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In the first part of this thesis, I present the results of my investigation of thermal 

characteristics of the silicone-oil based thermal interface materials (TIMs) with randomly 

oriented graphene and few-layer graphene fillers. The graphene TIMs were applied 

between surfaces with different degrees of roughness. It was found that the thermal contact 

resistance depends on the graphene loading, ξ, non-monotonically, achieving its minimum 

at the loading fraction of ξ~ 15 wt.%. Decreasing the surface roughness by ~1 μm results 

in approximately the factor of ×2 decrease in the thermal contact resistance for this 

graphene loading. The obtained dependences of the thermal conductivity, thermal contact 

resistance, and the total thermal resistance of the thermal interface material layer on the 

loading fraction and roughness can be utilized for optimization of graphene TIMs for 

specific materials and roughness of the connecting surfaces. In the second part of the thesis, 

I evaluate the performance of graphene TIMs with different filler sizes. It was established 

that with increase in the size of the fillers, the thermal conductivity of silicone-oil based 

TIMs increases. The experimentally obtained values of the thermal conductivity were fitted 
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with the theoretical model. It was also found that the thermal contact resistance (TCR) of 

the TIMs decreases with increasing filler size. The obtained results are important for 

development of non-cured TIMs for applications in thermal management of high-power 

density electronics.  
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Chapter 1 

 

1.1 Motivations 

The miniaturization of devices has an impact on the electronics industry since mid-20th 

century while following the path paved out by Moore’s law [1]. Expectations of earlier 

mobile devices were simple and limited to making a phone call for communication 

purposes but that is not the same in the modern advancements of smart phones and tablets 

alike available in the market where a device is required to perform multiple tasks including 

video calling, listening to music, taking pictures and gaming to name a few and also 

sometimes it is required to multitask. To meet such requirements, the devices make use of 

processors which have to be faster, cheaper, reliable and long lasting. The speed of a 

processor had increased 18,500 times after three decades since its introduction in the 

1970’s [2]. In previous iterations of microprocessors, the driving force were processor and 

memory for energy efficiency [3,4]. Based on the trend from the past few decades, the 

performance of a microprocessor was expected to increase by 30x in the year 2020 and is 

also projected to increase by 1000x by the year 2030 according to industry expectations 

[5]. So, it is evident that the microprocessor market will acquire a major portion of GDP 

for countries in the business for the years to come. This makes the market growth 

exponential. 

One should realize that the size of devices has rapidly decreased and continues to 

do so over the years from microscale to nanoscale [6]. Modern approaches like three-
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dimensional chip stacking and multi-core architectures are expected to improve the 

processing speed of a device without relying on the device size [7,8]. This gives the ability 

to make previously thought unrealistic modern devices a reality in the foreseeable future. 

Available reports show that the shrinking size of the overwhelming number of transistors 

have the capability to encounter modern computing challenges at the expense of power 

dissipation in a device [9–11] where the consumption can be more than expected. These 

modern devices generate hot spots as they operate at ultra-high frequencies where the 

working power is ten times higher than the advised average [12], which may result in the 

device not reaching its expected potential. The applications for such devices can be vast 

with importance in medicine, automobiles, cosmetics, textiles and personal electronics to 

name a few. An important factor to achieve this required goal is heat dissipation, which 

ensures robust performance and long life of the device. The reliability of a device or 

component is dependent on its operating conditions at high temperature [13]. Increasing 

device temperature results in an exponential increase in the rate of device failure [14]. The 

use of reliable thermal interface materials (TIMs) can be utilized in the electronics industry 

by helping the devices reach its manufactured, marketed and expected potential if not more. 

The commercially available and commonly used electronic devices although do last 

for a very long time do not have the same response for the DoD systems as they operate at 

parameters exceeding that of the specified thus resulting in its early failure [15]. Using a 

suitable TIM becomes a top most priority in this aspect of the longevity of these systems 

thus also being reliable. Although DARPA’s 2008 launched thermal ground plane (TGP) 

[16] and 2009 launched nanothermal interfaces trust (NTI) [15] which are a part of their 
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thermal management technologies (TMT) program have achieved commendable progress 

and results, the study of epoxy based 2D material TIMs with respect to its mating surface 

properties will help them in adapting the related finding to their present and future 

applications thus improving the quality of them. 

 

1.2 Effect of Roughness on Heat Transfer 

Thermal management of microprocessors in modern electronic devices like tablets and 

laptops alike rely on heat sinks attached on chip which is cooled by systems located 

remotely [17]. Hence, decreasing the temperature of the device when necessary across a 

junction is a priority. Heat transfer is a culmination of various concepts including, bulk 

thermal resistance due to the thermal conductivity of the materials in the path of heat flow 

and thermal contact resistance (TCR) between the actual points of contact across the two 

surfaces. 

 As well know, less than 2% of the overall area interact with each other when two 

surfaces are placed in contact [17,18] and the remaining is occupied by air with a thermal 

conductivity of 0.026 Wm-1K-1 at room temperature [19] which is not a good conductor of 

heat. Thus, the removal of air between the two surface becomes evident for the optimal 

functionality of the device and can be achieved only by utilizing a material with a higher 

thermal conductivity than that of air. The introduction of a reliable TIM becomes crucial 

in such a scenario. Also, as pointed out earlier, a good understanding of TCR will help one 

to tackle the problem of heat flow between two rough surfaces. 
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Figure 1.1: Schematic representation of TIM. Adapted from Ref. [20]: Sudhindra, S.; 

Kargar, F.; Balandin, A.A. Noncured Graphene Thermal Interface Materials for High-

Power Electronics: Minimizing the Thermal Contact Resistance. Nanomaterials 2021, 11, 

1699. 

 

Roughness can be described as the measurement of the microscale variations in the 

height profile of a physical surface. This is not similar to the large-scale variations which 

can be a part of the surface morphology [21]. From Figure 1.1, the total thermal resistance 

of TIM (RTIM) can be obtained [22–25]: 

𝑅𝑇𝐼𝑀 =
𝐵𝐿𝑇

𝑘𝑇𝐼𝑀
+ 𝑅𝐶1 + 𝑅𝐶2                                                                                                         (1.1) 

Here, BLT is the bond line thickness which is nothing but the thickness of the TIM, 

kTIM is the thermal conductivity of the TIM and RC1 and RC2 are the thermal resistances of 

the two contact surfaces sandwiching the TIM. The values for the thermal resistance of the 

two surfaces can be obtained with the use of thickness and thermal conductivity of the two 

surfaces individually. 

Hence, the total TCR of the structure can be obtained by using the following 

expression, 

Rtotal = RC1 + RTIM + RC2                                                                                                          (1.2) 
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TCR is known to be a factor of surface roughness, interface pressure, applied 

temperature and viscosity [24]. TCR at the interface of two surfaces play a major role in 

heat transfer in multiple engineering applications [20,26–29]. Thermal contact 

conductance (TCC) can also be determined as it is the reciprocal of TCR. Many simulations 

and models have been presented in earlier studies along with multiple experimental studies 

as well [30–33] and they present their results by telling that heat loss increases with 

increase in surface roughness between the two surfaces. An increase in the surface 

roughness increases TCR [34] and decrease in TCC [35,36] A study was conducted by 

another group which included both experimental and theoretical analysis to understand the 

concept of total thermal resistance and it was concluded that the results were reasonably 

similar with an error of less than 6.5% [37]. 

Researchers have used metal meshes for improving the roughness of a surface to 

deal with the problem of heat transfer [38] but this technique cannot be used in all 

applications and hence understanding the influence of surface roughness on heat transfer 

is crucial.  The process of temperature drop across an interface in bulk materials is 

dependent surface roughness as well as an atomically smooth surface is not inherent for 

the interface thus the impact of a temperature variation may play a major role in 

understanding the basic concepts of heat transfer. 

The use of a TIM is ideal for such rough surface as improving the quality of the 

surface roughness can turn out to be cost effective. A previous work has shown that the 

roughness of the TIM along with the roughness of the surface also affect the TCR [39]. A 

method to reduce the interfacial thermal resistance between graphene and copper substrate 
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by 17% with the help of engraving the copper surface with nano-pillared patters has also 

been show which is contrary to the conventional method of understanding the surface 

roughness [40] When a suitable TIM is not used, the interface consists of air and this is the 

interface material and the temperature difference across the interface increases but this is 

not the case a TIM is used where the temperature difference is reduced by 52-55 times than 

that of air between the two rough surfaces [41]. 

Computational fluid dynamics (CFD) is a commonly used analysis software to 

study the thermal design in electronics where the electrical resistance can be determined 

faster than the TCR and the electrical resistance can be used to determine the TCR is a 

shorter period of time [42]. For surfaces with higher roughness, the electrical resistance 

was found to be constant [42]. Researchers have also used the Wiedemann-Franz law to 

study and relation between electrical resistance and thermal resistance and it was found 

that the two resistances decrease with increase in pressure where the electrical resistance 

was dependent on the methods of surface processing and the thermal resistance is 

dependent on the air gap between the two surfaces [43]. 

 

1.3 Effect of Filler Size on Heat Transfer 

Understanding the performance of heat transfer as a function of the filler size in composites 

is an important aspect of study but to the contrary, there are limited previously reported 

studies addressing this subject [44–46]. It was also established in other studies that the size 

of the fillers plays an important role in the percolation threshold of composites [47–49]. 

An important practical aspect that has to be remembered is the maximum lateral dimension 
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of fillers in a composite where a large size would affect the thermal performance due to 

bending of the fillers and thus leading to an increase in BLT. There have also been studies 

which deal with other factors of the size of fillers which affect the performance which 

include defect density [50–53], specific surface area and interface area between the 

polymer matrix and the filler [54–58], and the kapitza resistance [59]. Thus, it becomes 

important to utilize extremely well-prepared fillers in composites to experimentally 

understand the effect of filler size on the heat transfer performance of composites. 

 

1.4 Thermal Interface Materials 

A common technique to decrease the value of the overall TCR is by using a TIM layer with 

high thermal conductivity [29,60–62]. Although the thermal conductivity of the material is 

an important factor for determining its performance, it should be evaluated being 

sandwiched between desired surfaces to understand its true performance [63–66]. 

Commercially available TIMs do not meet the growing industry requirements [67] and 

have to updated to suit the same. A common technique in order to achieve this is polymer 

filler based TIMs in which the loading faction of the material along with the overall 

thickness of the TIM can be controlled to meet the necessary goal. The thermal resistance 

of the TIM also increases with its thickness regardless of other parameters mentioned in 

the previous sections [68]. The polymer filler based TIMs can be prepared in the cured or 

the non-cured based on required application where the thermal percolation of the two differ 

from each other [69]. An emerging application for the non-curing TIMs is in the field of 
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solar cells [70–72]. A few other types of TIMs available are solder, grease, thermal pads, 

phase change materials and carbon based. 

 

1.5 Graphene as Fillers for TIMs 

First mechanically exfoliated from graphite in 2004 [73], graphene is a one atom thick 

allotrope of carbon with extraordinary properties in electrical and mechanical applications 

[73–77] along with thermal properties exhibiting high intrinsic thermal conductivity of 

2000 ~ 5300 W/mK near RT based on flake quality and dimensions [50,78–84].  It has 

been both theoretically and experimentally shown that graphene has a high electron 

mobility [85,86]. The thermal conductivity of graphene is based on phonons and varies 

with temperature where the majority of the contribution for the overall thermal 

conductivity is from longitudinal acoustic phonons [87]. There is an overgrowing demand 

for better heat dissipation for the modern advancements in the electronics industry 

[29,61,62,88–91]. This demand can be met by updating the quality of a TIM. One of the 

upcoming methods for achieving the needful task is a polymer-graphene filler-based TIM. 

Although polymers have a low thermal conductivity of 0.2 – 0.5 W/mK [92], incorporating 

them with graphene would enhance its overall thermal conductivity as they are compatible 

with each other’s matrix allowing the value to exceed 12.5 W/mK which is higher than that 

of commercially available TIMs [67,93] where an interesting aspect of a graphene filler-

based TIM is the improvement of thermal conductivity of the matrix over the period of 

thermal cycling [89]. It has also experimentally been shown that graphene can be used for 

hybrid composites with boron nitride [94] and with copper nanoparticles [95] which results 
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in obtaining a thermal conductivity value higher than that of commercially available TIMs. 

The use of graphene-FLG fillers have an advantage over graphite fillers as they conform 

well with the matrix and also have an interesting feature of flexibility over the thick 

graphite-based fillers [61]. Graphene is preferred as fillers over CNTs as well in thermal 

composites for its extremely wonderful coupling with matrix materials and affordable cost 

[90]. This has led to the use of such composites in various applications over the past few 

years [23,24,29,63,67,69,71,72,83,89,91,93–102]. 
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Chapter 2 

 

2.1 Experimental Setup  

This chapter describes the instruments used along with recipe used to prepare silicone-oil 

based graphene and few-layer graphene filler non-cured TIMs. Sections of this chapter 

have been separated accordingly to explain both projects explained in this thesis. For the 

first research on the influence of surface, Filmetrics ProFilm 3D Optical Profilometer was 

used to study the copper plate surface roughness while a Allied High-Tech Products 

polisher was used to induce roughness to these plates. In order to study the thermal 

properties of the prepared composites, LongWin LW-9389 TIM Tester was utilized.  

For the second research explaining the influence of filler size on the thermal 

performance of the composites, liquid phase exfoliation was performed to acquire fillers 

of different sizes. Theses characteristic properties of the acquired fillers were extracted 

from an atomic force microscope and verified by Raman spectroscopy. The prepared 

composites with these fillers were also tested using the LongWin LW-9389 TIM Tester. A 

detailed description of each equipment item and its working principles are given below. 

 

2.1.1 Optical Profilometer  

The Filmetrics ProFilm 3D Optical Profilometer can be used to obtain topographical 

information of a specimen within seconds. It makes use of both white light interferometry 

(WLI) and phase-shifting interferometry (PSI) techniques with an objective lens to study 
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the specimen and provides two-dimensional, three-dimensional and quantitative 

information without contacting the surface. As the equipment makes use of a non-contact 

technique, it can measure even curved samples which is difficult of stylus-based 

techniques. The quantitative data acquired can be reliable with the step height 

measurements can be measured in the range of 0.1 nm to 10 mm and a blue LED to scan 

the surface. The equipment makes use of interference fringes to determine the geometry of 

the surface. For this study, a 50× Nikon lens was utilized. The commonly used surface 

roughness parameter in this equipment is the root mean square roughness (Sq) and the 

numerical value is determined using the formula [103]: 

𝑆𝑞 = √1

𝐴
∬ 𝑍2(𝑥, 𝑦) 𝑑𝑥 𝑑𝑦

𝐴

                                                                                                     (2.1) 

Where, A is the area and Z(x,y) is the surface profile amplitude. 

 

2.1.2 Thermal Characterization 

LongWin LW-9389 TIM tester (LongWin Science and Technology Corp, Taiwan) is based 

on ASTM D 5470-06 standard which is capable of measuring thermal resistance, thermal 

impedance and apparent thermal conductivity of both homogeneous and heterogeneous 

samples using the Fourier’s law with a very less error margin. The sample is placed 

between two temperature differential plates which enables the procedure of heat transfer. 

The thermal properties of the base polymers can be determined with varying thickness as 

well. The instrument can be used to determine the thermal properties for varying pressure 

and temperature making it a reliable instrument to study the long-term durability of a TIM.  



12 

 

The ASTM D 5470-06 can be used to classify the pressure while utilizing the 

hardness of the material used. It is noted that the pressure difference between soft and hard 

[104]. One should also note that the ASTM D 5470 standard in general can be used to 

measure thermal conductivity of the specimen in the range of 0.1-10 W/mK [105] while 

having the capability of measuring its thermal contact resistance as well. 

 

2.2 Investigated Material Systems 

2.2.1 Copper Plates 

A commonly used copper substrate has proved to have broad applications in the electronics 

industry [97,106,107]. For the experiments, 1-inch X 1-inch copper plates were used with 

a uniform thickness of 1.09 mm (Midwest Steel Supply, USA). To induce roughness to 

these copper plates, a Metprep 3 polisher (Allied High-Tech Products, Inc, USA) were used 

with an 8-inch, 180 grit silicon carbide paper discs. 

 

2.2.2 Graphene Fillers  

The xGnP® Graphene (H25) fillers used for the measurements were acquired from XG-

Sciences Inc (Lansing, MI, USA) which have an average thickness of up to 15 nm with 

lateral dimension of 25 μm. The graphene powder is 99% pure, with density of 2.2 g/cm3 

and a typical surface area of 50 m2/g to 80 m2/g [108]. 
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2.2.3 Graphene Fillers  

For this project, the graphene fillers were prepared by the technique of probe sonication of 

the commercially acquired graphite powder (Sigma Aldrich 496596) with an initial 

concentration 40 gL-1 in an aqueous sodium cholate (SC) solution. The graphite powder 

was introduced to a 80 mL aqueous surfactant solution (Csurf= 6 gL-1) in a stainless-steel 

beaker. The prepared mixture was subjected to sonication in a two-step procedure which 

serves the purpose of removing impurities which might be present in the powder. The first 

step included the prepared mixture being sonicated for 1 hour at a 60 % Amplitude with a 

8s on and a 2s off pulse sequence with a Sonics Vibracell VCX 500 (500 W) and a threaded 

probe and a replaceable tip. The graphene dispersions were kept in a 5 °C cryostat cooled 

water bath to avoid heating of the sample during the process of sonication. After the 

procedure, the graphene dispersion was centrifuged with 3800 g for 1.5 h in a Hettich 

Mikro 220R centrifuge which is equipped with a 1016 fixed-angle rotor at a temperature 

of 15 °C. The supernatant containing the water-soluble impurities were discarded and the 

sediment was redispersed in a 80 ml of 2 gL-1 aqueous surfactant solution. In the second 

step, the graphene dispersion again sonicated for a duration of 5 h at 60 % Amplitude with 

a 6s on and 2s off pulse sequence.  

For the selection of the filler size, the technique of liquid cascade centrifugation 

with sequentially increasing rotation speeds of 2 hrs each step at a temperature of 15°C 

was used. After each centrifugation step, the supernatant and the sediment were separated 

and the sediment was collected in a reduced volume (~10 mL) and surfactant concentration 

(0.1 gL-1) and the supernatant was subjected to a centrifugation at higher speeds. The 
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centrifugation conditions are expressed as relative centrifugal field (RCF) in units of the 

earth’s gravitational force, g. The process of centrifugation was performed with the help of 

a JA25.50 fixed angle rotor with a Beckman Coulter Avanti centrifuge at 15°C for 2 hrs 

with 50 mL centrifuge tubes (VWR, order number 525-0402) filled with 20 mL of graphene 

dispersion each. The RCF used were 30, 200 and 2500 g and the supernatant after 2500 g 

was discarded. The sediments after the centrifugation step at 30 g contained the largest 

sheets but also unexfoliated bulk material. In order to separate the two, the dispersions were 

allowed to settle for 16 hrs and the top 80% of the volume were decanted and collected. 

This sample was denoted as “large” graphene fillers. “Medium” fillers refer to the sample 

being trapped between 30 and 200 g centrifugation, while the “small” fillers denotes the 

sample that were obtained from centrifugation process between 200 and 2500 g. The 

exfoliation and size selection procedures were repeated 4 times over in order to produce a 

sufficiently large mass of fillers. The same fractions of all the batches were combined.  

In the final step, the filler was transferred to t-Butoxymethyl-oxiran as a solvent for 

better compatibility with the process of composite preparation. The combined fractions of 

fillers were centrifuged at 3000 g for 2 hrs and the clear supernatant was removed and the 

sediment was redispersed in the solvent. 

 

2.2.4 Polymer Matrix 

For both the research projects, silicone oil (Fisher Scientific, USA) was chosen as base 

polymer, also commonly regarded as PDMS – Poly(dimethylsiloxane).  



15 

 

 

2.3 Experimental Procedures 

2.3.1 Preparation of TIMs  

The non-cured TIMs with graphene fillers studied for this research project were prepared 

from commercially available FLG flakes with specifications mentioned in section 2.2.2 

and with the base polymer of silicone oil mentioned in section 2.2.4. The mixture of 

graphene and FLG and silicone oil were weighed in a small cylindrical container to obtain 

the desired filler concentration in each TIM sample intended in this study. In order to 

maintain the quality and size of the fillers, acetone was added. This ensures that the fillers 

would not agglomerate during the process of mixing [109]. The solution was mixed at a 

speed of 300 rpm for 20 min using a high-speed shear mixer to obtain a homogenous 

distribution of the fillers in the polymer matrix. In order to evaporate the added acetone, 

the prepared compound was introduced to an oven at a temperature of ~70 ºC for a duration 

of 2 hrs. It is important to note here that the role of acetone is only to assist in the 

homogenous dispersion of fillers in the prepared compound and thus should no be used in 

testing of each TIM [20,69]. 

 

2.3.2 Preparation of TIMs  

The exfoliated graphene fillers as explained in section 2.2.3 were centrifuged in its solvent 

with a speed of 7000 rpm for a duration of 2 minutes. This ensured that the fillers were 

allowed to be separated from its solvent and this was confirmed by visual inspection. The 
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solvent was removed from the vial into a petri dish with the help of a dropper to the best 

of my ability. The remaining solution was transferred under a fume hood into another petri 

dish and was allowed to evaporate for 24 hours at room temperature. This process ensured 

the removal of the solvent thus leaving us with only the graphene fillers. These obtained 

fillers were measured and mixed with the base polymer of silicone oil to prepare the studied 

non-cured TIMs with a high-shear speed mixer at a speed of 2000 rpm for 10 minutes and 

then with a speed of 3000 rpm for a duration of 15 minutes. This ensured a homogenous 

distribution of the fillers in the base polymer. This process was repeated for all the studied 

TIMs in this research project.  

 

2.3.3 Testing of the Synthesized TIMs 

The prepared TIMs in both the projects were tested using the mentioned TIM tester in 

section 2.1.2. The non-cured TIMs were tested under a pressure of 80 psi and a temperature 

of 80 ºC for a duration of 40 minutes for each thickness (BLT). To achieve different BLTs, 

red plastic shims (Precision Brand Products Inc, USA) were used. A schematic of the TIM 

tester is presented in Figure 2.1. 
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Figure 2.1: Schematic representation of LongWin TIM Tester. Adapted from 

supplementary information of Ref. [20]: Sudhindra, S.; Kargar, F.; Balandin, A.A. 

Noncured Graphene Thermal Interface Materials for High-Power Electronics: Minimizing 

the Thermal Contact Resistance. Nanomaterials 2021, 11, 1699.  

 

The specimen (TIMs in our case) in interest is placed between the hot and cold 

meter bars and when the heat flow is initiated. The heat flux will travel from the hot meter 

bar towards the cold meter bar while passing the specimen in between. The Fourier’s law 

can be used with the data acquired to calculate the necessary key aspects of the specimen. 

The thermal imperdance is calculated by the TIM tester’s software which allowed us to 

determine the thermal properties of the synthesized TIMs.  
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Chapter 3 

 

3.1 Results and Discussions 

3.1.1 Analysis of the Surface Roughness 

Figure 3.1 presents the results of the roughness of the copper plates measured using the 

profilometer. The copper plate in Figure 3.1(a) was not polished by the polisher described 

in section 2.2.1 and was used as a reference. To induce roughness to the copper plates 

presented in Figure 3.1 (b), (c) and (d), the plates were polished at a speed of 100 RPM for 

~1 minute, ~2.5 minutes and ~3.5 minutes respectively. The areal root mean square (RMS) 

roughness, 𝑆𝑞, determined for these plates were 0.05 µm, 1.2 µm, 2.5 µm and 3.1 µm, 

respectively. The preparation of the surfaces and the profilometer measurements enabled 

the investigation of the effect of roughness on the thermal contact resistance with graphene 

TIMs. 
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Figure 3.1: Roughness characteristics of the copper plates determined by an optical 

profilometer. The plates have the following root mean square (RMS) roughness: (a) 

𝑆𝑞=0.05 µm, (b) 𝑆𝑞=1.2 µm, (c) 𝑆𝑞=2.5 µm, and (d) 𝑆𝑞=3.1 µm. Adapted from Ref. [20]: 

Sudhindra, S.; Kargar, F.; Balandin, A.A. Noncured Graphene Thermal Interface Materials 

for High-Power Electronics: Minimizing the Thermal Contact Resistance. Nanomaterials 

2021, 11, 1699.  

 

3.1.2 Thermal Measurements of TIMs 

Thermal properties of the prepared non-cured graphene TIMs without the copper plates 

were measured first. Figure 3.2 (a-b) presents the total thermal resistance of graphene TIM, 

𝑅𝑡𝑜𝑡, as a function of BLT for different graphene loading, 𝜉. Figure 3.2 (a) also presents 
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the thermal resistance of the silicone oil base polymer as a reference. Figure 3.2 (b) shows 

the data acquired for the graphene loading of 10 wt. % and higher for better analysis. The 

total thermal resistance increases linearly with as expected from previous published work 

[110,111]. The data were used to plot a linear regression fitting for each loading fraction 

as shown. For each fitting, the inverse of the line slope allowed to measure the bulk thermal 

conductivity of the TIM itself. The y-intercept of the fitted lines is the thermal contact 

resistance, 𝑅𝐶, of each TIM with the contact surface.  
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Figure 3.2: Total thermal resistance, 𝑅𝑡𝑜𝑡, of graphene TIMs as a function of the bond line 

thickness, BLT. (a) Thermal resistance vs. BLT for all tested loading fractions of graphene 

fillers and pure silicone oil base. (b) Thermal resistance vs. BLT for loading fractions of 

𝜉 = 10 wt. % and more. Adapted from Ref. [20]: Sudhindra, S.; Kargar, F.; Balandin, A.A. 

Noncured Graphene Thermal Interface Materials for High-Power Electronics: Minimizing 

the Thermal Contact Resistance. Nanomaterials 2021, 11, 1699. 
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Figure 3.3 shows the thermal conductivity of the prepared non-cured graphene 

TIMs as a function of graphene loading, 𝜉. The thermal conductivity of the base polymer 

of silicone oil was measured to be 0.18 Wm−1K−1. The thermal conductivity is shown to 

increase rapidly with the introduction of graphene fillers to the base polymer. A super-

linear increase is seen suggesting that the introduced graphene fillers form a percolated 

network which would facilitate heat conduction. At a filler loading of 𝜉 = 10 wt. %, the 

increase in thermal conductivity is seen to slow down. This trend is consistent with a prior 

reported study for non-cured graphene TIMs [69], and different from that previously 

observed in curing epoxy TIMs with graphene fillers [24,25,67,89,93–95,99]. In solid 

cured TIMs, the thermal conductivity would reveal a linear to super-linear dependence on 

the loading of fillers [93]. The non-curing TIMs, on the other hand, exhibit a saturation 

effect for the thermal conductivity. This is similar to the previously effect for nano-fluids 

and soft TIMs [110–115]. The saturation effect in Figure 3.3 can be explained by the 

tradeoff between the enhancement trend in the thermal conductivity as more fillers are 

added to the base polymer matrix and the decrease in the thermal conductance due to the 

increase in thermal interface resistance between the filler ‒ filler and filler ‒ matrix 

interfaces as more fillers are incorporated into the polymer matrix [69]. In the studied non-

cured TIMs, a thermal conductivity of ~4.2 Wm−1K−1 was achieved at the graphene filler 

loading of 40 wt. %. Loading fractions of above 40 wt% was not performed intentionally 

due to a possible issue of agglomeration. Overall, the thermal conductivity of studied 

graphene filler TIMs increased by the factor of ~19× and 24× for 30 wt. % and 40 wt. % 

loadings respectively compared to the thermal conductivity of the silicone oil base. 
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Figure 3.3: Thermal conductivity of studied non-cured TIMs as a function of graphene 

loading fraction, 𝜉. The bars at each loading fraction show the standard error of the linear 

regression slope. Adapted from Ref. [20]: Sudhindra, S.; Kargar, F.; Balandin, A.A. 

Noncured Graphene Thermal Interface Materials for High-Power Electronics: Minimizing 

the Thermal Contact Resistance. Nanomaterials 2021, 11, 1699. 

 

In Figure 3.4, the measured thermal contact resistance of the studied TIMs, 𝑅𝐶, of 

each TIM as a function of graphene loading, 𝜉 are presented. The measured dependence of 

𝑅𝐶(𝜉) revealed a rather unexpected non-monotonic trend. Contrary to the expectation of 

increasing 𝑅𝐶 with higher filler loading, a rapid decrease in 𝑅𝐶 values up to the loading 

𝜉 = 15 wt. % can be observed, which is followed by a slow increase at the higher loading 

fractions of graphene fillers. Theoretically, 𝑅𝐶 would depend on the bulk thermal 

conductivity and shear modulus of the TIM along with the roughness of the adjoining 

surfaces and the applied pressure. There would be a trade-off between the thermal 
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conductivity and the effect of shear modulus on 𝑅𝐶. The higher the thermal conductivity, 

the lower the 𝑅𝐶 would be, while for the shear modulus would reveal an opposite 

dependence [114]. Ideally, one would want to increase the loading of fillers to improve the 

thermal conductivity as long as the viscosity and the shear modulus requirements would 

allow for it. Based on the measured dependence of 𝑅𝐶(𝜉), one would prefer to limit the 

loading of fillers to smaller fraction to minimize 𝑅𝑡𝑜𝑡. One should also note that by 

increasing 𝜉, the minimum attainable BLT would be limited.  

Assuming that the “bulk” thermal conductivity of the TIM layer (BLT) in semi-

solid or semi-liquid TIMs would be much smaller than that of the binding surfaces, the 

contact resistance of a TIM can be described using the semi-empirical model 

[112,116,117]: 

𝑅𝐶1+𝐶2 = 2𝑅𝐶 = 𝑐 (
𝑆𝑞

𝐾𝑇𝐼𝑀
) (

𝐺

𝑃
)

𝑛

.                                                                                           (3.1) 

where 𝐺 = √𝐺′2 + 𝐺′′2. Here, 𝐺′ and 𝐺′′ are considered to be the storage modulus and the 

loss shear modulus of the TIM, P is the applied pressure, 𝑆𝑞 is the average roughness of 

the two binding surfaces, and 𝑐 and 𝑛 are empirical coefficients, respectively. The two 

parameters would have opposite effects on the contact resistance, 𝑅𝐶, at a constant applied 

pressure. Thus, increasing the graphene filler loading would result in an increase in both 

thermal conductivity and 𝐺 of the TIM layer (BLT). Equation 3.1 also suggests that for 

TIMs with a specific filler, there would exist an optimum filler loading where the thermal 

conductivity would increase significantly thereby slightly effecting the thermal contact 

resistance. 
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 One can write the total thermal resistance from equation 3.1 as: 

𝑅𝑡𝑜𝑡 = (
1

𝐾𝑇𝐼𝑀
) {𝐵𝐿𝑇 + 𝑐𝑆𝑞 (

𝐺

𝑃
)

𝑛

}.                                                                                        (3.2) 

In this form, the equation clearly indicates that an increase in the thermal 

conductivity of the TIM, there would be a reduction in the total thermal resistance.  

 

 

Figure 3.4: Thermal contact resistance measured TIMs as a function of the graphene 

loading, 𝜉. The bars at each loading fraction shows the standard error of the linear fittings 

used for data extraction. Adapted from Ref. [20]: Sudhindra, S.; Kargar, F.; Balandin, A.A. 

Noncured Graphene Thermal Interface Materials for High-Power Electronics: Minimizing 

the Thermal Contact Resistance. Nanomaterials 2021, 11, 1699. 

 

In order to investigate the influence of the surface roughness on the thermal contact 

resistance of graphene filler TIMs, the total thermal resistance, 𝑅𝑡𝑜𝑡, the as prepared copper 

plates were used in the TIM tester. The TIMs were placed between the TIM tester’s heat 
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sink and source plates which are made of very flat steel plates. A fraction of a droplet of 

the base polymer of silicone oil was added between the top and bottom copper plates with 

the heat sink and source to minimize the contact resistance between the solid-solid 

interfaces that would originate. It is important to note that in this case, the total thermal 

resistance, assuming a one-dimensional heat transport would be:  

𝑅𝑡𝑜𝑡 = 𝐵𝐿𝑇 𝐾𝑇𝐼𝑀⁄ + 2(𝑅𝐶,𝑆𝑡−𝑜𝑖𝑙 + 𝑅𝐶,𝑜𝑖𝑙−𝐶𝑢 +  𝐿𝑜𝑖𝑙 𝐾𝑜𝑖𝑙⁄ + 𝐿𝐶𝑢 𝐾𝐶𝑢⁄ + 𝑅𝐶,𝑇𝐼𝑀−𝐶𝑢). (3.3) 

  In equation 3.3, 𝑅𝐶 is the thermal contact resistance between various interfaces 

defined by its subscripts. 𝐿 and 𝐾 are considered to be the thickness and bulk thermal 

conductivity of different components. The mentioned subscripts “St”, “Cu”, “oil”, and 

TIM, represent the steel (the heat source and sink), copper plates, silicone oil, and TIM 

layer, respectively. It’s evident that an increase in surface roughness would require more 

TIM to fill the air gaps on the surfaces, thus resulting in larger 𝑅𝐶,𝑇𝐼𝑀−𝐶𝑢. The interaction 

of the TIM layer with the surface of the plates might also change due to undulations on the 

surface. For the surface roughness study, TIMs with a loading fraction, 𝜉, of 15 wt. % and 

30 wt. % were chosen. These TIMs were selected since at 𝜉 = 15 wt. %, the minimum 𝑅𝐶 

is attained while 𝜉 = 30 𝑤𝑡. %  would provide a trade-off between the contact resistance 

and thermal conductivity. 

In Figure 3.5, the results of the total thermal resistance, 𝑅𝑡𝑜𝑡, of non-cured graphene 

filler TIMs dispersed between two copper plates as a function of TIM’s BLT for two chosen 

graphene loadings, 𝜉, and four different degrees of roughness, 𝑆𝑞 are presented. As 

expected, for all the roughness values of copper plates and filler loadings, 𝑅𝑡𝑜𝑡 increases 

with increase in BLT. This implies that the applied TIMs were dispersed properly without 
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the presence unfilled air gaps due to surface roughness. An interesting observation is that 

in some cases, the proper selection of BLT and graphene loading, 𝜉, would compensate for 

increase in the surface roughness, 𝑆𝑞. This can be noticed in the case of the chosen TIM 

with a loading fraction of 30 wt. % of graphene fillers and two roughness values of 1.2 μm 

and 3.1 μm. It is interesting to note that the use of a BLT ~300 µm with the copper plates 

that were characterized by larger values of surface roughness, 𝑆𝑞 = 3.1 μm, did not result 

in the overall increase in 𝑅𝑡𝑜𝑡 as compared to the copper plates with 𝑆𝑞 = 1.2 μm. 
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Figure 3.5: Thermal resistance, 𝑅𝑡𝑜𝑡, of the graphene TIM dispersed between two copper 

plates as a function of the bond line thickness, 𝐵𝐿𝑇. The results are presented for two 

different graphene loadings, 𝜉, and four different values of roughness, 𝑆𝑞. In each 

measurement, the two copper plates used had the same roughness. The dashed lines show 

the linear regression fittings to the experimental data. Adapted from Ref. [20]: Sudhindra, 

S.; Kargar, F.; Balandin, A.A. Noncured Graphene Thermal Interface Materials for High-

Power Electronics: Minimizing the Thermal Contact Resistance. Nanomaterials 2021, 11, 

1699. 

 

The extracted thermal contact resistance, 𝑅𝐶, from each linear regression fittings of 

each data set presented in Figure 3.5. According to the equation 3.3, the sandwiched TIMs 

between the copper plates, the y-intercept of the plot would be 2(𝑅𝐶,𝑆𝑡−𝑜𝑖𝑙 +

𝑅𝐶,𝑜𝑖𝑙−𝐶𝑢 + 𝐿𝑜𝑖𝑙 𝐾𝑜𝑖𝑙⁄ + 𝐿𝐶𝑢 𝐾𝐶𝑢⁄ + 𝑅𝐶,𝑇𝐼𝑀−𝐶𝑢). The thermal resistance of the copper 

plates is considered to be negligible and considered to be (2𝐿𝐶𝑢 𝐾𝐶𝑢⁄ ~7.3 ×

10−4 ℃cm2W−1). Thus, the y-intercept would in fact present the summation of the total 
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contact resistance of the measured sandwich structure 𝑅𝐶 = 2(𝑅𝐶,𝑆𝑡−𝑜𝑖𝑙 + 𝑅𝐶,𝑜𝑖𝑙−𝐶𝑢 +

𝑅𝐶,𝑇𝐼𝑀−𝐶𝑢) plus the thermal resistance of the silicone oil layer at the copper-TIM tester 

plate interfaces (𝑅𝑜𝑖𝑙 = 𝐿𝑜𝑖𝑙 𝐾𝑜𝑖𝑙⁄ ).  

In each measurement, the 𝑅𝐶,𝑆𝑡−𝑜𝑖𝑙, 𝑅𝐶,𝑜𝑖𝑙−𝐶𝑢, and 𝐿𝑜𝑖𝑙 𝐾𝑜𝑖𝑙⁄  would be considered 

as fixed values since the surface roughness of all the utilized copper plates at the interfaces 

with the heat source and sink plates and the thickness of the oil layer are the same. Thus, 

the extracted values for the 𝑅𝐶 + 𝑅𝑜𝑖𝑙 shown in Figure 3.6 indicates a parameter for 

measuring the contact resistance between the TIM layer and varying surface roughness of 

the copper plates. The determined values of contact resistance as a function of the surface 

roughness is shown in Figure 3.6. The thermal contact resistance is shown to increase with 

the surface roughness. The contact resistance for TIM with the higher loading of 30 wt. %, 

is larger than that with a loading of 15 wt. % as expected due to the performance of silicone 

oil based non-cured TIMs. 
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Figure 3.6: Thermal contact resistance (𝑅𝐶,𝑡𝑜𝑡 + 𝑅𝑜𝑖𝑙) of graphene TIMs introduced 

between two copper plates as a function of the surface roughness. Adapted from Ref. [20]: 

Sudhindra, S.; Kargar, F.; Balandin, A.A. Noncured Graphene Thermal Interface Materials 

for High-Power Electronics: Minimizing the Thermal Contact Resistance. Nanomaterials 

2021, 11, 1699. 

 

 In high power electronic packaging, a non-cured TIM is ideally applied between 

the direct bond copper (DBC) layer and the heat sink [118–121] and usually, this layer is 

the bottleneck of the design of packaging as the thermal resistance of TIM is usually the 

highest among the other constituent components. Thus, there have been previous efforts on 

decreasing the thermal resistance of the TIM layer by improving the bulk thermal 

conductivity of the TIM and also by reducing the BLT at the interface. By reducing the 

thickness of the BLT layer, the effect of the thermal contact resistance and surface 

roughness of the adjoining surfaces would become more dominant. Recent efforts towards 
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application of diamond-based electronics has shown improvement of the heat transport at 

the device level due to the high thermal conductivity of diamond. However, it still lacks 

proper treatment and dissipation of the generated heat at the system and packaging level 

where the high surface roughness of the diamond-based devices would become 

problematic. The results presented in this study implies that the change of surface 

roughness in the scale of ~1 µm substantially would increase the thermal contact resistance 

by a factor of ×2 and thus, should be addressed properly in the process of packaging. The 

presented results would also suggest that graphene-based TIMs with optimized filler 

loading can be considered as a potential solution for high-power electronics because of 

their improved thermal conductivity and also its low thermal contact resistance.  

 

3.2 Results and Discussions  

3.2.1 Characterization of Graphene Filler Size 

For the filler size study, the prepared non-cured silicone oil-based graphene and FLG filler 

TIMs were produced from graphite using the liquid phase exfoliation (LPE) technique 

[122–126] in an aqueous surfactant solution with a combination of liquid cascade 

centrifugation [127,128] for size selection of fillers as explained in section 2.2.3. This 

procedure enabled the production of three fractions from the same stock dispersion with 

different distributions of lateral size and thickness. The exfoliated graphene fillers were 

then extracted from it’s solvent and were incorporated with the base polymer to produce 

the required TIMs according the procedure explained in section 2.3.2. The characterization 

of these graphene fillers for lateral dimension and thickness (number of layers) was 
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essential for the study and was performed with the help of the technique of atomic force 

microscopy (AFM). To assess the concentration/mass, optical extinction spectroscopy was 

used. In Figure 3.7, the characterization data of AFM for the three size sets of graphene 

fillers are presented. Figure 3.7 (a-c) presents the two-dimensional AFM images of the 

dispersed graphene fillers in fractions of size selection. The histograms of the AFM 

measurements for the longest dimension of graphene fillers (𝐿) are presented in Figure 3.7 

(d-f) while the histograms from AFM measurements for the number of atomic planes (𝑁) 

are presented in Figure 3.7 (g-i). It is essential to note that due to the log-normal shape of 

the graphene filler distributions, there are multiple ways to describe the average 

characteristic values of them. Here, the focus is on the arithmetic mean of the graphene 

filler dimensions which were calculated to be 1200 nm, 800 nm and 400, while the average 

number of atomic planes of graphene fillers were determined to be 40, 19 and 8 for large, 

medium and small fillers respectively. For the ease of understanding, these fillers have 

been labelled as “large”, “medium” and “small”. 
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Figure 3.7: Characterization of graphene fillers with AFM. (a–c) Two-dimensional images 

of the large, medium and small size graphene fillers, respectively. These fillers were drop-

casted on a Si/SiO2 substrate for the measurements. (d-f) Histograms of the measured 

graphene filler lengths that were used for determining the filler sizes using AFM. (g-i) 

Histograms of the number of atomic planes of the graphene fillers with the help of AFM. 

Adapted from Ref. [129]: Sudhindra, S.; Rashvand, F.; Wright, D.; Barani, Z.; Drozdov, 

A.D.; Baraghani, S.; Backes, C.; Kargar, F.; Balandin, A.A. Thermal Transport in 

Graphene Composites: The Effect of Lateral Dimensions of Graphene Fillers. Archive 

2021, 1–38. 

 

One should note that there is a correlation between the lateral dimensions and the 

number of atomic planes in the FLG fillers. Practically, obtaining FLG fillers with a fixed 

number of atomic planes and different lateral dimensions is difficult. This is due to the 

mechanism of exfoliation which can be described in terms of delamination along with 
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tearing [130]. The centrifugation, process which is required for the size selection, would 

enhance this correlation and would typically produce the small graphene fillers that are 

thinner and the large graphene fillers that are thicker [127,130]. This correlation can be 

explained with a plot of the area of fillers as function of number of the atomic planes of the 

graphene fillers. Figure 3.8 (a) presents the characteristic lateral length, 𝐿∗ = (𝐿 × 𝑊)0.5 

as a function of the number of atomic planes represented as N (𝐿 and 𝑊 are considered to 

be the measured “length” and “width” of the graphene fillers acquired from AFM 

measurements). In this plot, each data point would correspond to a every graphene sheet 

measured with AFM during the size selection fractions process. The acquired 

specifications of the graphene fillers acquired from the AFM measurements are presented 

in Table 3.1. For the FLG fillers, the lateral dimensions would affect the thermal transport 

stronger than the thickness [61,78,79,90,131–135]. Thus, the prepared sets TIMs are useful 

for understanding the importance and specifics heat conduction and the effects of the 

graphene filler size. 
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Figure 3.8: (a) Correlation between the measure of the lateral dimensions of the graphene 

fillers and the number of the atomic planes of the graphene fillers. The multiple data points 

denote the numerous measurements conducted with the AFM. (b) Raman spectra of 

different lateral dimensions of graphene fillers. Adapted from Ref. [129]: Sudhindra, S.; 

Rashvand, F.; Wright, D.; Barani, Z.; Drozdov, A.D.; Baraghani, S.; Backes, C.; Kargar, 

F.; Balandin, A.A. Thermal Transport in Graphene Composites: The Effect of Lateral 

Dimensions of Graphene Fillers. Archive 2021, 1–38. 

 



36 

 

The quality of graphene fillers using Raman spectroscopy (Renishaw inVia) to 

ensure the difference in size of the fillers. Figure 3.8 (b) presents the measured Raman 

spectra of the three sets of graphene fillers used in this study. In order to conduct the 

necessary tests, a small portion of each graphene fillers were transferred onto a Si/SiO2 

substrate. The process of light scattering spectra were collected under a laser excitation of 

the wavelength 633 nm (red) and an excitation power of 2 mW at room temperature. The 

Raman spectra displayed well-known signatures of FLG, which are the G peak and 2D 

band [128,132,133,136–138]. As per expectation, the intensity of the disorder D peak 

increased as the size of the graphene fillers decreased. These evolution of the peaks with 

the lateral dimensions and the number of the atomic planes is in line with prior conducted 

work from various researchers [136,137,139–141]. The ID/IG ratio of the Raman spectra 

can be qualitatively used to explain the difference in the average size of the fillers [142]. 

The ID/IG ratio was measured and it decreased as the size of the graphene fillers increased 

as shown in the plot. The evolution of the D peak and ID/IG can be described by the 

relaxation of the selection rules, which prohibit the appearance of the D peak in graphene 

with perfect translation symmetry, without defects or edges [143,144]. In the smaller 

graphene fillers, the excitation laser light would cover more graphene fillers with the edges 

that would act as inherent defects thus resulting in an increase in the ID/IG ratio. The 2D 

peak becomes more symmetric with the decrease in filler dimensions which is in this case 

due to the number of atomic planes. However, as recorded recently, this factor cannot be 

used as quantitative measure for the thickness in LPE of graphene [145]. 
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Table 3.1: Characteristics of exfoliated Graphene – FLG Fillers as a result of AFM 

measurements.  
Symbol Large Medium Small 

Average length (nm) 𝐿 1200 600 400 

Aspect ratio (length/width) 𝐿/𝑊 1.8 2.1 2.3 

Aspect ratio (length/thickness) (𝐿/𝑡) 110 120 200 

Average layer number 𝑁 40 19 8 

Characteristic length (𝐿 ×  𝑊)0.5 (nm) 𝐿∗ 900 430 270 

 

3.2.2 Thermal Measurements of TIMs 

The bulk thermal characteristics of the prepared TIMs with different filler sizes were also 

measured using the TIM tester described in the previous chapter. The testing specifications 

were similar to the roughness project but the only difference being in not using the rough 

copper plates. The total thermal resistance, Rtot, of the prepared non-cured graphene TIMs 

as a function of its BLTs is shown in Figures 3.9, 3.10 and 3.11. The data are presented for 

all three chosen lateral dimensions of the graphene fillers at different loading fractions (f) 

in vol%.   
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Figure 3.9: Total thermal resistance of the large filler size graphene TIMs as a function of 

BLT. Adapted from Ref. [129]: Sudhindra, S.; Rashvand, F.; Wright, D.; Barani, Z.; 

Drozdov, A.D.; Baraghani, S.; Backes, C.; Kargar, F.; Balandin, A.A. Thermal Transport 

in Graphene Composites: The Effect of Lateral Dimensions of Graphene Fillers. Archive 

2021, 1–38. 

 

As per expectation, the total thermal resistance is shown to increase linearly with 

BLT. The acquired data for each filler size and each loading fraction were used to plot a 

linear regression fitting. It can clearly be seen that the thermal resistance at constant 

thickness is the highest for the polymer material of silicone oil without the addition of 

graphene fillers.  
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Figure 3.10: Total thermal resistance of the medium filler size graphene TIMs as a function 

of BLT. Adapted from Ref. [129]: Sudhindra, S.; Rashvand, F.; Wright, D.; Barani, Z.; 

Drozdov, A.D.; Baraghani, S.; Backes, C.; Kargar, F.; Balandin, A.A. Thermal Transport 

in Graphene Composites: The Effect of Lateral Dimensions of Graphene Fillers. Archive 

2021, 1–38. 

 

The contact resistance is the lowest for the TIMs with the higher loading fraction 

of graphene fillers. However, it is difficult to draw conclusions about the effect of the 

graphene filler size from this plot. But, the latter is possible in a meaningful way from the 

analysis of the thermal conductivity and contact resistance of the TIMs. 
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Figure 3.11: Total thermal resistance of the small filler size graphene TIMs as a function 

of BLT. Adapted from Ref. [129]: Sudhindra, S.; Rashvand, F.; Wright, D.; Barani, Z.; 

Drozdov, A.D.; Baraghani, S.; Backes, C.; Kargar, F.; Balandin, A.A. Thermal Transport 

in Graphene Composites: The Effect of Lateral Dimensions of Graphene Fillers. Archive 

2021, 1–38. 

 

Figure 3.12 shows the thermal contact resistance of the prepared and tested TIMs 

with different filler sizes as a function of graphene filler loading fraction. The plot can be 

explained with the same concept used to explain the contact resistance plot in the surface 

roughness project while analysing the contact resistance of the TIMs without the rough 

copper plates. To explain the effect of the filler size on contact resistance, it is essential to 

understand the role of 𝐺′ and 𝐺′′ on the viscosity of the TIMs and ultimately the issue of 

“pump-out” [19,69,120,146]. There have been multiple reported studies on the influence 

of 𝐺′ and 𝐺′′ in composites of varying filler sizes [147–156] and it has been documented 

that 𝐺′ and 𝐺′′would decrease as the size of the filler increases. Here, it is essential to note 

that viscosity of the base polymer also plays an important role in determining 𝐺′ and 𝐺′′ 
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and, ultimately, explaining the effect of pump-out [23,157,158]. It has been suggested in a 

previous study [117] that 𝐺′ of a TIM should be greater than 𝐺′′ in order to avoid the pump-

out issue. 

 

 

Figure 3.12: Contact resistance of the studied TIMs as a function of the graphene loading 

fraction (vol%). The error bars show the standard error obtained from the linear regression 

fittings. Adapted from Ref. [129]: Sudhindra, S.; Rashvand, F.; Wright, D.; Barani, Z.; 

Drozdov, A.D.; Baraghani, S.; Backes, C.; Kargar, F.; Balandin, A.A. Thermal Transport 

in Graphene Composites: The Effect of Lateral Dimensions of Graphene Fillers. Archive 

2021, 1–38. 

 

In Figure 3.13, the experimental measured thermal conductivity as a function of 

graphene loading fraction for the studied graphene filler sizes and a comparison with a 

theoretical model is presented. The thermal conductivity is shown to slightly increase till a 
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loading fraction of 𝑓 = 2.17 vol. % and then shown to linearly increase faster. The thermal 

conductivity of the TIMs is higher for the large graphene filler size for all the measured 

loading fractions. It can clearly be seen that in the studied range of the lateral dimensions 

of the graphene fillers, the thermal conductivity of the TIMs increases with increase in the 

size of the graphene fillers. This trend can be rationalized with the comparison of the size 

of the graphene fillers with the average, also known as gray, phonon MFP in graphene. 

The gray phonon MFP in graphene is reported to be in the order of ~800 nm at room 

temperature [78,79,132,133,135,159]. The improvement in the thermal conductivity of the 

studied TIMs stems from thermal transport, which happens, at least partially, via the 

graphene fillers. If the filler lateral dimensions become smaller than the phonon MFP its 

own thermal conductivity would decrease. The simple estimate arises from the Debye 

model, where the thermal conductivity 𝐾~𝐶𝑣Λ (here 𝐶 is considered to be specific heat, 𝑣 

is considered to be the average phonon group velocity and Λ as the average phonon MFP). 

When the size of the filler is considered to be 𝐿 < Λ, then, the thermal conductivity (𝐾) 

would scale down linearly with lateral dimension (𝐿). This explanation would remain valid 

for the thermal transport regime below and above the thermal percolation threshold [67]. 

In order to better explain the effect of filler loading on thermal conductivity of a 

polymer composite (TIM) in Figure 3.13, the Kanari model [160] was implemented which 

was introduced as an empirical extension of the Bruggerman relation [161]. The derivation 

of the Kanari model within the micromechanical framework was previously explained in 

detail [162]. According to this approach, the thermal conductivity of a composite consisting 
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of a polymer matrix reinforced with particles of an arbitrary shape is determined by the 

equation: 

𝑘𝑓 − 𝐾𝑇𝐼𝑀

𝑘𝑓 − 𝑘𝑚
(

𝑘𝑚

𝐾𝑇𝐼𝑀
)

1
𝐵 = 1 − 𝑓.                                                                                                    (3.4) 

Where 𝑘𝑚, 𝑘𝑓 are the thermal conductivities of the polymer matrix and filler, 

respectively while 𝑓 is the volume fraction of fillers and 𝐵 stands for a parameter 

characterizing shape of the filler particles. These stacks of graphene plates are treated as 

oblate ellipsoids of rotation with semi-axes 𝑎1 < 𝑎2 = 𝑎3, where 𝑎1 is the characteristic 

thickness of a stack while 𝑎2 = 𝑎3 = 𝐿∗ is its in-plane size. Under this condition and given 

for a fact that 𝑘𝑓 ≫ 𝑘𝑚, the coefficient 𝐵 can be represented as: 

𝐵 =
4 − 3𝑀

3𝑀(1 − 𝑀)
                                                                                                                         (3.5) 

With, 

𝑀 =
2𝜑 − sin 𝜑

2𝑠𝑖𝑛2𝜑
cos 𝜑,       cos 𝜑  =  

𝑎1

𝑎2
                                                                               (3.6) 
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Figure 3.13: Experimentally acquired thermal conductivity data (symbols) of the studied 

non-cured TIMs as a function of the graphene loading fraction, 𝑓, for the studied three 

different sizes of the fillers with theoretical comparison of the Kanari model (dashed lines). 

Adapted from Ref. [129]: Sudhindra, S.; Rashvand, F.; Wright, D.; Barani, Z.; Drozdov, 

A.D.; Baraghani, S.; Backes, C.; Kargar, F.; Balandin, A.A. Thermal Transport in 

Graphene Composites: The Effect of Lateral Dimensions of Graphene Fillers. Archive 

2021, 1–38. 

 

Figure 3.13 presents a reasonable agreement between the experimental data of 

TIMs with small, medium and large graphene fillers and the theoretical modeling. Each set 

of data is separately a function of its parameter, the effective thermal conductivity of the 

fillers 𝑘𝑓. In simulation, the value 𝑘𝑚 = 0.17 Wm−1K−1 for thermal conductivity of the 

polymer matrix is adopted. The coefficients 𝜑, 𝑀, and 𝐵, related to the aspect ratio of 

fillers, are calculated based on the experimental characterization of the fillers as presented 

in Table 3.1 and their values are summarized in Table 3.2. 
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Table 3.2: Simulation parameters used in Kanari model. 

Filler Type Layer 

Number 

(𝑵) 

thickness 

(𝒂𝟏)[𝐧𝐦] 

Plane 

dimension 

(𝒂𝟐 = 𝒂𝟑

= 𝑳∗)[𝐧𝐦] 

φ 

[𝐫𝐚𝐝] 

M B 

       

Large 40 14 900 1.5552 0.0164 81.5419 

Medium 19 6.65 430 1.55533 0.0163 82.0100 

Small 8 2.8 270 1.56043 0.0110 121.5660 

 

The influence of the in-plane size of fillers on their effective thermal conductivity 

𝑘𝑓 is presented in Figure 3.14 as a function 𝐿∗ and with an approximation of the data with 

an exponential function: 

𝑘𝑓 =  𝑘𝑓
0 + 𝑘𝑓

1 exp(−𝛼𝐿∗).                                                                                                       (3.7) 

where 𝑘𝑓
0 = 3.32, 𝑘𝑓

1 = −4.83, and 𝛼 = 0.0033 are fitting parameters. Figure 3.12 

clearly illustrates that 𝑘𝑓 increases by a factor of 2.2 with 𝐿∗ when the in-plane size of the 

fillers increases from 270 to 900 nm. The theoretically extracted effective thermal 

conductivity of fillers is orders of magnitude smaller than the intrinsic thermal conductivity 

of graphene because of the filler-polymer thermal boundary resistance. However, the 

decrease in the effective thermal conductivity of the fillers as their size shrinks below 

graphene’s phonon MFP is originated from a strong suppression of the its intrinsic thermal 

conductivity due to the enhanced phonon-edge scattering.  
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Figure 3.14: Effective thermal conductivity of filler 𝑘𝑓 versus the characteristic in-plane 

size of graphene fillers 𝐿∗. Adapted from Ref. [129]: Sudhindra, S.; Rashvand, F.; Wright, 

D.; Barani, Z.; Drozdov, A.D.; Baraghani, S.; Backes, C.; Kargar, F.; Balandin, A.A. 

Thermal Transport in Graphene Composites: The Effect of Lateral Dimensions of 

Graphene Fillers. Archive 2021, 1–38. 

 

The presented study implies that a stronger enhancement of the thermal 

conductivity of graphene composites can be achieved when the fillers with larger lateral 

dimensions are utilized. This realization is in line with previously reported studies [44–

46,93,163–165]. The prior studies were conducted on substantially larger fillers 

dimensions of above 5 m. In many cases, no accurate assessment and averaging were 

performed for the size distribution of the fillers used in the previously reported studies. 

Thus, due to the selection of the average filler sizes near the phonon MFP of graphene, i.e., 

slightly smaller, almost equal, and slightly larger, this study was able to connect the studied 

trend with the intrinsic heat conduction properties of FLG. The observation that the thermal 
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contact resistance also decreases with increasing the graphene filler size is a non-obvious 

trend, and to some degree, counter-intuitive as well. The presented trends throw light on 

the importance of heat conduction in graphene composites and TIMs, and can be utilized 

for optimization for its practical applications. 

 

3.3 Conclusions 

In this thesis, I first reported on investigation of the thermal contact resistance of the non-

cured graphene TIMs with surfaces of various degrees of roughness. It was realized that 

the thermal contact resistance of the TIMs would depend on the graphene loading non-

monotonically while achieving its minimum at the loading fraction of ~ 15 wt. % for the 

studied graphene filler TIMs. Increasing the surface roughness by 1 µm would result 

approximately in the factor of ×2 increase in the thermal contact resistance of the studied 

TIMs. The total thermal resistance of the layer of the non-cured TIMs would scale linearly 

with the BLT in the studies range. A projection to the micrometer BLT indicates that 

graphene TIMs have the potential to meet the thermal management requirements for the 

high-power electronics for present and future applications. 

In the second part of this thesis, I reported on investigation of the thermal properties 

of non-cured silicone oil TIMs with graphene and FLG fillers of different lateral 

dimensions. The graphene fillers had lateral dimensions in the range from 400 nm to 1200 

nm and number of atomic planes from one to ~100 and were labelled as “small”, “medium” 

and “large” respectively. In the examined range of the lateral dimensions of the graphene 
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fillers, the thermal conductivity of the TIMs increased with the size of the fillers. The 

thermal contact resistance of TIMs with graphene fillers of 1200-nm lateral dimensions 

was found to be smaller than that of TIMs with graphene fillers of 400-nm lateral 

dimensions. The influence of the filler loading fraction and the filler size on the thermal 

conductivity of the composites theoretically compared with the Kanari model.  

The obtained results from both the research projects are essential for the 

optimization of graphene filler TIMs for its application in heat removal from high-power-

density electronics. 
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