑇𝐺|

Max(𝑇2𝐷:𝑇𝐺)
× 100],  implying the quantitative measurement of the non-

equilibrium error (Figure 4.8). We found that the discrepancies due to the 

possible non-equilibrium effect are less than 6% for all tested I(D)/I(G) ratios 

range, and they show the gradual decrease with increasing I(D)/I(G) (~Si 

dopants concentration). The possible breakdown of strict momentum 

conservation requirement in defected graphene can lead to the stronger 

coupling between energy carriers compared to defect-free graphene, resulting 

in the reduced local non-equilibrium error. In addition, substitutionally doped 

Si atoms can drive more rapid relaxation and shorten the required 

thermalization length, which is attributable to the reduced phonon MFPs 

(Figure 4.9). The shorter MFPs under the higher dopant density can further 



 

 93 

shorten the relaxation time to reach equilibrium even more quickly. This 

trends, decreasing non-equilibrium error with the increase of Si dopants 

concentration, are distinctly observed in the derived thermal conductivities as 

shown in Figure (Figure 4.10 and 4.11). Almost the same thermal 

conductivities are derived when Si dopants concentration is more than 2 %, 

indicating the significantly suppressed non-equilibrium error. 

As mentioned above, dominant contribution of ZA phonons on total 

phonon conduction (up to 85%) in suspended graphene can be attributed to 

the one of main reason for the non-equilibrium error.[37,41,75,87] This is 

because ZA phonons show the weakest coupling with the optical phonons, 

whose temperatures are calibrated from Raman G peak and 2D peak. 

However, in case of our supported graphene, where the underlying substrate 

supports the one-atom-thick graphene, out-of-plane phonons vibrational 

modes are known to be almost completely suppressed by the substrate. 

Substrate-induced disorder possibly and the breakdown of reflection 

symmetry possibly reduces the ZA phonons lifetime in supported 

graphene.[37] Likewise the reduced non-equilibrium error in the case of equal 

contribution of three acoustic phonons, suppression of the weakest coupled 

ZA phonons in supported graphene can be attributable to the observed minor 

non-equilibrium error. This can be evidenced by the slightly decreased non-
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equilibrium error in vacuum-annealed samples compared to ambient-

annealed case, where the graphene exhibits the saturated conformity with the 

substrate. Therefore, we believe that non-equilibrium error does not prevail 

at least in our measurement data for supported Si-doped graphene. 

 

4.4. Summary 

In chapter 4, we discuss the thermal properties of Si-doped graphene as 

supported on SiO2 substrate. When the Si dopants are incorporated into 

defect-free graphene, thermal conductivity drastically reduces with the 

increase of Si doping concentration. Even with the 2% Si dopants, order-of-

magnitude reduction is observed for supported graphene, and two order-of-

magnitude reduction for suspended graphene. Large mass difference (∆𝑀) 

between the host carbon atoms and silicon dopants can be mainly attributable 

to the observed thermal conductivity reduction, which is also evidenced by 

the larger reduction in SiG compared to other light dopants such as N or B. 

Also we found that critical defects concentration can be the function of inter-

defect distance to average phonon MFP ratio, which needs further study. Our 

systematic consideration shows that the effects of graphene-substrate 

conformity, grain sizes, and the doping inhomogeneity are not the significant 

concern in the thermal conductivity reduction in Si-doped graphene. 
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Incorporated Si dopants also have influence on the temperature dependence 

of thermal conductivity and non-equilibrium between phonons in graphene. 

Reduced temperature dependence of thermal conductivity in SiG can be 

attributed to the relatively lowered contribution of phonon-phonon Umklapp 

scattering compared to arising Si-phonon scattering. and suppressed long 

wavelength phonons that represent the significant temperature dependence. 

We found that non-equilibrium error, which attacks the measurement 

reliability of Optothermal Raman thermometry, tends to be reduced when the 

Si dopants enhances scattering rate for thermal equilibrium between phonons 

by reducing the phonon MFPs and breaking the reflection symmetry of 

graphene. In chapter 5, relative comparison between thermal conductivity 

reduction and electrical conductivity reduction will shed the light on the 

possibility of Si-doped graphene as a thermoelectric materials. 

 

 

 

 

 

 

 



 

 96 

 

 

Figure 4.1. Thermal conductivities of SiG with the increase of I(D)/I(G) 

intensity ratio based on 2D peak calibration. More than 2% Si dopants 

concentration provides the order-of-magnitude reduction compared to 

supported pristine graphene. 
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Figure 4.2. Thermal conductivities of SiG with the increase of I(D)/I(G) 

intensity ratio based on G peak calibration. Similar order-of-magnitude 

reduction can be observed. 
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Figure 4.3. (From Y. Serov et al, 2013, APL) Theoretical predictions on 

thermal conductivity of supported graphene with the grain sizes (GB) and line 

defects (LD). The effects of grain boundaries on thermal conductivity 

reduction can be negligible when the grain sizes are longer than average 

phonon MFPs of supported graphene (~90 nm). 
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Figure 4.4. A schematic description of the thermal activation boundary 

(TAB). Dopants distribution within the TAB determines the possible 

uncertainties induced by doping inhomogeneity, attributing to the large 

temperature gradient inside the TAB. Yellow atoms indicate the Si dopants. 
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Figure 4.5. Estimated TAB size for the each measurement spots with different 

I(D)/I(G) ratio. Relatively uniform distribution of I(D)/I(G) (Si dopants) 

possibly ensures the negligible uncertainties from doping inhomogeneity. 
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Figure 4.6. Thermal conductivities of SiG with the I(D)/I(G) variation as a 

function of temperature, which indicates the negligible temperature 

dependence in Si-doped graphene.  
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Figure 4.7. (From Kim et al, 2017, Carbon) Thermal conductivities of 

pristine supported graphene with the increasing number of thermal annealing. 

Enhanced graphene-substrate conformity by thermal annealing in vacuum 

suppresses the long-wavelength phonons in graphene, reducing the 

temperature dependence. 
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Figure 4.8. Non-equilibrium error in Si-doped graphene with a function of 

I(D)/I(G) intensity ratio. Temperature discrepancy exhibits less than 6% of 

non-equilibrium error and gradually decreases with the increase of I(D)/I(G). 

 

 

 

 



 

 104 

 

 

Figure 4.9. A schematic illustration for the non-equilibrium effects for PG 

and SiG. The effects decrease with the increase in Si doping concentrations, 

attributing to the reduced phonon MFPs and breakdown of reflection 

symmetry, both by the presence of Si dopant atoms. 
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Figure 4.10. Thermal conductivities of ambient-annealed SiG derived both 

by 2D peak calibration (𝑘2𝐷.𝑎𝑚𝑏 ) and G peak calibration (𝑘𝐺.𝑎𝑚𝑏 ). Both 

values become similar with the increase of I(D)/I(G) ratio. 
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Figure 4.11. Thermal conductivities of vacuum-annealed SiG derived both 

by 2D peak calibration (𝑘2𝐷.𝑎𝑚𝑏) and G peak calibration (𝑘𝐺.𝑎𝑚𝑏). Siimlar 

with ambient case, both values become closer with the increase of I(D)/I(G) 

ratio. 
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I(D)/I(G) 

2D peak calibration G peak calibration 

𝒌𝟐𝑫.𝒂𝒎𝒃 

(W/mK) 
𝒌𝟐𝑫.𝒗𝒂𝒄 

(W/mK) 
𝒌𝑮.𝒂𝒎𝒃 

(W/mK) 
𝒌𝑮.𝒗𝒂𝒄 

(W/mK) 

0: pristine 

graphene 

(suspended) 

2662.5 [9] ~2500 [39] 

0: pristine 

graphene 

(supported) 

- 900.18 [35] 645.56 [35] 

0.38 197.813 112.52 317.511 148.034 

0.46 162.204 81.598 196.992 90.465 

0.51 113.745 83.549 142.016 101.599 

0.61 76.17 57.251 70.543 64.444 

0.72 90.71 47.342 78.8 40.972 

0.81 92.08 64.089 99.52 68.562 

0.88 96.4 53.552 79.469 46.666 

 

Table 4.1. Summary for the thermal conductivities with the I(D)/I(G) 

variation of Si-doped graphene. Note the order-of-magnitude reduction and 

two order-of-magnitude reduction of Si-doped graphene, compared to 

supported pristine graphene and suspended pristine graphene, respectively. 
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Reference Dopant 𝒌/𝒌𝟎 Note Method Descriptions 

Experimental Measurements 

Present work 
Si 

(M = 28) 

0.089 1.91% 

concentration 

Ambient-

annealed 

Optothermal 

Raman 

Thermometry 

 

Supported CVD 

graphene 

0.036 
(Relative to the 

suspended 𝑘0) 

0.072 1.91% 

concentration 

Vacuum-

annealed 

0.020 
(Relative to the 

suspended 𝑘0) 

Chen, et al. 

[15] 

13C 
(M = 13) 

0.631 
1.1% 

concentration 

Suspended 

CVD graphene 

Theoretical Predictions 

Goharshadi

, et al. [19] 
N 

(M = 14) 
0.412  

MD 

(Equilibrium) 

Suspended 

graphene 

Hu, et al. 

[14] 

13C 
(M = 13) 

0.801 
5% 

concentration 

MD 

(Nonequilibriu

m) 

 

 

24C 
(M = 24) 

0.041 
10% 

concentration 

Mortazavi, 

et al. [16] 

B 
(M = 

10.8) 

0.164 Zigzag (ZZ) 

0.149 
Armchair 

(AC) 

Mortazavi, 

et al. [17] 
N 

(M = 14) 

0.365 ZZ 

0.323 AC 

Zhang, et 

al. [18] 
N 

(M = 14) 

0.385 Graphitic-N 

0.113 Pyridinic-N 

 

Table 4.2. Thermal conductivity reduction ratio (𝑘/𝑘0) of substitutionally 

doped graphene at room temperature. The dopants concentration is 2% unless 

specified otherwise. Note that present work firstly demonstrates the thermal 

conductivity reduction of doped graphene as supported on the substrate. 
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 Present work [13] [10] 

𝑵𝒄 (cm-2) 𝟕. 𝟑 × 𝟏𝟎𝟏𝟑 𝟏. 𝟓 × 𝟏𝟎𝟏𝟏 𝟑. 𝟖𝟐 × 𝟏𝟎𝟏𝟐 

𝒅 (nm) 0.66 14.57 2.88 

𝝀/𝒅 136.26 53.19 268.47 

 

Table 4.3. Comparison of critical defects concentration (𝑁𝑐), average phonon 

MFP to inter-defect distance ratio (𝝀/𝒅) with previous works showing the 

saturated thermal conductivity reduction. 
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I(D)/I(G) 𝑻𝒎 (K) 𝑻𝑻𝑨𝑩 (K) 𝒓𝑻𝑨𝑩 (mm) 

0.38 422.22 308.44 1.709 

0.46 446.56 308.93 1.633 

0.51 444.74 308.89 1.638 

0.61 475.18 309.5 1.459 

0.72 490.92 309.82 1.506 

0.81 465.92 309.32 1.575 

0.88 480.7 309.61 1.533 

 

Table 4.4. Maximum temperature of graphene for thermal conductivity 

measurement spots ( 𝑇𝑚 ) and corresponding temperature for thermal 

activation boundary (𝑇𝑇𝐴𝐵), and its radius (𝑟𝑇𝐴𝐵). 
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I(D)/I(G) 
Irradiated laser power 

~0.283 mW ~0.494 mW ~0.724 mW ~0.912 mW 

0.38 
205.106 

(324.022 K) 

218.232 

(338.689 K) 

202.037 

(361.725 K) 

196.815 

(377.616 K) 

0.46 
135.850 

(337.128 K) 

141.327 

(355.395 K) 

146.948 

(377.495 K) 

160.144 

(388.910 K) 

0.51 
102.956 

(336.978 K) 

88.178 

(366.346 K) 

104.649 

(392.396 K) 

116.062 

(410.515 K) 

0.61 
49.861 

(350.389 K) 

55.260 

(387.817 K) 

66.449 

(419.009 K) 

56.976 

(459.846 K) 

0.72 
108.301 

(338.037 K) 

96.368 

(367.291 K) 

78.109 

(406.228 K) 

98.013 

(421.513 K) 

0.81 
126.114 

(328 K) 

118.106 

(356.473 K) 

105.599 

(389.506 K) 

90.848 

(427.886 K) 

0.88 
110.327 

(330.423 K) 

99.184 

(367.516 K) 

87.582 

(399.891 K) 

108.209 

(413.918 K) 

 

Table 4.5. Temperature-dependent thermal conductivities of Si-doped 

graphene with the variation of I(D)/I(G). Note the negligible temperature 

dependence regardless of the I(D)/I(G) ratio. 
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Chapter 5 

Thermoelectric properties of Si-doped graphene 

5.1. Thermoelectric properties of graphene 

Thermoelectric effects mean the direction conversion between the 

temperature gradient and voltage gradient. In spite of its huge potentials for 

the application in power generation and energy harvesting from wasted heat 

with no moving part, current low conversion efficiency limits the practical 

application of thermoelectric devices.[88] As mentioned in chapter 1, 

generally thermoelectric efficiency ZT can be described as below equation. 

 

ZT =
𝜎𝑆2𝑇

𝑘
 

 

We directly understand that high thermal conductivity in pristine graphene 

greatly suppresses its thermoelectric conversion efficiency, which reduces the 

temperature gradient in materials. In addition, Seebeck coefficient, which 

indicates the measure of thermoelectric voltage induced by the temperature 

difference along the materials, is found to be small compared to other bulk 
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materials, which is attributable to the gapless characteristics of graphene’s 

electronic band structure.[89] Gapless materials generally cannot separate the 

contribution of single carrier type (electron or hole), and counteracting of both 

charge carriers reduces the induced thermoelectric voltage. Both previous 

experimental and theoretical studies represent the low ZT value of pristine 

graphene, ranging from 10-4 to 10-2.[26,90-92]  

Considering that practical application of thermoelectric devices requires 

the ZT at least larger than 1,[88] innovative strategies for the ZT enhancement 

should be preceded for the application of graphene as thermoelectric materials. 

Recently, strategies for the conversion efficiency enhancement include the 

nanostructuring of materials, introduction of structural defects, and 

doping.[27] All of adopted strategies focus on the simultaneous increase of 

Seebeck coefficient and suppression in lattice thermal conductivity, while 

maintaining the excellent electrical conductance.  

Nanostructured graphene nanoribbons (GNR) are known to enhance the 

thermoelectric efficiency by simultaneously reducing the thermal 

conductivity and increasing the Seebeck coefficient. Quantum confinement 

effect in GNRs improves the density of states (DOS) near Fermi level, thus 

increasing the thermoelectric power (Seebeck coefficient).[27] In addition, 

patterning of zigzag edges structure in GNRs simultaneously suppresses 
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lattice thermal conductivity through significant boundary scattering. Some 

MD based theoretical predictions reported the achievement of ZT 

enhancement, ZTmax ~ 1 for mixed structure of zigzag and armchair edge 

sections,[90] ZTmax ~ 0.2 for armchair GNRs with vacancy defects,[91] and 

ZTmax ~ 2.5 for the GNRs with the mixed vacancy and isotopes defects,[92] 

for instance. However, most MD predictions use the oversimplified model 

and have limitations in domain sizes, reflecting only the ideal case for the 

thermoelectric efficiency enhancement. 

Most experimental studies regarding ZT enhancement of graphene induce 

the structural or point defects to independently suppress the lattice thermal 

conductivity. Order-of-magnitude larger average mean free path of phonons 

compared to electrons allows higher phonon scattering rate than that of 

electrons by controlling the grain sizes of polycrystalline graphene, thus 

showing the possibility of ZT enhancement.[9,25] In addition, recent study 

directly measured the thermoelectric properties of nano-hole patterned 

graphene and also exhibited the simultaneous decrease of thermal 

conductivity while enhancing thermoelectric power.[20] However, they 

measured the thermal conductivities of graphene as suspended on SiNx 

membrane, obstructing the consistent comparison between the thermal 

properties reduction and electrical properties measured on SiO2 substrate. 
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Other groups successfully derive the ZT with the I(D)/I(G) Raman peak ratio 

variation in defected graphene under high power oxygen-plasma irradiation, 

and found the maximum 3 times enhancement compared to that of pristine 

graphene, ZT/ZT0 ~ 3.[26] However, absolute value of ZT in defected 

graphene do not represent the possibility of practical application of graphene 

as thermoelectric materials with too low ZT of 10-3 order.  

In terms of thermoelectric conversion efficiency enhancement, Si-doped 

graphene can be excellent candidate, attributing to its great suppression in 

lattice thermal conductivity as shown in chapter 4. In addition, previous 

experimental demonstration of bandgap opening by substitutional Si dopants 

indicate the possibility of thermoelectric power enhancement.[31] This can 

be attributable to the contribution of electrons and holes can be separated 

through finite bandgap in electronic structure.[89] The same number of 

valance electrons between host C atoms and Si dopants (group 14) possibly 

maintain the high electrical conductance with minimum electrons scattering. 

In chapter 5, we measure the electrical properties of Si-doped graphene and 

compare the electrical properties alteration with previous thermal 

conductivity reduction. This will shed the light on the possible application of 

doped graphene as an efficient thermoelectric materials. 
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5.2. Electrical properties in Si-doped graphene 

4-point probe measurement is adopted for the electrical properties 

measurement for both pristine and Si-doped graphene (Figure 5.1). Two 

probes (drain and source) generate the voltage difference and remaining two 

probes measure the voltage drop across the graphene (𝑉𝑔𝑟) without suffering 

from the possible contact resistance. Facilitation of standard resistor for the 

whole electrical system allows to derive the current flowing through graphene. 

By measuring the voltage drop across the standard resistance (𝑉𝑠𝑡), we can 

calculate the sheet resistance of graphene (𝑅𝑔𝑟) using below equation 

 

𝑅𝑔𝑟 = 𝑅𝑠𝑡

𝑉𝑔𝑟

𝑉𝑠𝑡
 

 

where 𝑅𝑠𝑡 indicates the resistance of standard resistor. With the geometric 

configuration of transferred graphene with length of L, thickness of 𝑡𝑔, and 

width of W, graphene conductivity (σ) can be deduced from below equation 

 

σ =
1

𝑅𝑔𝑟

𝐿

𝑊𝑡𝑔
 

Another electrical properties, electrical mobility (μ), is the measure of the 
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ability to move through the materials when the electric field is applied for 

charge carriers. Electrical mobility has relation with the electrical 

conductivity as 

 

σ = enμ 

 

where e is the elementary charge, n is the charge carrier concentration. To 

calculate the electrical mobility of graphene, we manipulate the carrier 

concentration by facilitating the dielectric materials, SiO2. Applied gate 

voltage across the dielectric SiO2 film enables to control the concentration of 

doped charge carrier in graphene films. Total induced charge (Q) of charge 

carriers induced by the applied gate voltage (𝑉𝑔 ) can be calculated Q =

𝐶𝑆𝑖𝑂2
𝑉𝑔, where the 𝐶𝑆𝑖𝑂2

= 1.15 × 10−4 F/𝑚2 is the capacitance of SiO2. 

Considering that Q can be corresponded to the e × n in the equation of σ, 

we can conclude the equation for the derivation of electrical mobility as below. 

 

μ =
1

𝐶𝑆𝑖𝑂2

Δσ

ΔV𝑔
 

 

By calculating the slope from the σ vs. V𝑔 correlation from the experiment, 
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we can derive the electrical mobility of graphene. For the more detailed 

description, we separate the equations for each electron and hole 

contributions as below. 

 

σ = {

𝜇𝑒𝐶𝑆𝑖𝑂2
ΔV𝑔 + 𝜎𝐷𝑖𝑟𝑎𝑐 = 𝜇𝑒𝐶𝑆𝑖𝑂2

(V𝑔 − V𝑔.𝐷𝑖𝑟𝑎𝑐) + 𝜎𝐷𝑖𝑟𝑎𝑐

−𝜇ℎ𝐶𝑆𝑖𝑂2
ΔV𝑔 + 𝜎𝐷𝑖𝑟𝑎𝑐 = −𝜇ℎ𝐶𝑆𝑖𝑂2

(V𝑔 − V𝑔.𝐷𝑖𝑟𝑎𝑐) + 𝜎𝐷𝑖𝑟𝑎𝑐

 

 

Here, V𝑔.𝐷𝑖𝑟𝑎𝑐 and 𝜎𝐷𝑖𝑟𝑎𝑐 are the gate voltage and electrical conductivity at 

the dirac point, the point with the lowest electrical conductivity. In addition, 

𝜇𝑒 and 𝜇ℎ indicate the electron and hole mobility, whose contributions are 

dominant in the range of V𝑔 > V𝑔.𝐷𝑖𝑟𝑎𝑐 and V𝑔 < V𝑔.𝐷𝑖𝑟𝑎𝑐, respectively. 

The field effect transistors (FET) based on graphene samples were 

fabricated using the conventional photolithography with the patterned Au/Cr 

electrodes on 300 nm SiO2/Si substrate (Figure 5.2). Before the measurement, 

fabricated samples were thermally-annealed at 500oC for 2 hours to remove 

the absorbed molecules and enhance graphene-substrate conformity in high 

vacuum of 10-7 Torr. This enables the consistent comparison between the 

thermal conductivity reduction and electrical properties reduction, attributing 

to the similar graphene-substrate conformity. The drain-source voltage is 

fixed as 0.1 V and we vary the gate voltage from −36 V to +36 V to control 
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the sign of dominant charge carriers. The resistance of standard resistor is set 

as 500 Ω. The length of graphene for measurement area is fixed as 20 μm 

while the width of graphene is ~1.5 mm measured by optical microscope. To 

measure the electrical properties with the Si dopants concentration variation, 

we use the three SiG samples with average I(D)/I(G) peak ratio of 0.38, 0.51, 

and 0.72, respectively. Each I(D)/I(G) values are corresponded to the Si 

dopants concentration of 1.43 %, 1.87 %, 2.59 %, respectively. 

Figure 5.3 represents the measured electrical conductivities of three SiG 

samples with the gate voltage variation at room temperature. We clearly 

confirm the conductivity variation when the majority charge carriers are 

imposed by the induced gate voltage through the dielectric SiO2 substrate. 

Note that lowered gate voltage compared to dirac voltage (V < Vg) indicates 

the hole as a dominant charge carrier, while higher gate voltage (V > Vg) 

indicates the electron. Our thermal annealing in high vacuum before electrical 

conductivities measurement removes other possible chemical residue which 

influences on the electrical characteristics. In this situation, dirac voltage shift 

indicates the alteration of intrinsic doping characteristics in graphene. We 

found that dirac voltage moves to +8 ~ +10 V while PG shows the dirac 

voltage near 0V, representing the charge carriers neutrality of PG and p-type 

doping in SiG, respectively.[93] The role of hole as majority charge carriers 
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in SiG (p-type doping) is consistent with the observed upshift of G peak and 

2D peak in Raman spectrum (see Figure 2.10). 

As mentioned in chapter 5.2.1, we can derive the electrical mobilities with 

the I(D)/I(G) peak ratio variation by facilitating the above equations and 

calculating the linear slope in Figure 5.3 (see Table 5.1). Sub-linear behavior 

near dirac voltage for higher I(D)/I(G) can be attributable to the increasing 

short-range scattering of charge carriers by substitutional Si dopants.[94] 

When compared to the electrical mobility of PG, all the SiG samples exhibit 

the progressively reduced electrical mobility with the increase of Si dopants 

concentration, which can be attributable to the enhanced charge carrier 

scattering near the substitutional Si dopants as described by the below 

equation[95] 

 

𝜏𝑆𝑖.𝑒 ≈
2𝑒2

𝜋ℎ
(

𝑛

𝑛𝑺𝒊
)𝑙𝑛2(𝑘𝐹𝑅) 

 

where the 𝜏𝑆𝑖.𝑒 is the scattering rate of electrons by silicon dopants, 𝑒 is the 

electronic charge, ℎ is the Planck’s constant, 𝑛 is the induced charge carrier 

concentration, 𝑛𝑺𝒊 is the Si defects density, 𝑘𝐹 is the Fermi wavevector, and 

R is the radius of scattering potential, respectively. Our measured 



 

 121 

conductivities are comparable with the previously reported electrical mobility 

of SiG, 660 cm2/Vs for 2.63 % Si concentration[28] (solid precursor) and 463 

cm2/Vs for 3.4 % Si concentration[31] (gas precursor). However, we believe 

that previous studies have some limitations of their inherent ambiguity in 

terms of samples configurations (see chapter 2.2.1) and weak graphene-

substrate conformity. The maximum mobility reduction ratio (μ/μ0, μ0 for 

PG) at the available Si doping concentration is derived as μh/μh0 = 0.47 and 

μe/μe0  = 0.26, respectively, which exhibit less reduction than thermal 

conductivities. 

On the other hand, thermoelectric conversion efficiency (ZT) contains the 

electrical conductivities of materials, not mobilities themselves in the 

equation of thermoelectric conversion efficiency. Electrical mobility 

measurement exhibits the maintenance of electrical properties in SiG, which 

can be attributable to the absence of lattice defects for substitutional dopants. 

We also analyze the electrical conductivities reduction with the gate voltage 

variation for more precise elaboration in ZT enhancement by Si dopants. 

Figure 5.4 shows the reduction ratio of electrical conductivities (σ/σ0) with 

the gate voltage variation from the dirac voltage. We found the distinct 

contrast in reduction ratio between the hole and electron conductivities in 

each SiG samples. Smaller reduction ratio of hole conductivity can be 
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attributable to the intrinsically higher hole concentration in p-type doped SiG, 

while PG represents the comparable electrical conductivity for both hole and 

electrons. In addition, increasing Si dopants concentration (~I(D)/I(G)) also 

progressively decreases the electrical conductivity reduction ratio, similar 

with the electrical mobility.  

This significantly high electrical properties in SiG can be comparable to 

the highest value of previously reported doped graphene with nitrogen or 

boron.[93,96,97] We believe that pure Si-C bond in our samples can be 

attributable to the minor reduction in electrical properties, in spite of large 

mass difference between host C atoms and Si dopants. This pure Si-C bond 

indicates that no other functional groups such as Si-O-C obstruct the 

propagation of electrons and also maintain the hexagonal lattice in graphene 

without substantial structural defects. The same number of valence electrons 

between the C and Si atoms can be possibly attributable to the maintained 

electrical properties of graphene. 

 

5.3. Possibility of ZT enhancement 

Previous chapter reports the electrical properties reduction when the Si 

dopants are incorporated into graphene lattices. By consistently comparing 

the reduction ratio between the electrical (σ/σ0) and thermal conductivity 
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(k/k0), possible ZT enhancement by Si dopants can be elaborated. Figure 5.5 

represents the k/k0  and σ/σ0  with the I(D)/I(G) ratio variation. We 

facilitates the thermal conductivities for vacuum-annealed SiG with 2D peak 

calibration for k/k0, which has the consistent graphene-substrate conformity 

with samples for σ measurement and the best measurement reliability.[35]  

In case of electrical conductivities, electrical conductivities reduction 

shows the dependence on the biased gate voltage regardless of the induced 

majority charge carriers. With the increase of gate voltage difference for both 

hole and electrons, the electrical conductivity reduction ratio will be 

converged to the ratio of electrical mobility (see the above equation). 

Therefore, we consider the converged electrical conductivity reduction ratio 

as that of electrical mobilities for each of SiG samples with different I(D)/I(G) 

peak ratio. We found that SiG exhibits the further reduction of thermal 

conductivities compared to that of electrical conductivities regardless of the 

contribution of charge carriers.  

Figure 5.6 finally represents the comparison between thermal conductivity 

reduction and electrical conductivity reduction in SiG by (σ/σ0)/(k/k0). We 

found the progressive increase of (σ/σ0)/(k/k0) for both hole and electrons 

contribution with the increase of Si dopants concentration. This shows the 

possibility that thermoelectric efficiency can be increased up to 8 times 



 

 124 

compared to that of PG by incorporating the maximum 2.59 % Si dopants into 

graphene lattices. This can be attributable to the substantial decrease in 

thermal conductivities without significant reduction in electrical properties by 

substitutional Si dopants. Note that our incorporated Si dopants represents the 

further ZT enhancement of graphene when compared to the recent study on 

the effects of plasma-induced defects on ZT enhancement (ZT/ZT0 ~ 2) for 

supported pristine graphene.[26] Destructive high energy irradiation by 

oxygen plasma can significantly break the lattice symmetry in graphene, 

which also shows the simultaneous reduction in electrical conductivities and 

thermal conductivities. In addition, oxygen plasma provides the unintentional 

oxygen functional groups in graphene lattices and is only applicable to the 

few layer graphene. On the other hand, although Si dopants severely obstructs 

the phonon transport by large mass difference with C atoms, substitutionally 

doped Si atoms do not severely induce the structure defects by pure Si-C 

bonding, allowing to maintain the significantly high electrical properties of 

graphene. Therefore, it can be concluded that substitutional Si doping can be 

one of the best strategy for the thermoelectric efficiency enhancement for 

graphene. 

Note that our elaboration neglect the alteration of Seebeck coefficient by 

Si dopants. Increase of graphene thermopower has been achieved by breaking 
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the symmetry in graphene and opening the bandgap enough to have the 

sufficient majority charge carrier.[89] This is because bandgap opening 

enables to separate the contribution of majority charge carrier, thus 

minimizing the counteracting of opposite charge carriers and increasing the 

induced electric field under temperature gradient. Quantitative estimation on 

the relation between the bandgap and thermoelectric properties (Seebeck 

coefficient) is provided by the Goldsmid-Sharp as[98] 

 

𝐸𝑔 = 2𝑒|𝑆|𝑚𝑎𝑥𝑇𝑚𝑎𝑥 

 

where the 𝐸𝑔  is the bandgap, 𝑒  is the electronic charge, |𝑆|𝑚𝑎𝑥  is the 

maximum absolute value of Seebeck coefficient, and 𝑇𝑚𝑎𝑥  is the 

corresponding temperature, respectively. This equation also indicates the 

enhancement of thermopower under the opening of bandgap. For the 

graphene, one study reported that thermopower can be greatly enhanced up 

to ~700 V/K by inducing the defects in few layer graphene with oxygen 

plasma treatment (Note that typical Seebeck coefficient of pristine CVD 

graphene is 20 ~ 50 V/K).[99] Their modeling also proposed the factor of 

two increasing Seebeck coefficient with the bandgap opening of 0.2 eV near 

room temperature. Considering the experimental demonstration of bandgap 
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opening (0.28 eV) in SiG with 3.1% doping concentration by first-principle 

study,[31] we believe that Seebeck coefficient could be increased by 

incorporation of Si dopants. Only minor decrease of electrical conductivity in 

SiG further supports the possibility of maintenance in powerfactor (𝑆2𝜎). 

Therefore, Seebeck coefficient is not the main concern for our elaboration 

regarding ZT enhancement. 

 

5.4. Summary 

In chapter 5, we experimentally measure the electrical properties of SiG 

with Si dopants concentration variation, and study the possibility of 

thermoelectric conversion efficiency of graphene using Si dopants. Our 

electrical measurement indicates that Si doping induces the p-type doping in 

graphene, justifying the consideration of hole as a majority charge carrier. 

Both electrical mobility and conductivity reduction ratio exhibits minor 

decrease compared to thermal conductivity reduction ratio. For instance, the 

majority charge carrier (hole) shows the electrical reduction ratio of 0.47 with 

2.6% Si doping concentration. We consistently compare the reduction ratio 

by facilitating the same thermal annealing conditions for similar degree of 

graphene-substrate conformity, which allows to derive the (σ/σ0)/(k/k0) 

enhancement under Si incorporation. Our calculation indicates the possible 
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maximum 8 times increase of thermoelectric conversion efficiency in SiG 

with 2.6% Si doping concentration, which shows further enhancement than 

previous oxygen-plasma treatment. We believe that pure Si-C bonds 

characteristics, the same number of valence electrons between Si and C atoms, 

and minimum breakdown of graphene lattices by substitutional dopants can 

be attributable to the observed maintenance of electrical properties compared 

to thermal properties. Negligible effects of Seebeck coefficient for the ZT 

enhancement can be justified by the inherent bandgap opening in SiG. 
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Figure 5.1. Schematic description on the 4-point measurement method for 

electrical conductivity. Gate voltage variation allows to derive the electrical 

mobility under the manipulation of majority charge carrier. 
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Figure 5.2. Design of the FET graphene/electrodes for the measurement of 

electrical properties using 4-point probe method.  
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Figure 5.3. Electrical conductivity of both PG and SiG samples with (a) the 

gate voltage variation (from -36 V to +36 V), and (b) the gate voltage 

difference variation (∆𝑉𝑔) (from -28 V to +28 V). 
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Figure 5.4. The reduction ratio (σ/𝜎𝑜 ) of SiG electrical conductivity (σ) 

compared to that of PG (𝜎𝑜 ) with the gate voltage difference variation. 

Lowered reduction for hole conductivity can be attributable to the increased 

hole concentration in SiG, and noticeable progressive decrease in reduction 

ratio with the increase of I(D)/I(G) can be observed. 
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Figure 5.5. The average reduction ratio (σ/𝜎𝑜) of hole and electron electrical 

conductivity (σ), and thermal conductivity reduction ratio (k/ko) compared 

to those of PG (ko  and 𝜎𝑜) with the I(D)/I(G) variation. Observed lower 

k/ko compared to σ/𝜎𝑜 indicates the possibility of ZT enhancement in SiG. 
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Figure 5.6. Reduction ratio comparison ((σ/σ0)/(k/k0)) which shows the 

possibility of ZT enhancement in SiG with different I(D)/I(G) peak ratio (Si 

dopants concentration). Maximum more than 8 times enhancement can be 

achieved by substituting about 2.6% Si dopants into graphene lattices. 
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Samples 
Hole mobility 

(cm2/Vㆍs) 

Electron 

(cm2/Vㆍs) 

PG 

( I(D)/I(G) = 0 ) 
965.22 1304.35 

SiG 

( I(D)/I(G) = 0.39 ) 
747.8261 782.6087 

SiG 

( I(D)/(G) = 0.51 ) 
539.1304 330.4348 

SiG 

( I(D)/I(G) = 0.69 ) 
452.1739 319.1304 

 

Table 5.1. Electrical mobilities of PG and SiG samples with I(D)/I(G) 

variation. We found the minor decrease in electrical mobilities of SiG 

compared to thermal conductivity reduction, indicating the relative 

independent decrease in thermal conductivity under Si incorporation. 
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Chapter 6  

Summary and Conclusion 

In this study, the effect of substitutiona Si dopants on thermal properties of 

graphene was experimentally investigated, which provides the largest mass 

perturbation and thus severe phonon scattering in graphene. In chapter 2, we 

report the synthesis of Si-doped graphene under LPCVD using liquid 

precursors. Our choice of liquid precursors is based on the fact that solid and 

gas precursors have their own disadvantages in terms of sample qualities and 

doping concentration control. We optimized the synthesis recipes and succeed 

to synthesize the high-quality Si-doped graphene, showing lowered I(D)/I(G) 

peak ratio with comparable Si doping concentration. Systematic synthesis 

experiments also demonstrate that controlled synthesis temperature and 

pressure enables to manipulate the doping concentration and homogeneity, 

supported by the Raman mapping data. Those achievement enables the 

investigation on the effects of Si doping concentration as well as the exclusive 

understanding on the role of Si dopants. 

In chapter 3, we summarize the detailed experiment procedure for the 

measurement of thermal conductivities as supported on SiO2. In spite of 
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inherent difficulty to probe the in-plane thermal conductivity of supported 

graphene, our use of extremely thin SiO2 TEM grid minimizes the portion of 

out-of-plane heat dissipation, thus enhancing the measurement reliability. In 

addition, the use of solid substrate justifies more practical necessity than 

suspended graphene because graphene virtually cannot be self-standing 

without supporting substrate. We prepare the supported graphene samples 

with different graphene-substrate conformity by thermal annealing, which 

provides the precise reflection of the substrate scattering effect. 

In chapter 4, thermal conductivities of Si-doped graphene are probed with 

Si doping concentration variation, which shows the order-of-magnitude 

reduction with 2% Si doping concentration compared to supported pristine 

graphene on SiO2 TEM grid. This value shows further two order-of-

magnitude reduction compared to suspended pristine graphene with no 

phonon-substrate scattering. Grain size visualization and the same thermal 

annealing recipe between the pristine graphene and Si-doped graphene 

demonstrates that grain boundary scattering in polycrystalline graphene and 

graphene-substrate scattering are not main concern in the observed thermal 

conductivity reduction in Si-doped graphene. Instead, significantly large mass 

difference between substitutional Si dopants and C atoms can be majorly 

attributed to the drastic reduction in thermal conductivities. To our knowledge, 
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our measured thermal conductivities showed the lowest values compared to 

other theoretical or experimental studies with substitutional dopants of small 

mass difference. We also investigate the suppressed temperature dependence 

of thermal conductivities in Si-doped graphene, which is attributable to the 

reduced contribution of long wavelength phonons both by the Si dopants and 

underlying substrate. These effects also decrease the non-equilibrium effects 

between the heat carriers in Si-doped graphene, thus diminishing the possible 

underestimation on the thermal conductivities when facilitating the 

optothermal Raman thermometry.  

In chapter 5, we further measure the electrical properties of Si-doped 

graphene with Si dopants concentration variation to probe the possibility of 

the thermoelectric conversion efficiency enhancement in Si-doped graphene. 

Our 4-point probe measurement shows that majorly charge carrier in Si-doped 

graphene exhibits the only half of electrical properties reduction when about 

Si atoms with 2.6% doping concentration are incorporated into graphene 

lattices. We found that thermal conductivities show the maximum 8 times 

further reduction compared to the electrical conductivity reduction, 

demonstrating the possibility of ZT enhancement in Si-doped graphene. We 

believe that our research has the novelty in terms of (1) the synthesis of high-

quality Si-doped graphene using LPCVD, (2) the first measurement on 
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thermal properties of Si-doped graphene as supported and achievement of the 

highest thermal conductivity reduction in graphene proven by the 

experimental research, and (3) the first demonstration on the possibility of ZT 

enhancement in Si-doped graphene. Our study will provide not only the 

fundamental understanding on the thermoelectric properties of 

substitutionally doped graphene but the possibility of the graphene 

application as a thermoelectric devices. 
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실리콘 치환 도핑이 

그래핀의 열물성에 미치는 영향 

 

서울대학교 대학원 

기계항공공학부  

기계공학전공 

이 우 림 

 

초  록 

 

원자 한층 두께의 그래핀은 열전도도가 k = 2000 ~ 5000 W/mK으로 

매우 높지만 격자 내의 결함으로 인해 상당히 감소되는 것으로 

알려져 있다. 여러 종류의 결함 중에서, 치환 도핑되는 결합은 

평면 방향으로의 열전도도를 효과적으로 낮추지만, 그래핀의 

특별한 육각형 구조를 잘 유지할 수 있어 광학적 투명성과 같은 

그래핀의 다른 우수한 성질들을 유지할 수 있는 가능성이 있다. 

이차 섭동 이론(second-order perturbation theory)에 따르면, 치환 

도핑되는 원소로 인한 포논 산란율은 일반적으로 치환 도핑되는 
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원소와 그래핀의 탄소 (M = 12) 원자 사이의 원자량 차이의 제곱에 

비례하는 것으로 알려져 있다. 하지만 기존의 치환 도핑 그래핀 

관련 연구들은 탄소와의 원자량 차이가 작은 질소 (N), 보론 (B), 

또는 탄소 동위원소 (13C) 등으로 인한 열전도도 감소를 

이론적으로만 연구하였다. 치환 도핑되는 원소가 탄소와의 원자량 

차이가 매우 크다면, 그래핀의 열물성을 보다 효과적으로 조절할 

수 있으며, 10배 이상의 열전도도 감소를 나타낼 가능성도 있다.  

이러한 내용에 근거하여, 본 연구에서는 실리콘 치환 도핑으로 

인한 그래핀의 열물성 변화에 초점을 맞추고 있으며, 이는 기존의 

연구에 비해 탄소와의 원자량 차이가 가장 큰 치환 도핑 원소이다. 

본 연구에서는 MTMS와 Hexane의 액체 전구체를 바탕으로 저압 

화학 증기 증착법을 이용하여 실리콘 치환 도핑 그래핀을 

합성하였다. 저압 증기 증착법은 탄소 내부의 격자 결함을 

최소화하여 실리콘 원자의 효과를 보다 정확히 관측할 수 있도록 

한다. 또한 합성 온도와 압력을 조절하여 실리콘 치환 도핑 농도 

(~I(D)/I(G))를 조절하였으며, 이를 바탕으로 치환 도핑 농도에 따른 

열물성 변화를 계측하였다. 

열물성 계측을 위해 합성된 실리콘 치환 도핑 그래핀을 8 
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나노미터 두께의 이산화규소 기판 위에 전사하였으며, 광열 라만 

기법을 통해 열전도도를 계측하였다. 실리콘 치환 도핑 농도가 

1.41 % 에서 3.13 %로 변하는 범위에서, 순수 그래핀의 열전도도 

k = 645.6 ~ 900.2 W/m·K에 비해 자리수가 하나 감소된 𝑘𝑆𝑖𝐺  = 46.7 ~ 

79.5 W/m·K 의 값을 나타내었다. 이 값은 매달린 상태의 순수 

그래핀의 열전도도 k = 2662.5 W/m·K 에 비해 자리수가 2개 

감소되는 결과이다. 관측된 열전도도 감소는 치환 도핑된 실리콘 

원자와 탄소 원자 사이의 큰 원자량 차이로 인해 매우 높은 포논 

산란율 때문인 것으로 이해할 수 있다. 또한 진공상태에서의 

열처리는 그래핀과 기판 사이의 거리를 보다 짧게 하고, 기판으로 

인한 포논 산란율을 증가시키기 때문에 열전도도 값을 더 

감소시킨다는 사실을 실험적으로 확인하였다. 또 다른 열적 

특성인 열전도도의 온도 의존성과 포논간의 열적 비평형 상태가 

실리콘 치환 도핑으로 인한 포논 산란율 증가와 기판의 효과로 

인해 감소될 수 있음을 실험적으로 확인하였다. 

마지막으로 측정된 열전도도 감소에 비해 실리콘 치환 도핑 

농도로 인한 전기전도도 감소는 미비함을 확인하였다. 측정 결과, 

2.6% 실리콘 치환 도핑의 경우 열전도도가 전기전도도에 비해 



 

 157 

최대 8배 가량 더 감소하는 것을 확인하였다. 이는 실리콘 원자와 

탄소 원자가 서로 최외각 전자 수가 같은 14족 원소에 속하기 

때문인 것으로 추측된다. 따라서 무거운 실리콘 원자를 그래핀에 

치환도핑하는 방법은 그래핀의 열전도도를 효과적으로 저감시키고, 

열전 효율을 향상시킬 수 있는 가능성이 있다. 

 

주요어 : 그래핀, 지지된 그래핀, 도핑된 그래핀, 실리콘 치환 도핑 

그래핀, 열전도도, 광열라만기법, 전기전도도, 전자이동성, 열전 효율 
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