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Introduction 

Presentation of CEA 

The CEA, the French Alternative Energies and Atomic Energy Commission, has been created 
in 1945 by General de Gaulle, the French president at this time. It is a public establishment of 
research whose the aims are industrial and commercial. The fields of activity of CEA are multiple: 
low-carbon energies, defence and security, information technologies and health technologies. A total 
of 15,867 employees work in the ten research centres of CEA in France (figure 1) for a budget of 4.3 
billion euros [1]. 

 

Figure 1: Scheme of the presence of CEA centres in France [1] 

CEA of Grenoble 

The research centre of Grenoble has been created in 1965 by the Nobel Prize of Physics Louis 
Néel. The centre is positioned between two rivers, the Drac and the Isère, for a total area of 65 
hectares. Very close to the city centre of Grenoble, the CEA brings together more than 4000 people. 
Its activities are represented on the figure 2. 
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Figure 2: Scheme of the fields of activity in CEA Grenoble 

The technological research represents 80% of the activities in Grenoble, compared to 20% for 
the fundamental research. The scheme 3 presents the organization in different entities from 
technological research till my assignment unit. 

 

Figure 3: Organisation chart of the technological research in Grenoble 

The LITEN, Laboratory of Innovation for the Technologies of new Energies and 
Nanomaterials, is one of the two big entities of the technological research in Grenoble. This entity is 
divided into departments which are divided into laboratories. My assignment unit was LCRE, 
Laboratory of Components for Energy Recovery, which is part of the DTNM, Department of 
Technologies of NanoMaterials. 
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Framework of the study 

 

Presentation 

This study concerns the simulation of the thermal phenomenon inside a Hot Filament CVD 
reactor. It means that the point of interest of this study is to know how the heat propagates from the 
sources to the substrate and to the rest of the reactor. 

Hot filament CVD is an attractive process to grow CNTs thanks to the decoupling of the 
temperature of the substrate with the activities of the gas species largely boosted by the high 
temperature of the filaments. The filaments allow making active molecular species.  Unfortunately 
this decoupling is not perfect due to the optical coupling by radiative transfer between the hot 
filament and the substrate. This coupling is changing during the CNTs growth process due to the 
change of the substrate emissivity induced by CNTs. As a result the process temperature at the 
surface of the catalyst is unknown and changing.  Furthermore in order to obtain a uniform growth of 
carbon nanotubes, it is required to have a uniform field of temperature over the surface of the 
substrate. 

 

Objectives 

The aim of this study is to get the temperature distribution at the surface of the substrate 
and to understand the role of the parameters particularly the thermal resistance coefficient at the 
interface between the sample and the hot plate of the reactor. 

Moreover the objectives are to find out (i) how the temperature of the substrate surface 
depends on the size of the sample, (ii) what is the right thermal resistance between the sample and 
the hot plate, (iii) what is the size of the uniform temperature zone in the reactor. 

To answer these questions a mix of numerical simulation of the problem and experiments 
will be done. The experimental task will allow the determination the coefficient of thermal 
conductivity between the substrate and the heating plate thanks to the use of a thermocouple on a 
silicon wafer and by comparing the experiments with the simulations. The distribution of 
temperature over the substrate will also be verified using this feature. 

The understanding of the temperature evolution during the growth will help to optimize the 
growth process and possibly to determine surface coating that will allow growing localized CNT while 
keeping the chip temperature low. 
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I. Literature review 

I.1 Heat transfer 

The heat transfer is a transmission of energy from one region to another one under a gradient of 
temperature. There are three different modes of transmission which are: 

 conduction 
 convection 
 radiation 

With conduction, the heat propagates from particles to particles by collision. And there is no 
apparent displacement of matter. Typical for heat conduction is that the heat flux is proportional to 
the temperature gradient [2]. The coefficient of proportionality is called the thermal conductivity. 

The convection means the transfer of heat between a solid and a moving fluid. Convective 
cooling and heating refer to the dissipation of heat from a solid surface to a fluid which moves, 
typically described by a heat transfer coefficient [2]. Two types of convection can be distinguished, 
the natural convection and the forced convection. There is natural convection when the movement 
of the fluid is only due to the Archimedes’ principle induced by the variation of density inside the 
fluid. These variations of density are due to gradient of temperature. For example the hot air goes up 
because its density is lower than the cold air, which goes down. Regarding the forced convection the 
movement of the fluid is due to an external reason such as a pump or a ventilator. In this case the 
Archimedes’ principle is negligible [3]. 

Heat transfer by radiation takes place through the transport of photons [2]. An 
electromagnetic radiation is emitted by every part at any temperature. One other element can 
absorb part of this radiation. The electromagnetic radiation can propagate in the vacuum. Therefore 
it is possible to transfer heat without any matter. 

I.1.1 Heat equation 

In case of a pure conduction, the heat equation can be written as following: 

𝜌 ∙ 𝐶𝑝 ∙
𝜕𝑇
𝜕𝑡

+ ∇ ∙ (−𝑘 ∙ ∇𝑇) = 𝑄 

ρ: density 

Cp: specific heat capacity 

T: temperature 

t: time 

Q: heat sources other than viscous heating 

The thermal conductivity k can be anisotropic. Thus k is a tensor: 
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The thermal conductivity can also be dependant of the position, for instance if two different 
materials are in contact. Moreover k can depend on the temperature. 

If we consider an isotropic material without position neither thermal dependency, thus the 
heat equation can be simplified as following: 

𝜌 ∙ 𝐶𝑝 ∙
𝜕𝑇
𝜕𝑡

− 𝑘 ∙ ∆𝑇 = 𝑄 

I.1.2 Radiative heat transfer in transparent media 

Firstly consider an environment fully transparent, which means that there is no interaction 
between the radiation and the media. Secondly consider a fully opaque object, so no radiation is 
transmitted through the body. This assumption is true for most of the solid bodies. The figure 4 
illustrates the terms of irradiation and radiosity. The irradiation G is the radiation which arrives to a 
point x at the surface of the opaque body. On the contrary, the radiosity J is the leaving radiation. 

 

Figure 4: Illustration of the irradiation (on the left) and the radiosity (on the right) [2] 

ρ (also written “R”): reflectivity 

α: absorptivity 

ε: emissivity 

T: temperature 

Some of the arriving radiation is reflected; some is absorbed and then emitted. The sum of 
these two contributions is equal to the radiosity as defined by the following formula: 

𝐽 = 𝜌 ∙ 𝐺 + 𝜀 ∙ 𝜎 ∙ 𝑇4 

The net inward radiative heat flux q is defined as the difference between irradiation and radiosity: 

𝑞 = 𝐺 − 𝐽 



 
9 

 

𝑞 = 𝐺 − 𝜌 ∙ 𝐺 − 𝜀 ∙ 𝜎 ∙ 𝑇4 = (1 − 𝜌) ∙ 𝐺 − 𝜀 ∙ 𝜎 ∙ 𝑇4 

Most of the opaque bodies behave as ideal gray bodies, which means that the absorptivity is 
equal to the emissivity, and the reflectivity is defined by the following relation: 

𝛼 = 𝜀 = 1 − 𝜌 

Thus, the expression of the net inward radiative heat flux q becomes: 

𝑞 = 𝜀 ∙ (𝐺 − 𝜎 ∙ 𝑇4) 

This is the equation used as a radiation boundary condition [2]. 

I.1.3 Thermal contact resistance 

When two parts of the same or of different material are in contact, there is in fact only a 
small fraction of the nominal area in contact. It is due to the roughness and the non-flatness of the 
contacting surfaces as shown on figure 5. At the interface between the two faces in contact, there 
are two mechanisms of heat transfer; the conduction through the solid points in contact Qconduction; 
and the conduction inside the gaps Qgap. In general the gaps are full of air. Since the thermal 
conductivity of air is very low, the flux Qgap can be neglected. The limited number and size of contact 
spots results in an actual contact area much smaller than the apparent contact area, which causes a 
“thermal contact resistance” [4]. 

 

Figure 5: Scheme of the interface between two parts [5] 

The phenomenon of thermal contact resistance is characterised by a temperature drop at the 
interface between the two bodies A and B (figure 6). When the junction of A and B is placed in 
vacuum, the temperature drop is even higher than the one in the air or in another fluid. 
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Figure 6: Temperature distribution of two solids A and B in contact [6] 

Several parameters can modify the value of the thermal contact resistance. We can mention 
the surface finish also called roughness of the contacting surfaces as well as the pressure applied 
between the two bodies A and B (figure 7). Applying a pressure between A and B leads to the elastic 
or plastic deformation of the contact spots resulting in an increase of the contact area and a 
decrease of the thermal contact resistance. Tm is the mean junction temperature, in other words it is 
the average of the contacting surface temperatures. 

 

Figure 7: Dependency of the thermal contact resistance in function of the pressure applied and the surface finish [4] 

Up to know there is no single analytical expression allowing the calculation of the thermal 
contact resistance at a junction between two materials because of the significant number of 
parameters affecting the contact resistance. 
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I.2 The CVD process 

Chemical vapor deposition (CVD) has several applications like applying solid film coating from 
gas phase precursors onto surfaces or producing high-purity bulk materials and powders [7] [8]. It is 
possible to deposit a very wide range of materials by CVD, some in the form of the pure element but 
more often combined to form compounds. 

How does CVD works? CVD involves a precursor gas or gases flow into the reactor chamber 
which contains the heated objects to be coated. The hot surfaces bring the amount of energy needed 
for the chemical reaction to happen, resulting in the deposition of a thin film on the surface. The 
chemical reaction also produces by-products which are exhausted out of the reactor chamber as well 
as the unreacted precursor gases. 

The CVD process exhibit advantages compared to other thin film deposition methods. First of 
all it is a process which allows covering the whole surface of the sample, even when the shape of the 
object is elaborated. On the contrary, with the (Physical Vapor Deposition) PVD process a line-of-
sight is needed between the surface to be coated and the source. Secondly, the high purity of the 
deposited matter has to be highlighted. And it is mainly thanks to the distillation techniques that it is 
possible to easily remove the impurties from the gas precursors. Finally high deposition rate and 
relatively low vacuum need compared to PVD can be mentionned as advantages using CVD. But the 
CVD process also has drawbacks. For instance it is not easy to get the volatile precursor at room 
temperature with all the elements. Moreover some CVD precursors can be highly toxic, explosive or 
corrosive, as well as the by-products. The fact that the film is usually deposited at high temperature 
induces two issues. The first one is the restriction on the nature of the substrate than can be coated. 
The other point is the presence of high residual stresses after cooling on materials with different 
thermal expansion coefficients. 

Considering the wide range of materials that can be deposited by CVD and the number of 
applications, there are many variants of CVD [8]. 

I.2.1 Types of CVD processes 

The CVD process is a big family which includes many special techniques. A CVD can be run 
with vacuum or at atmospheric pressure, with temperature ranging from 200 to 1600°C and with or 
without carrier gas. Many enhanced CVD processes exist, involving the use of plasmas, ions, photons, 
hot filaments, laser or combustion reactions. It permits to increase the deposition rates and/or 
decrease the temperature. The following table (table 1) present several of the many derivatives of 
the CVD terminology. 

CVD Conventional CVD 
APCVD/LPCVD/UHVCVD Atmospheric Pressure / Low Pressure / Ultrahigh vacuum CVD 
PECVD Plasma Enhanced CVD 
LACVD Laser Assisted CVD 
HFCVD Hot Filament CVD 
CCVD Combustion CVD 
MOCVD Metalorganic CVD 

Table 1: List of several CVD variants [7] [9] 
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PECVD is a specifik kind of CVD where the role of the plasma is to dissociate the precursor gas 
into smaller and more reactive molecules. The benefits of PECVD is the higher deposition rate and 
the lower operating temperature. Only a few hundred degrees are needed to heat the substrate. 

LACVD is a specialized process whose the main advantage is that the deposition is spatially 
controlled. Even lines can be « drawn » by LACVD. 

In the case of the HFCVD, the hot filaments (1500 – 2000°C) are used to chemically 
decompose the precursor gases, creating reactive radical species [9]. Concerning the substrate, it is 
mounted nearby the filament in the reactor chamber [8]. 

I.2.2 Types of CVD reactor 

One of the most common type of CVD reactors are the hot-wall in which the reactor chamber 
containing the parts to be treated is surrounded by a furnace (figure 8). The reactive gases are 
introduced after the desired temperature has been reached. This type of reactor can be run at high 
temperature, only limited by the constituent materials. It also has a relatively uniform substrate 
temperature and thus coating thickness [8]. 

 

Figure 8: Scheme of a hot-wall CVD reactor [8] 

In the case of LPCVD, a special shape of hot-wall reactor is used (figure 9). In general, the 
problem of hot-wall reactors is that the walls get coated, which can causes particle problems even 
after a cleaning step at higher temperature. 
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Figure 9: Illustration of a schematic LPCVD hot-wall reactor [8] 

A hot wall CVD reactor can be horizontal or vertical. The vertical type presents several 
advantages. (i) The foot-print is small. (ii) The furnace used to heat the reactor can be immediately 
moved down after the growth step, which is important to get a rapid cooling. (iii) In the case of 
Mishra et al., the gas flows downward in a tube an then radially outward through a perforated 
section of the vertical tube (figure 10). Such an arrangement causes uniform flow [10].  

 

Figure 10: Scheme of the vertical hot-wall CVD reactor used by Mishra et al. [10] 

 

Below is a scheme of a horizontal tubular hot-wall CVD reactor (figure 11). 
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Figure 11: Illustration of a horizontal CVD reactor [11] 

Another common type of CVD reactors is the cold-wall. In this case the substrate is heated up 
and the walls are cooled down, generally with water (figure 12). Compared to the hot-wall reactors, 
the cold-wall ones have less deposition on the walls, which means less cleaning also. The heat-up and 
cool-down steps are faster too and with less energy consumption. However the main disadvantage is 
the non-uniform temperature at the surface of the substrate. On other point to take into account is 
thermal stresses which can be induced if the heating/cooling is too rapid. 

 

Figure 12: Illustration of a cold-wall CVD reactor [8] 

Another type is the continuous CVD reactor where the surface to be coated moves 
underneath a set of gas injectors and is heated from below (figure 13). This kind of reactors is 
appropriated for high scale production. Nevertheless the consumption of gas is high and the 
operating temperature is relatively low. 
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Figure 13: Scheme of a continuous CVD reactor [8] 

 

I.3 CFD studies on CVD reactors & results 

I.3.1 Hot-wall CVD reactors 

Mishra et al. [10] simulated velocity, temperature and concentration profiles in a vertical hot-
wall CVD reactor using the software Fluent. This reactor was used for growing carbon nonofibers 
over activated carbon microfibers [10]. For their part, carbon nanotubes are produced by chemical 
vapor deposition (CVD) of hydrocarbons at elevated temperatures over the metal oxides supported 
catalysts [10]. In the case of carbon nanotubes, there is a post-synthesis step needed to remove the 
catalyst support. The advantage of using activated carbon microfibers as a support is that there is no 
post synthesis processing because the prepared micro-mesoporous structure can be directly used in 
end-applications [10]. Their numerical model was able to predict the average carbon deposition rate 
under given operating conditions. 

The reactor they used is shown on figure 14. It consists of a cylindrical quartz shell with a 
coaxial stainless steel tube inside for the gas flow. Maintaining uniform flow as well as a uniform 
temperature field is critical to growing uniform and dense [10] deposit. The « hot walls », in other 
words the furnace, can be moved up and down. One point of interest in this study has been the 
determination of the heating length in order to reach the optimum energy efficiency. 

A 2D geometrical model of the reactor was designed and then meshed with quadrilateral 
elements, 148,716 numerical cells exactly. The software Fluent uses the finite element methods to 
compute the desired property. The density of the gas was allowed to vary with temperature [10]. 

Figure 14 shows that the temperature differences along and across the wrapped activated 
microfibers can be neglected. 
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Figure 14: Temperatures distributions for different heating lengths but the same wall temperature T = 1273K [10] 

The horizontal line on figure 15 shows that there are different combinations of heating 
length and wall temperature in order to get the proper temperature in the activated carbon 
microfibers packed bed. This result means that there are several design aspects which should be 
taken into account for selecting the appropriate combination [10] and possibly reduce the heating 
cost. 

 

Figure 15: Average temperature in the activated carbon microfibers packed bed in function of the heating length et 
different wall temperature [10] 



 
17 

 

Nabati et al. [7] made a simulation of the fluid flow and the heat transfer in a barrel type CVD 
reactor used in the manufacturing of cutting and drilling tools. More accurately, it was a vertical 
(vertical gas flow and heating) and hot-wall CVD reactor. The numerical simulation has been carried 
out using the software Fluent. In this cas, a 3D model has been considered for the simulation. 

The more the temperature is high, the more density and viscosity of gases are affected by the 
temperature. That is why these effects have been considered for the simulation [7]. 

Their results show that the coating thickness depends on the « tray radius », in other words 
in function of the distance to the centre of the reactor (figure 16). 

 

Figure 16 : The coating thickness versus the distance from the centre of the cylindrical reactor [7] 

Moreover simulation results show that the gases feeding entrances have greet effect on the 
velocity and temperature field [7]. 

 

As CVD is one of the most efficient way to produce carbon nanotubes, Endo et al. [12] made 
a Computational Fluid Dynamics (CFD) 3-D model to predict the production rate of carbon nanotubes 
in a horizontal hot-wall CVD reactor (figure 17). 

 

Figure 17: Illustration of the horizontal hot-wall CVD reactor [12] 

In this case, the deposition occurs around the walls of the reactor where iron catalyst 
particles have been first deposited. The catalytic decomposition of xylene is responsible of the 
growth of the carbon nanotubes. 

The distribution of temperature along the y-axis has been plotted for the preheater and the 
furnace (figure 18). Concerning to the preheater, the temperature is not uniform along the y-axis due 
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to the inlet conditions. However in the furnace the temperature distribution as well as the axial 
velocity are uniform. It is representative of a laminar flow in the region of the furnace. Here we can 
see the benefits of the CFD model. For example changes in the gas feed conditions and preheater 
temperature can have effects on the axial velocity and temperature distribution in the furnace. In 
other words, changes in the operating conditions can have a big effect on the carbon nanotubes 
production rates [12]. 

 

Figure 18: Vertical distributions of temperature in: (a) the preheater; (b) the furnace [12] 

 

The kinetic aspect of the gas-phase reactions and surface reactions has been studied. And 
finally the simulated deposition rate and the experimental one are approximately the same, which 
means that the CFD model is suitable enough to predict the production rate of carbon nanotubes. 

 

I.3.2 Cold-wall CVD reactor with hot filaments 

An interesting research paper of Wolden et al. [13] is focused on the study of the radiative 
heat transfer in a Hot-Filament CVD (HFCVD) reactor. The reactor considered is a cold-wall HFCVD 
reactor (figure 19) and the only heat source is the hot filament(s). 
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Figure 19: Illustration of a cold wall HFCVD reactor [13] 

The HFCVD process can be used to grow diamond film or CNTs. In the HFCVD reactors, the 
filaments are relatively close to the substrate, which could induce large temperature variations. 
These variations have to be as low as possible in order to grow diamond film or CNTs with a uniform 
thickness over the substrate area. 

Generally for the growth of diamond films, tantalum filaments are heated up till 2500 K and 
the distance between the filaments and the substrate varies from 0.5 to 1.5 cm. By this way, the 
temperature of the substrate reaches between 900 and 1200 K. 

In this study [13] three different sources of heat transfer have been taken into account to 
determine the substrate temperature profile as a function of the filament shape and geometry: first 
the radiation from the filament to the substrate, secondly the radiation from the substrate to the 
walls of the reactor and finally the conduction in the silicon wafer. For the calculations, the 
temperature dependency of the silicon emissivity, as well as its thermal conductivity were taken into 
account. The calculations were then compared to the experiments. For the experiments, a pyrometer 
has been used to determine the filament and silicon substrate temperature. The calculated values 
are found to be in reasonable agreement with the experiments [13]. 

In the simple case of one straight filament, the surface temperature distribution has been 
plotted with and without considering the phenomenon of conduction in the wafer (figure 20). It 
shows that conduction reduces the maximum wafer temperature as well as the temperature 
gradient across the substrate. Nevertheless the general shape of the profile is imposed by the 
radiation and remains. 
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Figure 20: Temperature surface distributions for one filament; (a) without conduction; (b) with conduction in the wafer 
[13] 

The effect of the number of filaments is presented on figure 21 where the distance between 
each filament is kept constant. By comparing the three figures (a), (b) and (c), it shows that a high 
number of filaments is favourable to a better temperature uniformity and to a smaller gradient. 

 

Figure 21: Temperature surface distributions for (a) 1 filament; (b) 5 filaments; (c) 15 filaments [13] 

In the case of an infinite number of long and parallel filaments, the calculations suggest that 
the distance between the filaments and the substrate should be as large as the separation between 
the filaments in order to obtain a good temperature uniformity [13]. However the distance between 
the filaments and the substrate is of high importance. Actually the transport of the reactive species 
between the filaments and the substrate is governed by diffusion. That is why the distance between 
the filaments and the substrate should be in the same range of value as the diffusion length of the 
reactive species.  
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I.4 Low substrate temperature growth of carbon nano-structures by CVD 

The main interest of growing carbon nano-structures at low temperatures is to be compatible 
with Complementary Metal Oxide Semiconductors (CMOS) processes. In the case of Carbon 
NanoTubes (CNTs) for instance, they are usually grown at temperatures between 650 °C and 900 °C. 
And for graphene the growth temperatures are even higher. However such high temperatures induce 
severe thermal stresses and diffusion of the dopants. That is why, in order to be CMOS compatible, 
the temperatures of the growth processes are limited to below 400 °C for industrial implementation. 
Another constraint for any industrial use in the field of semiconductors or sensors devices is the 
scalability of the process. Large areas of at least 10 cm in diameter are required. Recent progresses 
were done to reduce the growth temperature of CNTs using PECVD. Nevertheless it led to nanotubes 
with high defect level or problems of large area reproducibility. 

I.4.1 Infrared heating CVD (IR CVD) 

G.Y. Chen et al. [14] present a “top-down” synthesis method allowing the growth of high 
quality CNTs over large area whilst maintaining the silicon substrate below 350 °C. The energy source 
they use is an optical infrared heating at the top of the reactor with extremely fast heating rates. The 
heating rate is much higher than the one of plasma or conventional heating. Therefore the energy is 
delivered quickly to the catalyst. Moreover the energy balance is controlled by a Thermal Barrier 
Layer (TBL) of Titanium. This layer regulates the temperature of the silicon substrate by transmitting, 
absorbing and reflecting the electromagnetic radiation. The TBL has two distinct roles which are to 
reflect the infrared radiation away from the substrate back to the catalyst and to act as a physical 
thermal barrier between the CNTs and the substrate [14]. Depending on the thickness of the TBL, its 
efficiency varies (figure 22 (a)). The coefficient of reflection to infrared radiation is also linked to the 
thickness and the nature of the coating (figure 22 (b)). According to G.Y. Chen, this methodology can 
be employed to manufacture many nano-material systems including graphene and silicon nanowires. 

 

Figure 22: (a) Temperature in function of time for different coating thickness; (b) Coefficient of reflection of infrared 
radiation versus the TBL thickness [14] 

According to the study of J.V. Anguita et al. [15] it is also possible to grow highly transmissive 
CNT forests at low substrate temperature. The grown CNT forests present highly transmissive 
characteristics from the UV to infrared wavelengths, for forests heights of 20 µm. The production of 
such materials can lead to a new design of devices in optoelectronic. In fact the CNT forests present 
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two advantages; they are highly electrical conductive and the light can penetrate them. So they can 
be used as “scaffolds” for optically active materials. 

Usually a CNT forest, which consist of a dense and vertical aligned CNTs that are several µm 
tall, is highly absorptive and even called “darker than black” material. Such strong light absorption 
severely hinders their use into optical active devices even if they exhibit good electrical properties 
[15]. Up to now, one way to produce transmissive CNT forests was to obtain low density forests. 
Another manner to get transparent 2D CNT structures was to draw nanotubes from forests into 
sheets of preferentially aligned MWCNTs that allow light transmission. More recently graphene 
shows good results at the laboratory scale. Nevertheless there are still many issues for the moment 
such as the scalability of the process as well as the electrical quality of the graphene sheets. J.V. 
Anguita et al. present a new method allowing the growth at low substrate temperature of MWCNT 
forests with high levels of optical transparency. For our study, we are more interested by the aspect 
of growth at low temperature than by the optical properties of the CNT forests. 

J.V. Anguita et al. [15] employed approximately the same method as the one of G.Y. Chen 
explained before. Actually they both used a Thermal Barrier Layer (TLB) in order to limit the 
temperature of the substrate during the growth of CNTs. The staking sequence used by J.V. Anguita 
et al. is shown on figure 23. It consists of a thin transparent membrane of Si3N4 of 50 nm supported 
by a silicon frame. And under the sample there is a silicon carrier wafer which is back-cooled, 
maintaining the temperature at 10 °C. This configuration plays as a heat sink at the back of the wafer. 

 

Figure 23: Illustration of the configuration used for the growth of MWCNT forests at low temperature substrate [15] 

Due to the low thermal conductivity of the Si3N4 membrane as well as the poor thermal 
contact between the membrane and the silicon frame, the membrane can reach the high 
temperature required for the growth of high quality MWCNT forests, whilst the temperature of the 
silicon remains low [15]. The following figure (figure 24) presents a COMSOL simulation of the 
problem at the thermal equilibrium. It clearly shows that the silicon frame remains well below 300°C. 
For its part the membrane reaches around 1000 °C. 
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Figure 24: Distribution of temperature over the sample (right) and the silicon carrier wafer (left) [15] 

I.4.2 Laser Assisted CVD (LACVD) 

Another manner to grow carbon nanostructures such as graphene and/or CNTs is to use 
Laser Assisted CVD (LACVD). Compared to a traditional CVD process, the LACVD present many 
advantages. The growth direction is controlled, the elevation of temperature is localised and the 
growth rate is several thousand times faster than with conventional CVD methods. The rapid growth 
rate with LACVD can be explained by a rapid temperature rise at the laser focal point and a rapid 
temperature drop after the laser beam moved away. So the heating and cooling kinetics with LACVD 
are completely different as the one of conventional CVD. Moreover the growth by laser is a single 
step process without pre- or post-processes. In fact traditional CVD is a multisteps process including 
annealing, growth, cooling and patterning, which can take till a few hours. That is the first reason 
why traditional CVD is more costly than LACVD. The heat source of LACVD is a focused wave laser 
beam which means that the reaction chamber can stay at room temperature. It is the irradiation of 
the laser beam which induced a local temperature rise. That is the second reason why traditional 
CVD is more costly than LACVD. 

J.B. Park et al. [16] report interesting results they got concerning the growth of graphene by 
LACVD. The principle of the experiment is presented on figure 25. 

 

Figure 25: The principle of direct writing of graphene by LACVD [16] 
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The type of laser used as the heat source is a continuous laser. The laser beam was 
defocused with a spot diameter of 20 µm to reduce the power sensitivity [16]. In order to introduce 
an enough temperature rise for graphene growth, they defined the laser power around 5 W. J.B. Park 
et al. chose a nickel foil as a substrate and a mix of CH4 and H2 as the gaseous environment. CH4 plays 
as a precursor; it brings the carbon atoms necessary for the graphene growth. We can see on figure 
25 that for technical reasons it is the substrate which is in movement and not the laser beam. 
Concerning the results, an optical micrograph of the line pattern of graphene is shown on figure 22 
(a). Its Raman spectrum (figure 22 (b)) highlights the fact that this as-grown graphene is a monolayer 
graphene. Besides, the absence of D-band in the spectrum confirms the high quality of the grown 
graphene [16]. 

 

Figure 26: Optical micrograph (a) and Ram spectrum (b) of the line pattern of graphene [16] 

Since the temperature rise is localised and since the heating/cooling rates are very high, thus 
it is possible to imagine a LACVD process used for growth at low substrate temperature of carbon 
nanostructures. Using the suitable stack of layers an eventually a thermal barrier layer, it seems to be 
possible to concentrate the heat received by the laser beam at the surface of the sample. It would 
allow being CMOS compatible for instance. The study by numerical simulation of the laser growth at 
low substrate temperature is presented in section III.6. 
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II. Thermal numerical model development & Experiments 

II.1 Reactor description 

The experimental CVD reactor is a hybrid between hot-wall and cold-wall CVD reactor. In fact 
the holder sample is heated up as in a cold-wall reactor. However the walls are not cooled down. 
Secondly instead of having the whole reactor chamber surrounded by a furnace, only the top of the 
reactor is warmed. Moreover the presence of the hot filaments distinguishes this reactor of a pure 
hot-wall reactor in which the heat is provided only from the walls. Outside of the reaction chamber, 
there is a second external enclosure which is cooled down by a water flow to avoid users’ accident by 
burning. 

This reactor has been designed in order to allow performing conventional CVD without using 
the hot filaments, PECVD or HFCVD. Within the framework of this work, the only HFCVD process will 
be studied for the thermal simulation. 

II.2 Simulation tool & procedure 

Computer simulation has become an essential tool in engineering and science. It is a relevant 
choice to avoid the use of experimental tests. That is why numerical simulation is advantageous 
economically speaking. Another point which makes the simulation useful is the fact that it allows to 
see phenomena which are impossible to observe experimentally such as the temperature through 
the thickness of a thin film of CNTs. Finally the simulation is a good way to spare time when facing 
complex problems. 

The software used in order to perform the numerical simulations is called “COMSOL 
Multiphysics”. It is a finite element analysis solver which presents the specificity to be “multiphysics”. 
It means that this software can be employed for various physics and engineering applications, 
especially for coupled phenomena. 

Procedure 

The procedure of development of the numerical model is common to almost all the software 
of numerical calculation. First of all the user has to choose the number of dimensions and if the 
problem is axisymmetric or not. In our case the whole problem has to be studied in 3D. Without the 
hot filament it would have been a 2D axisymmetric problem. 

The second step consists to build the geometry. Then it is needed to define the material used 
for each domain, in other words for each part of the assembly. COMSOL contains a library of 
predefined materials but it is also possible for the user to define his own material. 

The following step consists to mesh the geometry. The mesh features enable the 
discretisation of the geometry model into small units of simple shapes, referred to as mesh elements 
[17]. Different technics of mesh exist. Nevertheless it is possible to distinguish two main types of 
mesh: the free and the structured mesh. Depending on the geometry and on the aspect ratios it 
could be favourable to utilise rather one of this type instead of the other one. For instance when the 
thickness of a part is very small compared to the other dimensions, it is relevant to use a structured 
mesh. In this case a specific structured mesh called “swept mesh” can be employed. It is a meshing 
technique which generates a structured mesh at least in the direction of the sweep (figure 27). 
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Figure 27: Illustration of the meshing issue 

The software COMSOL allows meshing differently the various domains of the geometry. In 
the case of the figure 27, the mesh of the heating plate will be different as the one of the filament. 
On the one hand, the mesh of the plate along the z-axis has to be fine enough to enable the 
visualization of an eventual gradient of temperature through the thickness. On the other hand, due 
to the small diameter of the filament, the cells which mesh the cross section of the filament have to 
be fine enough too in order to avoid numerical issues during computation. The mesh has been tuned 
to respect these criterions. 

After meshing the user has to choose the physic(s). In our case two physics have been used: 
“Joule heating” and “heat transfer with surface to surface radiation”. The “Joule heating” interface is 
a multiphysics interface that couples electric heating and current conduction in electric conductors 
with heat transfer for modelling of Joule heating (resistive heating). For its part the “heat transfer 
with surface to surface radiation” interface combines heat transfer in fluids or solids including 
conduction and convection with surface to surface radiation [18]. 

The next step is the definition, on the one hand of the thermal loading and on the other hand 
of the boundary conditions. 

Finally the last thing to define is the type of study required. The study can be time dependent 
or stationary. Then the user can launch the resolution and get the results. 
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II.3 Study of the hot filaments 

 The activities of the gas species are largely boosted by the high temperature of the hot 
filaments and active molecular species are formed. Moreover the hot filaments also allow increasing 
the temperature of the samples by radiation. In a first time, what is essential to determine is the 
temperature of these filaments in function of the electrical power applied. Then it will allow us to 
calculate the radiative flux emitted by the filaments and thus get the temperature distribution at the 
surface of the specimens. 

II.3.1 Heating of the filaments by Joule effect 

All the electrical power sent into the filament is dissipated by Joule effect and radiated. 

Determination of the filament temperature: 

𝑃𝑡𝑜𝑡𝑎𝑙 = 2 ∙ 𝜋 ∙ 𝑟𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∙ 𝑙𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∙ 𝜀𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 ∙ 𝜎 ∙ 𝑇4 

Thus: 

𝑇 = �
𝑃𝑡𝑜𝑡𝑎𝑙

2 ∙ 𝜋 ∙ 𝑟𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∙ 𝑙𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∙ 𝜀𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 ∙ 𝜎
�
1/4

 

Within the case where there are six filaments in parallel: 

 

Figure 28: Representation of the equivalent electric circuit with six filaments in parallel 

𝑃𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 =  
𝑃𝑡𝑜𝑡𝑎𝑙

6
   𝑏𝑒𝑐𝑎𝑢𝑠𝑒   𝑃 = 𝑈 ∙ 𝐼 

The tension stays the same but the electric current is divided by six. The expression of the 
temperature becomes: 

𝑻 = �
𝟏
𝟔
�
𝟏/𝟒

∙ �
𝑷𝒕𝒐𝒕𝒂𝒍𝒆

𝟐 ∙ 𝝅 ∙ 𝒓𝒇𝒊𝒍𝒂𝒎𝒆𝒏𝒕 ∙ 𝒍𝒇𝒊𝒍𝒂𝒎𝒆𝒏𝒕 ∙ 𝜺𝒈𝒓𝒂𝒑𝒉𝒊𝒕𝒆 ∙ 𝝈
�
𝟏/𝟒
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Numerical application: 

P = 800 W; rfilament = 2.5*10-4 m; lfilament = 0.1 m; εgraphite = 0.9; σ = 5.67*10-8 W/(m2*K4) (Stefan 
Boltzmann’s constant) 

With one filament: 
Tfilament = 3160 K 

With six filaments in parallel: 
Tfilament = 2019 K 

According to the simulation 

With one filament: 
Tfilament = 3168 K 

With six filaments in parallel: 
Tfilament = 2023 K 

Conclusion 

The analytical model of heating by Joule effect is in accordance with the numerical 
simulation. The model seems to depict accurately what happens in the reality. Consequently it means 
that the mesh chosen for the simulation is appropriated. It is now possible to get the temperature of 
the filaments in function of the power applied. 

II.3.1.a Filaments temperature in function of the power applied 

The figure number shows the simulated results in terms of filaments temperature in function 
of the power applied for six filaments in parallel. The diameter of the filaments is 0.5 mm. The results 
are given for three values of the emissivity of graphite. 

 

Figure 29: Representation of the filaments temperature simulated results in function of the power applied for three 
values of emissivity of graphite 
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For an emissivity of graphite equal to 0.9, the fit of the simulated curve according to a power 
law gives: 

𝑦 = 381,64 ∙ 𝑥0.2494   𝑤𝑖𝑡ℎ   𝑅2 = 1 

As in the analytical expression of the Joule effect, the temperature is a function of the power 
at the power 1/4. 

 

Error calculation 

Within the case of six filaments in parallel: 

𝑃𝑡𝑜𝑡𝑎𝑙𝑒 = 6 ∙ (2 ∙ 𝜋 ∙ 𝑟𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∙ 𝑙𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∙ 𝜀𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 ∙ 𝜎 ∙ 𝑇4) 

𝑇 = �
𝑃𝑡𝑜𝑡𝑎𝑙𝑒

12 ∙ 𝜋 ∙ 𝑟𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∙ 𝑙𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∙ 𝜀𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 ∙ 𝜎
�
1/4

 

 

Relative error: 

∆𝑇
𝑇

= ∆(ln(𝑇)) 

ln(𝑇) =
1
4
∙ ln(𝑃) −

1
4
∙ ln(𝜀) +

1
4
∙ ln�

1
12 ∙ 𝜋 ∙ 𝑟𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∙ 𝑙𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∙ 𝜎

� 

∆𝑻
𝑻

= ∆(𝐥𝐧(𝑻)) =  �
∆𝑷
𝟒 ∙ 𝑷�

+ �−
∆𝜺
𝟒 ∙ 𝜺�

 

 

Considering that the error on the power P is around 10 % and that the value of the emissivity 
of graphite is comprised between 0.85 and 0.95, the total relative error on the filament temperature 
is of 1.34 %. 

 

II.3.1.b Temperature along the length of the filament 

In the reality, the filaments are mechanically clamped at the extremities. It means that these 
extremities are at lower temperature than the rest of the filament during heating. For the simulation 
it has been considered that the extremities are at room temperature and the gradient of 
temperature along the length of the filament has been observed. 



 
30 

 

 

Figure 30: Temperature distribution of the filament along its length for a numerical model with six parallel filaments of 
diameter 0.5 mm 

The figure 30 shows that the temperature of the filament is constant along nine cm for a 
total length of ten cm. That is why for the following numerical models, the length of the filaments 
has been taken equal to 9 cm and the temperature equal to the forecast of the Joule effect. 

II.3.2 Assessment of the power loss coefficient 

II.3.2.a Electrical considerations 

One part of the total applied power is lost by Joule effect in the system due to the presence 
of the electric transformer and of the connections (figure 31). 

 

Figure 31: Representation of the equivalent electrical circuit 

9 cm 

Notation: 
Rf

racket: resistance of the filaments inside the racket 
Rc’: contact resistance in the racket 
Rraquette: resistance of the whole racket 
Rs: resistance of the system 
Rf: resistance of one filament 
Rc: contact resistance in the filament 
Rf

mesured: measured resistance of the filament 
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The power received by the filaments in the racket Pf
racket can be expressed as following in 

function of the total power applied: 

𝑃𝑓𝑟𝑎𝑐𝑘𝑒𝑡 = 𝑘 ∙ 𝑃𝑡𝑜𝑡𝑎𝑙 

Our aim is to assess the power loss coefficient k in the system. According to the Kirchhoff’s 
voltage law applied to the figure 31: 

 (1)     𝑈𝑓 = 𝑈 − 𝑅𝑐′ ∙ 𝑖 − 𝑅𝑠 ∙ 𝑖 

Knowing that P = U*i, the equation (1) becomes: 

(1)     𝑃𝑓
𝑟𝑎𝑐𝑘𝑒𝑡 = 𝑃𝑡𝑜𝑡𝑎𝑙 − 𝑅𝑐′ ∙ 𝑖2 − 𝑅𝑠 ∙ 𝑖2 

Knowing that P = U*i and that U = R*i, thus P = R*i2: 

(2)     𝑃𝑓
𝑟𝑎𝑐𝑘𝑒𝑡 = 𝑅𝑓𝑟𝑎𝑐𝑘𝑒𝑡 ∙ 𝑖2 

The following system of equations appears: 

�
(1)     𝑃𝑓

𝑟𝑎𝑐𝑘𝑒𝑡 =  𝑃𝑡𝑜𝑡𝑎𝑙 − 𝑅𝑐′ ∙ 𝑖2 − 𝑅𝑠 ∙ 𝑖2

(2)     𝑖2 =
𝑃𝑓𝑟𝑎𝑐𝑘𝑒𝑡

𝑅𝑓𝑟𝑎𝑐𝑘𝑒𝑡
 

Replacing i2 by its expression in equation (1) leads to: 

(1)     𝑃𝑓 =  𝑃𝑡𝑜𝑡𝑎𝑙 −
𝑃𝑓𝑟𝑎𝑐𝑘𝑒𝑡

𝑅𝑓𝑟𝑎𝑐𝑘𝑒𝑡
∙ (𝑅𝑐′ + 𝑅𝑠) 

(1)     𝑃𝑓𝑟𝑎𝑐𝑘𝑒𝑡 =
𝑃𝑡𝑜𝑡𝑎𝑙

1 + 𝑅𝑐′+𝑅𝑠
𝑅𝑓𝑟𝑎𝑐𝑘𝑒𝑡

 

(1)     𝑃𝑓𝑟𝑎𝑐𝑘𝑒𝑡 = �
𝑅𝑓𝑟𝑎𝑐𝑘𝑒𝑡

𝑅𝑓𝑟𝑎𝑐𝑘𝑒𝑡 + 𝑅𝑐′ + 𝑅𝑠
� ∙ 𝑃𝑡𝑜𝑡𝑎𝑙 

The expression of the power loss coefficient between the total power applied and the power 
received by the filaments is thus: 

(3)     𝒌 = �
𝑹𝒇𝒓𝒂𝒄𝒌𝒆𝒕

𝑹𝒇𝒓𝒂𝒄𝒌𝒆𝒕 + 𝑹𝒄′ + 𝑹𝒔
� = �

𝑹𝒓𝒂𝒄𝒌𝒆𝒕 − 𝑹𝒄′

𝑹𝒓𝒂𝒄𝒌𝒆𝒕 + 𝑹𝒔
� 

Expression of Rc’ 

(4)     𝑅𝑓 = 𝑅𝑓𝑚𝑒𝑠𝑢𝑟𝑒𝑑 − 𝑅𝑐 

Resistance of the racket of 6 filaments in parallel: 

1
𝑅𝑓𝑟𝑎𝑐𝑘𝑒𝑡

=
1
𝑅1

+
1
𝑅2

∙∙∙ +
1
𝑅6
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Knowing that each filament has the same resistance, R1 = R2 … = Rf : 

𝑹𝒇𝒓𝒂𝒒𝒖𝒆𝒕𝒕𝒆 =  
𝑹𝒇
𝟔

 

And the equation (4) becomes: 

(4)      𝑅𝑓
𝑟𝑎𝑐𝑘𝑒𝑡 =

1
6
∙ (𝑅𝑓

𝑚𝑒𝑠𝑢𝑟𝑒𝑑
− 𝑅𝑐)  

According to the figure 31: 

𝑅𝑐′ = 𝑅𝑟𝑎𝑐𝑘𝑒𝑡 − 𝑅𝑓𝑟𝑎𝑐𝑘𝑒𝑡 

Replacing Rf
racket by its expression in the equation (4) leads to: 

(5)     𝑅𝑐
′ = 𝑅𝑟𝑎𝑐𝑘𝑒𝑡 −

1
6
∙ (𝑅𝑓

𝑚𝑒𝑠𝑢𝑟𝑒𝑑
− 𝑅𝑐) 

Electrical measurement of the resistivity of graphite and of the contact resistance in one filament 

In order to measure the experimental resistivity of graphite, we measure the resistance of 
three filaments of 10 cm length having different diameters (table 2). 

Diameter (m) 4,00E-04 5,00E-04 1,00E-03 
S (m2) 1,26E-07 1,96E-07 7,85E-07 

L (m) 0,10 0,098 0,097 
L/S (m-1) 7,96E+05 4,99E+05 1,24E+05 

Rmeasured (Ω) 12,4 8,5 3,5 

Table 2: Resistance measurements for three filament diameters 

 

Figure 32: The resistivity of graphite is the slope of the curve Rf
measured versus L/S 
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𝑅𝑓𝑚𝑒𝑠𝑢𝑟𝑒𝑑 = 𝜌𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 ∙
𝑙
𝑆

+ 𝑅𝑐 

�  𝜌𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 = 1.324 ∙ 10−5 𝛺 ∙ 𝑚
𝑅𝑐 =  1,873 𝛺

 

Rc is the resistance of contact in the filament. 

The resistivity of graphite changes with temperature. Therefore the resistance of the filament 
changes with temperatures too. Finally the current in the filament changes with temperature in 
order to keep the same power applied due to the relation P = R*I2. 

Numerical application with filaments of 0.5 mm diameter and a racket of 6 filaments 

(5)     𝑅𝑐
′ = 𝑅𝑟𝑎𝑐𝑘𝑒𝑡 −

1
6
∙ (𝑅𝑓

𝑚𝑒𝑠𝑢𝑟𝑒𝑑
− 𝑅𝑐) 

𝑅𝑐′ = 1.5 −
1
6
∙ (9.0 − 1.873) = 0.31 𝛺 

(3)     𝑘 = �
𝑅𝑟𝑎𝑐𝑘𝑒𝑡 − 𝑅𝑐′

𝑅𝑟𝑎𝑐𝑘𝑒𝑡 + 𝑅𝑠
� 

𝒌 = �
1.5 − 0.31
1.5 + 0.1

� = 𝟎.𝟕𝟒 

The power loss coefficient assessed thanks to electrical considerations is found equal to 0.74, 
which means that 26 % of the power is lost by dissipation in the circuit. 

II.3.2.b Pyrometrical approach 

After measuring experimentally the temperature of the filament in function of the power 
applied, it is then possible to determine the power loss coefficient by comparing the experimental 
results with the analytical model of the Joule effect. 

We want to measure the temperature of a filament but the spot of the pyrometer is much 
higher than the filament diameter (figure 33). What a pyrometer measures is the average 
temperature T’ over a circular surface. 

 

Figure 33: Illustration of the spot of a pyrometer (the filament in black and the sole in white) 
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The heat flux received by the pyrometer is the sum of the heat flux coming from the filament 
and the one coming from the sole, which leads to the following equation: 

𝑆1 ∙ 𝜀𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∙ 𝜎 ∙ 𝑇14 + 𝑆2 ∙ 𝜀𝑠𝑜𝑙𝑒 ∙ 𝜎 ∙ 𝑇24 = (𝑆1 + 𝑆2) ∙ 𝜀𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 ∙ 𝜎 ∙ 𝑇′4 

𝜀𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 = 𝜀𝑠𝑜𝑙𝑒 = 𝜀𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 

𝑆1 ∙ 𝑇14 + 𝑆2 ∙ 𝑇24 = (𝑆1 + 𝑆2) ∙ 𝑇′4 

𝑻𝟏 = �
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By applying a temperature T2 on the sole and by measuring the average temperature over 
the spot T’, it is possible to calculate the temperature of the filament T1. The figure 34 shows the 
experimental results. 

 

Figure 34: Pyrometrical measurements compared to the analytical Joule effect 

The figure 34 shows that the temperature of the filaments in function of the power applied 
does not depend on the temperature of the heating plate. It proves that our assessment of the 
filament temperature in function of T’ and T2 is relevant. 

The fit of the experimental curve obtained for a heating plate at 700 °C gives a relation where 
the temperature of the filaments depends on the power applied at the power 1/4. It is in accordance 
with the analytical model of the Joule effect. 

Finally by applying a weighting of 0.9 to the power of the Joule effect, we get a curve which 
overlaps perfectly the two experimental curves. It means that the real power loss coefficient 
between the total power applied and the power received by the filaments is of 0.9. The value of the 
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power loss coefficient obtained thanks to electrical considerations is not trustable for one main 
reason. The multimeter used to perform the electrical measures has an internal resistance higher 
than the resistance of the system. That is why for the following simulations we considered the power 
loss coefficient equal to 0.9 according to the pyrometrical approach. 

II.3.3 Radiative heating of the wafer by the filaments 

As the correspondence between the total power applied to the filaments and their 
temperature is known yet, it is then possible to determine how much the filaments will radiate and 
to calculate the temperature of the wafer of silicon which is subjected to this radiation. 

An analytical study of a filament radiating over an insulated surface has been performed and 
then compared to the results got from the similar simulated case. Additional radiative heating 
problems are presented in appendix. 

II.3.3.a Analytical model of radiation: case of one filament over a flat insulated surface 

A filament of radius r is considered as a long cylindrical heating element whose the 
temperature Th is known. This filament is placed over a flat insulated surface of low thermal 
conductivity (figure 35). The first aim is to determine the maximum temperature T0 reached by the 
flat surface assuming that both the filament and the plate are black and that the surroundings are at 
temperature Tsur. The second objective is to plot the temperature distribution over the range -100 
mm ≤ x ≤ 100 mm. 

 

Figure 35: Illustration of the problem with one filament over a flat surface [19] 

 

Since the thermal conductivity of the plate is low, the phenomenon of conduction is 
negligible. As the plate is insulated, the net radiation leaving an elementary area dA0 is equal to zero 
(figure 36): 

 

Figure 36: Representation of the different input and output fluxes on the flat surface [19] 
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Expression of the view factor F0,h 

 

Figure 37: Illustration of the view factor parameters 

𝐹0,ℎ =
𝑟
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From a Taylor series expansion with s2 = x and s1 = s2 + δ, in the limit as δ→0, we obtain: 

𝑭𝟎,𝒉 =
𝒓
𝑳

𝟏+ �𝒙
𝑳
�
𝟐  

Numerical application 

L = 10 mm; r = 0.25 mm; Th = 2273 K, Tsur = 300 K 

The maximal temperature T0: 

The maximal temperature of the plate T0 is obtained for x = 0 mm. Thus F0,h = 0.025 

𝑇0,𝑚𝑎𝑥 = (0.025 ∙ 22734 + (1 − 0.025) ∙ 3004)1/4 = 906 𝐾 

This result is in concordance with the COMSOL simulation (figure 38). 

The temperature distribution over the range -100 mm ≤ x ≤ 100 mm: 

The following relation is true for any value of x: 

𝑇0 = �𝐹0,ℎ ∙ 𝑇ℎ4 + �1 − 𝐹0,ℎ� ∙ 𝑇𝑠𝑢𝑟4�
1/4
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Only the value of the view factor F0,h is varying with x. The analytical and the simulated 
temperature distributions are plotted on the following graph (figure 38). 

 

Figure 38: Comparison between the analytical and the simulated results 

The simulation gives the same results as the analytical case. A low thermal conductivity of 0.5 
W/(m*K) has been taken to simulate the insulated plane surface. As the simulation is in good 
concordance with the analytical case, now the simulation can be used to observe what happen when 
conduction in the plane surface is taken into account. It is what is presented on the following graph 
(figure 39): 

 

Figure 39: Distributions of temperature for different conductivities of the flat surface 
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What the graph (figure 39) shows is that the more the thermal conductivity of the surface is 
high, the more the temperature gradient is low. 

 

The same problem with gray surfaces 

In the case of gray surfaces, the emissivity of each surface has to be taken into account. The 
emissivity appears in the expression of the net radiation exchanged between two surfaces. 

𝑞0" = 𝑞0→ℎ" + 𝑞0→𝑠𝑢𝑟" =
𝐹0,ℎ ∙ 𝜎 ∙ �𝑇04 − 𝑇ℎ4�
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In our case the problem is even more complicated for many reasons. The conduction inside 
the silicon wafer is not negligible. There is also conduction between the wafer and the heating plate, 
this interface having another thermal conductivity. Finally there are several filaments instead of one 
in this simple case. 
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II.4 Addition of the remaining geometrical elements in the numerical model 

 In order to simulate how the whole reactor runs, it is necessary to add to the numerical 
model all the geometrical elements. Indeed each part of the assembly plays its own role. This section 
presents the construction of these elements as well as their impact on the temperature of the wafer. 

II.4.1 Introduction of the hot plate 

 The hot plate made of graphite, also called heating plate or sole, is the plate on which the 
silicon wafer is placed on (figure 40). In fact the hot plate is a sort of sample holder. So there is a 
mechanical contact between the two parts. However the nature of the coupling between these two 
elements is unknown. The heat transfer between the hot plate and the wafer is expected to be a 
phenomenon of conduction. Nevertheless the value of the thermal conductivity of the interface is 
unknown. 

 

Figure 40: Description of the numerical model after the introduction of the heating plate 

 

II.4.1.a Influence of the thermal conductivity of the interface on the temperature of the 
wafer 

The interface between the wafer and the hot plate has been defined in the numerical model 
as a thin thermally resistive layer whose we defined the thickness and the thermal conductivity. 
COMSOL allows making a parametric sweep. It means that during the resolution COMSOL makes vary 
one parameter and then gives the results in terms of temperature for all the values of this 
parameter. Actually a simulation with a parametric sweep has been performed. The parameter was 
the thermal conductivity of the interface between the wafer and the hot plate. The results for three 
temperatures of the hot plate are presented on figure 41. 

filament 

silicon wafer 

hot plate 
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Figure 41: Evolution of the temperature of the wafer in function of the thermal conductivity of the interface 

The graph (figure 41) shows that depending on the value of the thermal conductivity of the 
interface, the surface temperature of the wafer is not the same. The more the thermal conductivity is 
high, the more the temperature at the surface and in the centre of the wafer is low. For a thermal 
conductivity of interface k = 10-6 W/(m*K) the substrate behaves as if there was nothing below him, 
no hot plate. On the contrary for a thermal conductivity k = 10 W/(m*K) all the heat provided by the 
hot filaments is evacuated by conduction in the hot plate. The simulation has been realised with 
filament at the temperature of 2000 °C. 

II.4.2 Introduction of the reflective walls 

 Into the reactor the reaction chamber is delimited by a quartz dome. The advantage of the 
quartz is that it is a chemically inert material to the gaseous media. Just outside the quartz dome 
there is a reflective enclosure made of stainless steel (figure 42). The aim of these reflective walls is 
to reflect the thermal radiation coming from the heaters and from the hot filaments. 
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Figure 42: Illustration of the introduction of the reflective walls in the numerical model 

 

 

II.4.2.a Influence of the emissivity of the walls on the temperature of the wafer 

Another parametric sweep has been performed in order to understand the influence of the 
emissivity of the walls on the temperature of the wafer. The parameter in this case was the 
emissivity of the walls. The simulation used the following parameters (table 3) to run and the results 
are presented on figure 43. 

 

T_sole 673.15 K 
T_filament 1850 K 
k_inter 1*10-3 W/(m*K) 
ε_wall_outside 1 

Table 3: List of the values of the parameters used for the simulation with the reflective walls 

reflective walls  
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Figure 43: Influence of the emissivity of the walls on the temperature of the wafer 

The presence of the reflective walls changes the value of the temperature of the silicon 
wafer. Without the walls, the temperature obtained at the centre of the wafer was 877.7 K. The 
thermal radiation received on the wall of the reactor can be reflected or absorbed and reemitted, or 
a combination of both phenomena. But the radiation is not lost as in the previous model without the 
walls. That is why with this model the temperature of the wafer is higher than previously. It is the 
value of the emissivity which defines the fraction of the radiation which is reflected or absorbed and 
reemitted. Concerning the stainless steel, the average value of its emissivity is 0.7 [20]. 

To summarize for this part, we can say that the presence of the reflective enclose has a 
significant impact on the temperature of the wafer. So it was required to take this effect into account 
in the numerical model. 

II.4.3 Introduction of the bottom and top heaters 

In the reality, the sole is heated from bellow by radiation. With this model we do not need to 
impose a temperature on the sole anymore, its temperature can evolve freely under the effect of the 
hot filaments. Moreover this model takes into account the heating from the top of the reactor (figure 
44). That is why model is closer to the reality than the previous one. 
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Figure 44: Illustration of the introduction of the top and bottom heaters in the numerical model 

Experimentally on the machine it is possible to choose the temperature of the hot plate but 
not the one of the bottom heater. So it is required to find out the relation between the temperature 
of the bottom heater and the one of the hot plate. For that a parametric sweep has been employed. 
The parameter was the temperature imposed to the bottom heater. The results in terms of 
temperature of the hot plate are presented on the figure 45. 

 

Figure 45: Calibration of the temperature of the hot plate in function of the temperature of the bottom heater 

 In order to obtain a given temperature of the hot plate, the temperature that needs to be 
imposed to the bottom heater is now known.  

top heater 

bottom  heater 
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II.5 Determination of the wafer temperature & geometrical dependency 

In order to know certainly the temperature of the wafer in any case, some experimental 
parameters such as the thermal conductivity of the interface between the hot plate and the wafer 
need to be fixed. The emissivity of silicon is a function of the temperature also. This dependency 
needs to be knows as well in order to implement it in the numerical model. 

II.5.1 Temperature dependency of the silicon emissivity 

The emissivity of lightly doped silicon evolves with temperature because the free-carrier 
concentration increases with temperature. The problem is that it is needed to know the total 
hemispherical emissivity of the silicon wafer in order to compute its equilibrium temperature when 
irradiated with a given power density. And it is not possible to use a pyrometer to determine the 
equilibrium temperature of the wafer because it would be an inaccurate measure since the 
emissivity of the sample is not precisely known. That is why we used a theoretical model which takes 
into account the effects of the various phonon-assisted processes involved in interband transitions, 
as well as the free-carrier absorption. The results of the theoretical model were then compared to 
experimental results obtained by using a technique which combines isothermal electron beam 
heating with in situ optical measurements. The theoretical model, as well as the experiments, is 
described in details in the literature by P.J. Timans [21]. Thus, our aim was to find the expression of 
the emissivity of the silicon wafer in function of the temperature and then implement it in our 
numerical model. 

Silicon is a semiconductor which presents an energetic gap of 1.1 eV at 300 K [22]. This gap of 
1.1 eV corresponds to a wavelength of: 

𝜆 =
1.24
𝐸

=
1.24
1.1

= 1.12 µ𝑚 

At wavelength below 1.12 µm the wafer is opaque and its spectral emissivity is determined 
by the reflectivity of the surface. 

𝐹𝑜𝑟 𝑎𝑛 𝑜𝑝𝑎𝑞𝑢𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙:   𝜀 (𝜆) = 1 − 𝑅 

At longer wavelength the specimen is semitransparent and its spectral emissivity is 
determined by a combination of the reflectivity, the absorption coefficient and the thickness of the 
wafer [21]. The following formula is suitable for any wavelength either when the material is 
semitransparent or opaque. 

𝜺 (𝝀) =
(𝟏 − 𝑹) ∙ (𝟏 − 𝐞𝐱𝐩 (−𝜶 ∙ 𝒍))

𝟏 − 𝑹 ∙ 𝐞𝐱𝐩 (−𝜶 ∙ 𝒍)
 

R is the reflectivity of the interface, α the absorption coefficient and l the thickness of the 
sample. The reflectivity R can be expressed as following where N is the complex refractive index, thus 
N = n + i*k with n the index of the material and k the extinction coefficient. The extinction coefficient 
k of a material measures the amount of energy of an electromagnetic radiation which is lost when 
the light passes through the material. 
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1 − (𝑛 − 𝑖 ∙ 𝑘)
1 + (𝑛 − 𝑖 ∙ 𝑘)� =

(1 − 𝑛)2 + 𝑘2

(1 + 𝑛)2 + 𝑘2
 

The total absorption coefficient α is defined as the sum of two contributions; the interband 
transitions and the free-carrier absorption. At low wavelengths (above the gap) the absorption 
coefficient is linked to the extinction coefficient through this expression: 

𝛼 =
4 ∙ 𝜋 ∙ 𝑘

𝜆
 

However for higher wavelengths between 1.12 and 5 µm (under the gap), it is more 
appropriated to use the expression given by Vandenabeele and Maex [21]: 

𝛼 = 4.15 ∙ 10−5 ∙ 𝜆1.51 ∙ 𝑇2.95 ∙ exp �−
7000
𝑇

� 

Finally, for wavelengths higher than 5 µm (under the gap also) the best approximation is 
given by Sato’s expression [21]: 

𝛼 = 0.175 ∙ 𝜆2 ∙ 𝑇3/2 ∙ exp �−
7000
𝑇

� 

The following formula defines the total hemispherical emissivity where Mλ
0 is the spectral 

emittance of the blackbody: 

𝜺(𝑻) =
∫ 𝑴𝝀 ∙ 𝒅𝝀
𝝀𝟐
𝝀𝟏

∫ 𝑴𝝀
𝟎 ∙ 𝒅𝝀𝝀𝟐

𝝀𝟏

=
∫ 𝜺(𝝀) ∙ 𝑴𝝀

𝟎 ∙ 𝒅𝝀𝝀𝟐
𝝀𝟏

∫ 𝑴𝝀
𝟎 ∙ 𝒅𝝀𝝀𝟐

𝝀𝟏

 

The spectral emittance can be calculated with the following formula: 

𝑀𝜆
0 = 𝜋 ∙ 𝐿𝜆0 = 𝜋 ∙

2 ∙ ℎ ∙ 𝑐2

𝜆5 ∙ �exp � ℎ∙𝑐
𝑘∙𝜆∙𝑇

� − 1�
 

With: 

 h = Plank’s constant 

 c = speed of the light in vacuum 

 k =Boltzmann’s constant 

For our calculations we used the values of the couples (n, k) found on a specified website for 
a range of wavelength λ between 6.2*10-4 µm and 250 µm [23]. 

II.5.1.a Numerical integration 

In order to perform the numerical integration of the total hemispherical emissivity, the 
trapezoidal rule was employed (figure 46). 
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Figure 46: Trapezoidal rule illustration 

The sum of all the n elementary trapezes of area A gives: 

� 𝑓(𝑥) ∙ 𝑑𝑥 =
1
2 �
𝑓(𝑎) + 𝑓(𝑏)� ∙ ℎ + �𝑓(𝑎 + 𝑘 ∙ ℎ) ∙ ℎ

𝑛−1

𝑘=1

𝑏

𝑎
 

The results of the numerical integration of the theoretical model are plotted on the same 
graph as the experimental values found in the literature (figure 47). 

 

Figure 47: Experimental and computed temperature dependency of the silicon emissivity 

A = ½*[f(a) + f(a+h)]*h 
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II.5.1.b Experimental fit 

In order to use the experimental data in our numerical simulation, we wanted to fit the 
experimental curve. As the curve looks like the letter “S”, we thought to use a Fermi’s function to fit 
the curve whose the general expression is: 

𝑓(𝑇) = (𝐴 − 𝐵) ∙
1

1 + exp�−𝛽 ∙ (𝑇 − 𝑇0)�
+ 𝐵 

A is the maximal value of the curve and B the minimum one. After adjusting manually the 
parameters β and T0, we finally got: 

𝜀(𝑇) = (0.71 − 0.1) ∙
1

1 + exp�−0.019 ∙ (𝑇 − 739)�
+ 0.1 

The advantage of fitting the experimental curve is that it is then possible to deduce the 
emissivity of silicon at lower and/or higher temperatures than the range of values given by the 
experiments. 

II.5.2 Determination of the heat exchange coefficient in conduction at the interface 
between the wafer and the hot plate 

The idea is to compare the experimental results with the one obtained by numerical 
simulation. This step is necessary to adjust the experimental parameters used in the simulation and 
thus get a numerical model as close as possible to the reality. The experimental measures of 
temperature have been performed with a thermocouple incorporated in a silicon wafer of five 
centimetres of diameter. Only the upper face of the wafer thermocouple was polished like the 
wafers used for the growth of CNTs. 

In the numerical model we define the interface between the heating plate and the wafer as a 
thin resistive layer. We give an arbitrary value for the thickness of the layer and we make vary its 
thermal conductivity k thanks to a parametric sweep. In our case we entered an arbitrary thickness of 
50 µm and we made vary k between 1*10-6 and 10 W/(m*K) (figure 48). Depending on the value of k 
the temperature of the wafer changes for a given filament power. The aim is to find the right value of 
k which gives a temperature of the wafer equal to the experimental one. 
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Figure 48: Determination of the thermal conductivity k of the interface between the heating plate and the wafer for an 
heating plate at 673 K 

Figure 48 presents the temperature at the centre of the wafer in function of the power 
applied on the filaments for different values of k. For a heating plate at 673 K, a thermal conductivity 
of interface of 1*10-3 W/(m*K) seems to fit the best the experimental curve. The results are similar 
for a heating plate at 773 K (figure 49) and 873 K (figure 50). 

 

Figure 49: Temperature at the centre of the wafer versus the filament power for a heating plate at 773 K 
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Figure 50: Temperature at the centre of the wafer versus the filament power for a heating plate at 873 K 

The value of the thermal conductivity would be relevant if we would have a real thin resistive 
layer of thickness 50 µm. In our case instead of having such a layer, there are just some contact 
points and void in between the sole and the wafer. And the roughness of these both surfaces is 
maybe not equal to 50 µm. That is why it is more relevant to speak about equivalent heat exchange 
coefficient in conduction hcond than about thermal conductivity of interface k. The equivalent heat 
exchange coefficient in conduction is defined as following: 

ℎ𝑐𝑜𝑛𝑑 =
𝑘
𝑒

 

hcond: equivalent heat exchange coefficient in conduction(W/(m2*K)) 

k: thermal conductivity of the thin resistive layer (W/(m*K)) 

e: thickness of the thin resistive layer (m) 

Numerical application: 

ℎ𝑐𝑜𝑛𝑑 =
𝑘
𝑒

=
1 ∙ 10−3

50 ∙ 10−6
= 20 𝑊/(𝑚2 ∙ 𝐾) 

To gives some orders of magnitude, in case of a very good contact hcond can reach till 50.000 
W/(m2*K). With a good contact material at the interface and under air at atmospheric pressure it is 
possible to reach 10.000 W/(m2*K). In our case we do not have any contact material at the interface 
and we work under vacuum. That is why the thermal contact between the heating plate and the 
wafer is really poor. 

II.5.3 Experimental observation of the poor thermal contact between the heating plate 
and the wafer 

According to the correlation between the simulation and the experiments, we found a low 
thermal conductivity of the thin resistive layer, k = 1*10-3 W/(m*K), which led to a very low value of 
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the equivalent heat exchange coefficient in conduction of the interface, h = 20 W/(m2*K). As the 
thermal contact is very weak, the heating plate and the wafer should exchange heat almost only by 
radiation and not by conduction. That is what we wanted to verify experimentally. For that we placed 
the wafer on thin chocks in order to have a heat exchange only by radiation. The results obtained 
with and without the chocks are presented on figure 51. 

 

Figure 51: Comparison of the temperature of the wafer when using chocks or not 

According to the figure 51 the temperature of the wafer in function of the filament power is 
the same with and without the use of chocks. It means that there is heat exchange only by radiation, 
conduction is negligible. Thus, the correlation between the simulation and the experiments provides 
results which seem to be coherent. 

II.5.4 Influence of the experimental parameters on the value of the wafer temperature 

How can the temperature of the wafer be affected by a variation of experimental parameters 
such as the emissivity of the walls, the space between filaments and wafer or the temperature of the 
heater of the top? To answer this question we made vary each experimental parameter 
independently and checked the effect on the curves temperature of the wafer versus the filaments 
power.  

First the effect of a variation of the emissivity of the walls was studied for a given 
temperature of the heating plate of 673 K and a thermal conductivity of the interface of 1*10-3 
W/(m*K) (figure 52). 
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Figure 52: Effect of a variation of the emissivity of the walls on the wafer temperature 

Figure 52 shows that for a variation of the emissivity between 0.1 and 0.7, the temperature 
of the wafer varies around 20 K for any value of the filaments power, which corresponds to a relative 
error of 2 %. 

The same approach has been used to assess the effect of a variation of the filament-wafer 
space on the wafer temperature (figure 53). 

 

Figure 53: Effect of a variation of the space between filaments and wafer on the wafer temperature 

A variation of 0.2 cm of the space between filaments and wafer, results in a relative error in 
temperature lower than 1 %. 

The last experimental parameter whose we could evaluate the effect on the wafer 
temperature was the temperature of the heater of the top (figure 54). 
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Figure 54: Effect of a variation of temperature of the heater of the top on the wafer temperature 

A variation of almost 100 K of the temperature of the heater of the top leads to a relative 
error in temperature of less than 1 %. 

Finally we calculated the total relative error made on the temperature of the wafer by 
making an error on each experimental parameter, which is 3.22 %. It is according to this value that 
we defined the scatter on the wafer temperature on figures 48, 49 and 50. 

II.5.5 Influence of the geometry on the temperature of the wafer 

 Two aspects of the geometrical dependency of the problem have been studied in this 
section. First the influence of the radius of the wafer on its temperature has been studied. Secondly 
the gradient of temperature at the surface of the wafer and perpendicularly to the filaments has 
been investigated in function of the number of filaments in the racket. 

II.5.5.a Dependency of the radius of the wafer 

 For this study an elementary model (figure 55) including only one filament and the silicon 
wafer has been employed because it is an adequate model in order to evaluate the influence of the 
radius of the wafer on its temperature. A parametric sweep has been used whose the parameter was 
the radius of the wafer. The simulation has been performed with a hot filament at the temperature 
of 2000 °C and the results are shown on the figure 56. 
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Figure 55: Representation of the elementary model used to investigate the effect of the radius of the wafer on its 
temperature 

 

Figure 56: Temperature of the silicon wafer in function of its radius 

 The results show that the more the radius is low, the more the temperature of the wafer is 
high. It is due to the fact that for a same quantity of heat the more the mass of the wafer is low, the 
more its temperature is high. This particularity highlights the fact that the scalability of this process 
of HFCVD is not obvious. That is why the use of numerical simulation can be a useful tool for 
instance. 
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II.5.5.b Influence of the number of filaments on the gradient of temperature over the wafer 

After having developed several numerical models including some with one and six filaments, 
an interesting question arose. How to reduce the gradient of temperature along the radius of the 
wafer and perpendicularly to the filaments? In fact to be homogeneous in temperature over the 
wafer, this gradient has to be as low as possible. To answer this question we compared two models, 
the first one with only one filament and the second one with six filaments. Both simulations have 
been performed for a temperature of filament of 1850 K and a thermal conductivity of the interface 
hot plate – wafer of k = 1*10-6 W/(m*K). In the case of six filaments, each filament is placed at one 
centimetre of the others and at one centimetre of the surface of the wafer. The results are presented 
on figure 57. 

 

Figure 57: Temperature distributions at the surface of the wafer and perpendicularly to the filaments, comparison 
between the models with one and six filaments at the same temperature  

The graph (figure 57) shows that the temperature of the wafer is higher with 6 filaments at 
1850 K than with one filament at the same temperature. Moreover the temperature distribution at 
the surface of the wafer has the same shape “as a bell” in both cases. It is due to the value of the 
view factor which is higher at the centre of the wafer than on the edges. However the radial gradient 
of temperature with six filaments is much lower than the one with one filament. 

II.6 Experimental verification of the calibration of the wafer thermocouple 

 The aim of this experiment was to verify if the wafer thermocouple gives the real 
temperature or not. For that the idea was to measure the melting temperature of a silicon wafer 
covered by an alloy of aluminium with 0.5% of copper. The melting temperature of such an alloy is 
equal to 650 °C. The experimental devices used for this experiment are presented on figure 58. 
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Figure 58: Experimental setup used to measure the melting temperature of the alloy aluminium - copper 

 Only the hot plate has been warmed for this experiment, which means that the hot filaments 
were not used. The interferometer (figure 58) is used to detect the moment when the alloy starts to 
melt. As soon as the fusion occurs, the reflectivity of the sample surface is reduced and the signal of 
the interferometer shows a drop (figure 59). 

 

Figure 59: The temperature measured (top) and the intensity of the interferometer signal (bottom) versus time 

 As shown on figure 59, the wafer thermocouple measures a temperature of 550 °C when the 
aluminium sample starts to melt, which is much lower than the 650 °C expected. Is the wafer 
thermocouple defective? No, in fact the difference of temperature between the measure of the 
thermocouple and the melting point of the aluminium alloy is due to a difference of emissivity 
between the two samples. Actually the emissivity of the silicon wafer thermocouple is around 0.7 at 
this temperature and the emissivity of the aluminium alloy is around 0.02. It means that the heat 
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brought from the hot plate can be released by radiation if the emissivity of the sample is high 
enough. It is the case of the silicon wafer thermocouple but not of the aluminium alloy. This physical 
phenomenon is represented by a scheme on figure 60. 

 

Figure 60: Illustration of the physical phenomenon 

Therefore it is normal that the wafer thermocouple measures a lower temperature that the 
one of the aluminium sample. But it does not mean that the thermocouple is well calibrated. It is the 
numerical simulations which allowed us to be sure that the wafer thermocouple was well calibrated. 
Actually the thermal simulation in the same conditions with a silicon wafer gave 550 °C and 650 °C 
with an aluminium wafer, which is in close agreement with the experiments. To summarise we could 
say that the temperature of a sample strongly depends on its emissivity and we have to be careful of 
the thermal measurements which are not representative of all the samples. Finally the model is quite 
well parameterised. 

  



 
57 

 

III. Study of the process and optimisation 

As the development of the numerical model is done, it is possible to utilise it to simulate 
cases whose the temperature cannot be measured experimentally. For instance the model allows to 
determine the temperature through the thickness of the system or to simulate the thermal effect of 
the growth of a CNTs film at the surface of a silicon wafer on its temperature. 

III.1 Radiation VS. convection 

In the numerical model, we only considered heat transfer by radiation. Is there any heat 
transfer by convection due to the presence of gas in the reactor? Is there a preponderant heat 
transfer mode among both radiation and convection? To answer these questions we considered a 
gaseous media formed of H2 at pressure comprised between 40 and 1000 Pa. The aim is to compute 
the value of the heat exchange coefficient in convection and then compare it to the one in radiation. 

But first of all we need to know what type of flow we have. To check if the flow is continuous 
and if we can apply the Navier-Stokes equations, we first calculated the Knudsen number. 

𝐾𝑛 =
𝑘𝐵 ∙ 𝑇

√2 ∙ 𝜋 ∙ 𝜎2 ∙ 𝑃 ∙ 𝐿𝑐ℎ𝑎𝑟
 

Kn: Knudsen number (dimensionless) 

kB : Boltzmann’s constant = 1.381*10-23 J/K 

T: temperature of the wall of the reactor (K). The maximum temperature of the walls is 873 K. 

σ: diameter of the molecule of H2 (m). The smallest molecule is the diatomic hydrogen with a bond 
length of 0,74 Å [24]. 

P: pressure (Pa) 

Lchar: characteristic length (m). The characteristic length that we chose for the reactor is its length 
because it is the smallest dimension. 

Numerical application: 

0.00451(1000 𝑃𝑎) < 𝐾𝑛 < 0.113(40 𝑃𝑎) 

In order to be able to apply the Navier-Stokes equations, the Knudsen number should be 
inferior to 0.01. For most of our pressure range, this condition is verified. Even if it is not the case at 
very low pressure such as 40 Pa, we assume that we have a continuous flow and that the Navier-
Stokes equation can be employed. 

Now we can used the correlations obtained for a continuous flow. Here is the expression of 
the heat exchange coefficient in convection: 

ℎ =
𝑁𝑢 ∙ 𝜆
𝐿𝑐ℎ𝑎𝑟
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h: heat exchange coefficient in convection (W/(m2*K)) 

Nu: Nusselt number (dimensionless) 

λ: thermal conductivity of the fluid (W/(m*K)) 

Lchar: characteristic length (m) 

III.1.1 Forced convection 

In the case of forced convection in a circular tube, the Nusselt number is equal to 3.66 if the 
flow is laminar. The characteristic length is the diameter of the tube. However it is more difficult to 
know the thermal conductivity of H2 because it is a property of the temperature. The thermal 
conductivity of H2 around 105 Pa follows a polynomial rule: 

𝜆𝐻2 = 𝐴 + 𝐵 ∙ 𝑇 + 𝐶 ∙ 𝑇2 + 𝐷 ∙ 𝑇3     (𝑤𝑖𝑡ℎ 𝑇 𝑖𝑛 𝐾) 

A = 8.099*10-3 

B = 6.689*10-4 

C = -4.158*10-7 

D = 1.562*10-10 [25] 

This expression is reliable for a range of temperature between 115 and 1470 K. The 
dependency of λ in function of the pressure is relatively low at low pressure. The thermal 
conductivity increases about 1% or less per bar between 100 to 106 Pa [25]. The maximal 
temperature of the wall can reach 873 K, which is in the good range of temperature to apply the 
correlation. It corresponds to a thermal conductivity of hydrogen equal to 0.379 W/(m*K). Thus, the 
heat exchange coefficient in forced convection is equal to: 

ℎ =
3.66 ∙ 0.379

0.11
= 12.6 𝑊/(𝑚2 ∙ 𝐾) 

The length of the cylinder has been taken as the characteristic length instead of its diameter 
because the length is the smallest dimension of the cylinder geometry. 

III.1.2 Natural convection 

We consider the simple case of a horizontal heated upward facing plate which represents the 
natural convection between both the wafer and the walls of the reactor with the gas H2. In natural 
convection the expression of the laminar Nusselt number is [26]: 

𝑁𝑢 =  
1.4

ln �1 + 1.4
0.835∙𝐶𝑙𝑎𝑚∙𝑅𝑎0.25�

 

Here is the expression of Ra the Rayleigh dimensionless number [26]: 

𝑅𝑎 =
𝑔 ∙ 𝐿𝑐ℎ𝑎𝑟3 ∙ 𝛽 ∙ (𝑇𝑆 − 𝑇∞)

𝜈 ∙ 𝛼
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g: gravity (m/s2) 

β: volume expansion coefficient (1/K) 

TS: temperature of the surface of the wafer/wall (K) 

T∞: temperature of the gas H2 far away from the wafer and walls surfaces (K) 

ν: kinematic viscosity (m2/s) 

α: thermal diffusivity (m2/s) 

The characteristic length of a plate is equal to the surface area A over the perimeter P. If we 
consider a square plate of length L, the characteristic length is [26]: 

𝐿𝑐ℎ𝑎𝑟 =
𝐴
𝑃

=
𝐿2

4 ∙ 𝐿
=
𝐿
4

 

The expression of Clam which appears in the expression of the Nusselt number is the following [26]: 

𝐶𝑙𝑎𝑚 =
0.671

�1 + �0.492
𝑃𝑟

�
9
16�

4
9

 

Pr is the Prandtl dimensionless number expressed as following: 

𝑃𝑟 =
𝜈
𝛼

 

ν: kinematic viscosity (m2/s) 

α: thermal diffusivity (m2/s) 

In the following table (table 4) are presented the values of Ra, Pr, Nu and h for a wide range of 
pressure. 

P (Pa) Ra Pr Nu h (W/(m2*K)) 

40 3,49E-06 0,6683 0,3232 5,175 
5301 0,06121 0,6683 0,6937 11,11 
10562 0,243 0,6683 0,8107 12,98 
15823 0,5453 0,6683 0,8953 14,34 
21084 0,9683 0,6683 0,9641 15,44 
26345 1,512 0,6683 1,023 16,39 

Table 4: Computed values of the heat exchange coefficient in natural convection in function of the pressure 

The correlation used to calculate the Nusselt number is reliable for a Rayleigh number 
superior to 1. In the range of pressure between 40 and 1000 Pa, Ra is always inferior to 1 (table 4). 
The correlation works for pressure above 21000 Pa. However we know that the lower the pressure, 
the lower the heat exchange coefficient is. That is why we can deduce that the heat exchange 
coefficient in natural convection for our range of pressure is lower than 15,44 W/(m2/K). 
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III.1.3 Radiation 

For two plates of the same surface area and having the same emissivity, there is a formula 
allowing the calculation of an equivalent heat exchange coefficient in radiation. The expression is the 
following [26]: 

ℎ𝑟𝑎𝑑������ = 4 ∙ 𝜀 ∙ 𝜎 ∙ 𝑇�3 

ε: emissivity of the plates (dimensionless) 

σ: Stefan-Boltzmann constant = 5.67*10-8 W/(m2*K-4) 

T: average temperature of the two plates (K) 

If we consider the row of filaments as a radiating plate having the same surface as the wafer, 
we can use the previous expression to have an idea of the value of the equivalent heat exchange 
coefficient in radiation. 

Numerical application: 

ℎ𝑟𝑎𝑑������ = 4 ∙ 0.9 ∙ 5.67 ∙ 10−8 ∙ �
1967 + 950

2
�
3

= 633 𝑊/(𝑚2 ∙ 𝐾) 

Now if we compare the heat exchange coefficient in radiation with the ones in forced and 
natural convection, we can say that the phenomenon of radiation is preponderant compared to any 
form of convection. 

III.2 Thermal simulation of the effect of the growth of CNTs 

 As the numerical model is now adjusted, it is possible to use it in order to predict the thermal 
behaviour of samples of different nature and covered by a thin film of CNTs, also called a forest of 
CNTs. 

III.2.1 Definition of the thin superficial film of CNTs 

Due to its tubular structure, a single CNT presents mechanical, electrical and thermal 
anisotropic properties. Along the length of the tube an extremely high thermal conductivity is 
theoretically predicted for CNTs, due to large phonon mean free path in strong carbon sp2 bond 
network of CNT walls. This value reaches almost 3000 W/(m*K) along the tube axis, which is even 
higher than diamond [27]. However the off-axis thermal conductivity of the nanotube is much lower 
still due to its tubular structure. 

A forest of CNTs exhibits the same anisotropic behaviour as a single CNT. Nevertheless the 
thermal properties of the nano-films are expected to have a statistical effect and thus lower than the 
intrinsic thermal conductivity of a single nanotube because it is still not possible to perfectly align 
CNTs in the macroscopic scale [28]. 

According to the literature [27, 28] the tensor of the thermal conductivity of a forest of CNTs 
has the following shape. 



 
61 

 

𝑘 = �
𝑘𝑥𝑥 = 100 0 0

0 𝑘𝑦𝑦 = 1 0
0 0 𝑘𝑧𝑧 = 1

� 

The thermal conductivity along the tubes axis (the axis xx) does not depend on the length of 
the tubes [27]. And the specific heat at 300 K of a forest of CNTs is equal to 702 J/(kg*K) [28]. These 
values of thermal conductivity and specific heat have been input into the numerical model in order to 
simulate the thermal effect of the growth of CNTs at the surface of a given substrate. 

III.2.2 Study of the elevation of temperature on various substrates due to the growth of 
CNTs 

The aim of this specific study was to observe the elevation of temperature which appears on 
the top surface of a given substrate when the nanotubes are growing on it. The three types of 
substrates chosen are the following: 

 a silicon wafer 
 a silica wafer 
 a silicon wafer covered by a thin film of silica (1um thick) 

The figure 61 presents the results in terms of temperature at the surface of various 
substrates in function of the thickness of the grown CNTs film for a given filament power of 800 W 
and an hot plate at T = 673 K. 

 

Figure 61: Temperature at the top surface of various substrates versus the thickness of the CNTs film 

An elevation of temperature of about 10 K is observed at the steady state on the silicon 
wafer with CNTs at its surface. As soon as there is a tiny film at the surface of the wafer, its 
temperature increases of 10 K. The elevation of temperature seems to be the same whatever the 
thickness of the CNTs film. In fact as soon as the film starts to grow the emissivity of the surface 
increases till 1, thus its temperature increases as well. And regardless the thickness of the film, the 
emissivity stays equal to 1. 
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Regarding the curve of the silicon substrate covered by a film of silica, the increase of 
temperature when CNTs are growing on it is around 40 K, which is much more than the one observed 
with pure silicon wafer. It is due to the emissivity of silica which is around 0.4 at 900 K, compared to 
0.7 for the pure silicon. Therefore an increase of the emissivity from 0.4 to 1 induces a higher 
increase of temperature than an increase of emissivity from 0.7 to 1. 

Concerning the curve of the substrate made of bulk silica, in any case the temperature is 
higher than with the two other substrates. It is due to the fact that silica is a thermal insulator. Its 
thermal conductivity is very low. For this reason the heat coming from the hot filaments stays at the 
surface of the substrate, there is almost no conduction in the substrate. 

 

III.2.3 Study of the gradient of temperature inside the CNTs film 

As the thermal conductivity of the CNTs film along the length of the tubes is relatively high 
and as the thickness of the film is low, there is a negligible gradient of temperature between the feet 
and the heads of the CNTs. Their temperature is equal to the temperature at the top surface of the 
substrate. 
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III.3 Laser pulse model 

In the literature [16] we have seen that it is possible to use Laser Assisted CVD (LACVD) to 
grow carbon nanostructures such as graphene or CNTs. The advantages of this method compared to 
a traditional CVD process and even to a HFCVD process have been mentioned in section I.4.2. In our 
case we wanted to simulate numerically with COMSOL the thermal effect of a laser pulse over the 
surface of a sample. In fact a pulsed lased presents several advantages compared to a continuous 
laser. The power density delivered by a pulsed laser is much higher and the elevation of temperature 
is localised and shorter in time. 

III.3.1 Role of the staking sequence 

The objective is to grow carbon nanostructures at low substrate temperature in order to be 
compatible with CMOS manufacturing processes. In fact the temperature has to be low enough to 
avoid migration of the doping elements and thermal stresses. Depending on the staking sequence of 
the sample, it is possible to localise the heat at the surface and keep the substrate at low 
temperature. The use of a Thermal Barrier Layer (TBL) allows this phenomenon. 

Figure 62 presents the principle of the laser pulse experiment on the first staking sequence studied. 

 

 

 

Figure 62: Illustration of the silicon wafer covered by several layers under a laser pulse 

Platinum is the catalyst while the chromium layer is used to improve the adhesion between 
the metal catalyst and the silica. Silica is the TBL and silicon is the substrate. Thanks to the silica layer 
which has a very low thermal conductivity, the silicon wafer stays at low temperature. That is what is 
shown by the results of the simulation (figures 63 and 64). 

Laser pulse 
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Figure 63: Distribution of temperature through the thickness till 50 µm at t = 0 s 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 64: Distribution of temperature through the thickness till 50 µm at t = 1 µs 

Platinum + chromium 

Silicon 
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For both figures 63 and 64, the vertical temperature drop is due to the presence of the TBL 
made of silica. 

In a second time we studied another stacking sequence: Platinum (200nm)/Chromium 
(20nm)/Silica (50µm). In this case the TBL is much thicker than the one in the previous stacking 
sequence. The distribution of temperature through the thickness at time t = 0 s is similar to the one 
of figure 63. However the same distribution at time t = 1 µs is completely different (figure 65). 

 

 

Figure 65: Distribution of temperature through the thickness till 50 µm at t = 1 µs 

A thicker TBL allows concentrating the heat at the surface of the sample while keeping a low 
temperature of the substrate. 

 

III.3.2 Role of an offset of temperature 

The idea with the laser pulse is to bring enough energy in order to initiate the growth of 
carbon nanostructures. However the temperature drops quickly after the pulse and it can stop the 
growth till the next pulse. Working with an offset of temperature can allow keeping the temperature 
high enough for the growth during a longer time, in other words extending the growth time (figure 
66). 
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Figure 66: Influence of an offset of temperature over the temperature distribution in function of time 
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Conclusion 

 

 

From a scientific point of view we managed to demonstrate that the heat transfer between 
the hot plate and the wafer is only due to a mechanism of radiation. Secondly we managed to 
develop a numerical model which is well representative of what happen in the reality and which is 
predictive. Finally we also demonstrated that the temperature of the sample strongly depends on its 
emissivity. 

 

Regarding the prospects, they are numerous. Among them we can mention the scalability of 
the processes of growth of CNTs and graphene thanks to the numerical simulation. The use of the 
model can also be used to design a new racket having a better distribution of hot filaments in order 
to optimise the view factor and thus get a more homogeneous distribution of temperature at the 
surface of the samples. Finally the simulation allows the determination of the temperature at the 
surface of samples which present complex staking sequences used especially in microelectronics. 

 

As a personal conclusion, I would say that this internship was a really good experience for 
me. I had the chance to work in one of the biggest research centre in France. Moreover it was a 
pleasure to work on a project which has a direct application with the researches carried out by the 
“nanomaterials” team of the LCRE laboratory. It also allowed me to discover the field of technological 
research. 
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Appendix 

Additional analytical models of radiation 

Case of two black infinite parallel plates 

 

Figure 67: Illustration of the two black infinite parallel plates 

The two insulated surfaces (figure 67) exchange radiation only with each other. Since there 
are only two surfaces, the net rate of radiation transfer from surface 1, q1, must equal the net rate of 
radiation transfer to surface 2, -q2, and both quantities must equal the net rate at which radiation is 
exchanged between 1 and 2 [19]. All the radiation emitted by surface 1 is absorbed by surface 2, 
which then reradiate to surface 1. 

𝑞𝑖→𝑗 = 𝐴𝑖 ∙ 𝐹𝑖𝑗 ∙ 𝜎 ∙ (𝑇𝑖4 − 𝑇𝑗4) 

Fij defines the “view factor”, which is the fraction of the radiation leaving surface i that is 
intercepted by surface j. The two surfaces are infinite and parallel, thus A1 = A2 = A and F12 = F21 = 1. 

𝑞1→2 = 𝑞2→1 

𝐴 ∙ 𝜎 ∙ �𝑇14 − 𝑇24� = 𝐴 ∙ 𝜎 ∙ �𝑇24 − 𝑇14� 

𝑻𝟏 = 𝑻𝟐 

This relation T1 = T2 has been observed numerically after simulation with the software COMSOL. 

Case of two gray infinite parallel plates 

It is the same case as the previous one apart from the fact that the surfaces are gray instead 
of black. With gray surfaces, the expression of the net radiation exchanged between surfaces 1 and 2 
changes as following. 

𝑞𝑖→𝑗 =
𝐴𝑖 ∙ 𝐹𝑖𝑗 ∙ 𝜎 ∙ (𝑇𝑖4 − 𝑇𝑗4)

1
𝜀𝑖

+ 1
𝜀𝑗
− 1

 

All the radiation emitted by surface 1 is reflected or absorbed by surface 2. The fraction α 
which is absorbed by surface 2 is then reemitted to surface 1. 

𝑞1→2 = 𝑞2→1 

𝐴 ∙ 𝜎 ∙ (𝑇14 − 𝑇24)
1
𝜀1

+ 1
𝜀2
− 1

=
𝐴 ∙ 𝜎 ∙ (𝑇24 − 𝑇14)

1
𝜀2

+ 1
𝜀1
− 1

 

�𝑇14 − 𝑇24� = (𝑇24 − 𝑇14) 
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𝑻𝟏 = 𝑻𝟐 

The relation T1 = T2 has been verified by simulation with COMSOL. 

Influence of the filaments geometry on the temperature distribution at the 
surface of the wafer 

In order to investigate the influence of the filaments geometry on the temperature 
distribution at the surface of the wafer, a numerical model with three filaments has been used. The 
simulation has been run in two cases. In the first case the wafer is assimilated to an insulated surface 
of thermal conductivity k = 0.5 W/(m*K). And the second case is representative of a silicon wafer 
whose the thermal conductivity is equal to k = 130 W/(m*K). In both cases the filaments are spaced 
of 2.5 centimetres, which is 2.5 times higher than in the real case. The results presented on figure 68 
are given for a temperature of the filaments of 1850 K. 

 

Figure 68: Distribution of temperature at the surface of the wafer 

What shows the graph (figure 68) is that the two profiles of temperatures are completely 
different. As expected the average gradient of temperature along the radius of the wafer is higher 
with the insulated surface than with the silicon one. Moreover in the case of the insulated surface 
the phenomenon of conduction is not efficient enough to homogenise the temperature in the wafer. 
The three bumps corresponding of the three filaments are representative of this inability of the 
wafer to conducts the heat radially. That is why the spacing between the filaments has to be chosen 
in function of the nature of the substrate. 
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Temperature dependency of the silicon emissivity 

 The spectral properties of silicon used to perform the calculation of its total hemispherical 
emissivity are presented bellow (figures 69 and 70). 

 

Figure 69: Refractive index of silicon in function of the wavelength 

 

 

Figure 70: Extinction coefficient of silicon in function of the wavelength 


