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Chemical Vapor Deposition (CVD) is a promising method for producing graphene. 
However, the reaction environment, such as the flow field inside the CVD reactor, 
remains poorly understood. Therefore, the current study focused on the influence of 
the substrate tilting angle on the graphene quality and elucidating the flow field around 
the substrate. An experiment using atmospheric pressure chemical vapor deposition 
(APCVD) and a simulation study of substrate tilting angle in graphene production are 
presented. The graphene is produced using APCVD for 8°, 15°, and 60° substrate tilting 
angles. The Raman characterization was done on all the substrates to see the effect of 
the substrate tilting angle on the graphene produced. A computational fluid dynamics 
(CFD) model of the heating chamber of the CVD chamber was developed using ANSYS® 
FLUENT to understand the result further. Simulation for the three titling angles was 
performed using the developed CFD model. The experimental results showed that the 
best result was graphene produced by tilting an angle at 15° while the lowest quality 
was at a 60° tilting angle. This indicates an optimum tilting angle at a lower tilting angle. 
The simulation revealed the relationship between vorticity and boundary layer 
thickness to the graphene quality. 
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1. Introduction 
 

The discovery of graphene in 2004 sparked immense interest among researchers due to its 
exceptional properties, including structural and fracture strength [1], thermal and electrical 
conductivity [2], and flexibility. These characteristics have positioned graphene as a promising 
material for various applications, such as optoelectronics, flexible solar cells, bio-sensing, 
nanocomposites, and energy storage devices [3-5]. While mechanical exfoliation, the method used 
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by Novoselov et al., [6] in their first graphene discovery in 2004, can produce high-quality graphene, 
it is limited to small-scale production. Chemical vapor deposition (CVD), which utilizes carbon-
containing precursor gas mixed with carrier gases to deposit graphene on a metal substrate, is the 
most promising method for producing scalable, large-area, high-quality graphene films [7-9]. 
However, the complex phenomena involved in the CVD process require careful attention to control 
the quality of the graphene produced. 

The synthesis of graphene via CVD is influenced by several factors that interact in complex ways, 
affecting various aspects of graphene growth, such as uniformity, growth speed, and morphology 
[10]. These factors include pressure inside the growth chamber, heating temperature, substrate 
material, and the type of precursor gas and its mixture with carrier gases. The pressure inside the 
growth chamber can be atmospheric [11,12], low-pressure [13-16], high-pressure [17] or ultra-high 
vacuum [18]. On the other hand, the heating temperature for APCVD is typically around 900 °C to 
1000 °C [22-27], although attempts have been made to synthesize graphene at lower temperatures 
(< 800 °C) [28-34]. Substrate materials, such as copper [31;32,36-38], nickel [26,27,35,36], ruthenium 
[41,42], cobalt [43,44], platinum [41], and iridium [42], play a crucial role in catalyzing the reaction, 
with copper being the most reported substrate. The choice of precursor gas (e.g., [28,43], acetylene 
[26,27,44], methane [36,49-51], and benzene [29] and its mixture with carrier gases (e.g., Argon, 
hydrogen, or oxygen) also significantly influences the quality of synthesized graphene [12]. Changing 
the mixture composition affects the chemical reaction inside the chamber and alters the flow 
behavior of the gas mixture, which in turn impacts the quality of the graphene produced. 

In addition to these factors, the thermal-fluidic aspect has been recognized as crucial in CVD film 
deposition since the 1970s, although it has not gained as much attention in graphene production by 
CVD. Researchers have included flow behavior in mathematical models for epitaxial silicon growth 
[48], demonstrated the importance of coupling flow equations with species concentration equations 
in modeling LPCVD for single-wafer reactors [49], and shown that both fluid dynamics and chemical 
kinetics significantly influence the growth rate [50]. Flow visualization experiments have highlighted 
issues such as return flows at the leading edge of heated susceptors in cold-wall CVD [51]. In contrast, 
the entrance effect on gas flow patterns and temperature profiles in epitaxial systems using various 
gas carriers has been emphasized [56,57]. Numerical models coupling fluid dynamics and chemical 
kinetics have demonstrated the critical effect of gas velocity on gas concentration profiles and 
deposition rates [54]. More recently, the importance of thermal-fluidic aspects in graphene 
deposition using hot-wall APCVD has been shown [14, 28, 42], and a critical review has examined the 
influence of fluid dynamics on graphene systems via APCVD, considering the range of Reynolds 
numbers used in graphene deposition and their impact on graphene quality [12]. Osman et al., [57] 
have highlighted the importance of substrate placement in avoiding developing and recirculation 
regions.  

The substrate tilting angle is a critical aspect of substrate geometry that significantly influences 
the synthesis of uniform deposits in CVD processes. Researchers have investigated the effects of 
tilting angles on deposition uniformity since the 1970s. Eversteyn et al., [48] predicted that a small 
substrate tilting angle would produce better uniformity along the substrate. Bulsari et al., [58] studied 
convective heat and mass transfer in a horizontal CVD reactor with a tilted susceptor, concluding that 
an inclined susceptor tends to provide a more uniform deposition away from the leading edge. 
Fotiadis et al., [59] found that tilting the susceptor from 0° to 18.4° provides more uniform 
temperature gradients, leading to more uniform deposition. Khanafer and Lightstone [60] further 
demonstrated that a tilted susceptor can produce more significant deposition and uniform 
distribution than a non-tilted susceptor. However, they noted a maximum angle beyond which the 
tilting angle no longer positively contributes to deposition quality. Cheng and Hsiao [61] have shown 
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that tilting the substrate effectively suppresses the return flow size and strength, influencing 
deposition uniformity. 

The uniformity of the boundary layer is another essential factor in graphene growth, and it is 
closely related to the substrate tilting angle. Although return flow is not an issue for hot wall CVD, 
other flow characteristics, such as the boundary layer thickness influenced by substrate tilting angle, 
may play a role in growth uniformity. Zhang et al., [62] discussed that placing the substrate parallel 
to the flow will introduce a nonuniform (hydrodynamic) boundary layer compared to the tilted 
substrate. Bhaviripudi et al., [63] discussed that at high synthesis temperatures (> 900 °C), growth in 
APCVD is limited (thus governed) by diffusion through the boundary layer. At the same time, the 
reaction on the substrate surface limits growth in LP or UHV. Li et al., [56] reported similar findings 
and arguments. In a review paper, Lui et al., [64] provided a subsection reviewing the study of the 
boundary layer in CVD, but none of the reviewed studies expressly referred to graphene 
production.  The substrate tilting angle significantly influences the uniformity of the boundary layer 
in CVD processes, which in turn affects the uniformity and quality of graphene growth, particularly in 
APCVD at high synthesis temperatures. Further research is needed to understand better the 
relationship between substrate tilting angle, boundary layer characteristics, and graphene growth to 
improve the ability to control the quality of graphene synthesized via CVD. By optimizing the 
substrate tilting angle and boundary layer uniformity, researchers may enhance the uniformity and 
quality of graphene films produced using CVD methods, paving the way for more advanced 
applications of this remarkable material. 

The tilting angle is one of the essential factors in synthesizing uniform deposition via CVD. 
However, to the authors’ knowledge, very few have studied this factor for graphene deposition. 
Understanding the influence of this factor may improve the ability to control the quality of graphene 
synthesis via CVD. Therefore, the current paper focuses on elucidating the gas flow behavior when 
the substrate tilting angle and its relation to the quality of graphene is produced. The graphene is 
synthesized using CVD for 8°, 15°, and 60° substrate tilting angles. The Raman characterization was 
done on all the substrates to see the effect of the substrate tilting angle on the graphene produced. 
To further understand the result, the heating chamber of the CVD chamber was modeled by using 
ANSYS® FLUENT. Simulation for several titling angles was performed using the model. The CFD result 
was analyzed to understand the effect of the substrate tilting angle on the bulk flow and boundary 
layer thickness. Finally, the graph of monolayer ratio and defect ratio against boundary layer 
thickness was plotted to see the effect of boundary layer thickness on the graphene produced. 
 
2. Methodology  
 

In the present work, to determine the influence of the substrate tilting angle on the quality of 
graphene synthesized, a series of experimental works was performed to synthesize graphene on the 
copper substrate via atmospheric pressure CVD for several substrate tilting angles. The grown 
graphene quality for each tilting angle was inspected using Raman spectroscopy. Three spots on the 
substrate were taken for Raman characterization for each tilting angle—the graphitic peaks of D, G, 
and 2D show the presence of graphene. The D-peak is the structural defects such as disorders at the 
plane, grain boundaries, and domain edges [9]. The G-peak corresponds to the center vibration of 
carbon atoms and is a standard feature for graphene and carbon graphitic materials [65]. A 2D peak 
is used to determine the number of graphene layers. The ID, IG, and I2D represent the intensity of the 
D, G, and 2D peaks. Their ratios will be used to indicate the graphene quality. The ratio of I2D/IG 
indicates a graphene layer which is single-layer, bilayer, and few layers of graphene when I2D/IG > 2, 
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1 < I2D/IG < 2, and I2D/IG < 1, respectively. Meanwhile, a smaller defect ratio of ID/IG indicates better 
graphene quality. 

The reaction environment inside the CVD reactor remains poorly understood. A computational 
method, such as computational fluid dynamics (CFD), can help identify the measurable external 
parameters that control the reaction environment [67]. Many studies have utilized CFD to study flow 
dynamics, heat transfer, and species transport [69,71,73,75,77]. In the current study, a CFD model 
was developed to elucidate further the influence of substrate tilting angles on the grown graphene 
quality. The flow characteristics, such as streamlines, vorticity, and boundary layers around the 
substrate, were analyzed. 

 
2.1 Experimental Method 

 
The copper substrate was polished and cleaned thoroughly using an ultrasonic sonicator. It was 

then cut to a standard size of 1×1 cm2. The substrate was then placed on an 8° holder and put inside 
the CVD tube with a diameter of 1.5 cm and length of 100 cm. There was a 28 cm heated section 
along this tube where the copper substrate was placed, as shown in Figure 1.  

 

 
Fig. 1. Schematics of the CVD tube 

 
The tube was sealed and purged before Argon was supplied to the tube, and the heat was 

provided at the heated section. After 20 minutes, once the temperature inside the heated section 
reached 1273 K, hydrogen gas was supplied to the flow to start the annealing process for 20 minutes. 
After that, methane was provided to the flow for 5 minutes for graphene growth. The total flow rate 
during the growth is 300 sccm (282 sccm of Argon, 15 sccm for hydrogen and 3 sccm for methane). 
After that, the substrate was left to cool to room temperature in an argon environment [59]. This 
whole process is depicted in Figure 2. The process was repeated for substrate tilting angles of 15° 
and 60°. 

 

 
Fig. 2. Gas use for each process during the synthesis process 
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2.2 Characterization 
 
Raman spectroscopy was used to characterize the deposited samples. The samples were 

characterized directly on the substrates without transfer. The intensity of the Raman peak was 
extracted from the maximum value after baseline subtraction over the corresponding spectral range 
(1300 cm-1 to 1400 cm-1 for the D peak, 1560 cm-1 to 1600 cm-1 for the G peak, and 2620 cm-1 to 
2760 cm-1 for the 2D peak). For each substrate, three different spots were taken for Raman 
characterization: the leading edge, the middle, and the end of the substrate, as shown in Figure 3. All 
these three spots were along the centreline of the substrate (along the C-line). The results from the 
Raman Characterization were analyzed. The monolayer and defect ratios were calculated to observe 
the substrate tilting angle's influence on the synthesized graphene's quality. 

 

 
Fig. 3. The Coordinates of the line on the substrate and the location of 
Raman characterization were taken. 

 
2.3 Numerical Method 

 
To elucidate the flow characteristic inside the heated chamber, particularly around the substrate, 

a 3D CFD model was developed using ANSYS® Fluent. The model is a simplified model without 
incorporating chemical reactions. Since argon gas is the bulk composition of the gas mixture (94% of 
the gas mixture is Argon), it is assumed that the argon gas will dictate the flow behavior. Therefore, 
only Argon is used in this model. 

 
2.3.1 Physical descriptions and boundary conditions 
 

The schematic drawing of the model is depicted in Figure 1, and the boundary conditions setup 
is summarized in Figure 4. The tube wall material was set to quartz, and the substrate material was 
set to copper. A uniform temperature (isothermal) of 1273 K was imposed on the tube wall within 
the heated section, and 300 K was imposed at the calm and outflow section. The substrate was set 
to adiabatic. Velocity at all solid surfaces was set to no-slip condition. The gas used was set to an 
incompressible ideal gas. This incompressible ideal gas condition in ANSYS® Fluent implies that the 
density may change due to the temperature change but remains constant with pressure. This allows 
the model to capture any buoyancy effects that may influence the gas flow upon entering the heated 
region. The inlet was set to a constant velocity of 0.0283 m/s, corresponding to a flow rate of 300 
sccm. The Reynolds number was calculated based on the tube diameter and inlet velocity, which gave 
a value of 25.15. Based on Cengel et al., [60], internal flow with a Reynolds number less than 2000 
for a circular tube is categorized as laminar flow. The outlet was set to outflow, and the calculated 
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parameters' gradients were set to zero. The substrate was modeled without its holder. Three 
substrate tilting angles were used, which were 8°, 15°, and 60°. Although Fauzi et al., [55] showed 
that a simulation with or without gravitational acceleration did not show many different results in 
terms of flow behavior close to the substrate, in the current model, the gravitational acceleration of 
9.81 m/s2 in the negative y-direction (downward) was applied to emulate the gravitational effect. 
 

 
Fig. 4. Boundary conditions set up 

 
2.3.2 Simulation setup 

 
Since the calculated Reynolds number for the current model shows that the flow is laminar, a 

laminar model is used. The grid at the heated region is smaller than at the other section, as in Figure 
5, where the orange line represents the furnace's inlet. Then, a face meshing technique was used at 
the wall so that the grid size was the same in every section. For the whole 3D model, there are 7.7 
million mesh elements. 

 

 
Fig. 5. The mesh different from the non-heated section to the heated section 

 
The operating pressure is set to standard atmospheric pressure, thus representing APCVD. Table 

1 shows the details of the setup. 
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Table 1 
The setup used for the CFD simulation 

Solver type Pressure Based 
Gravitational Acceleration 9.81 m/s2 
Time Steady 
Model Laminar 
Solution method Scheme SIMPLEC 
 Pressure PRESTO! 
 Momentum Second-Order Upwind 
 Energy Second-Order Upwind 
Gauss-Seidel iterative methods Residuals < 1 × 10-6 

 
2.3.4 Hydrodynamic boundary layer 

 
Once the simulation was completed, the flow behavior for each tilting angle was analyzed, and 

the boundary layer thickness was obtained. There are three types of boundary layers: the 
hydrodynamics boundary layer, the thermal boundary layer, and the mass boundary layer. All three 
boundary layers refer to the behavior of each transport property: momentum, thermal energy, and 
mass. In analyzing each boundary layer, velocity variation indicates the hydrodynamics boundary 
layer, temperature variation is used for the thermal boundary layer, and species concentration is 
used for the mass boundary layer. This article discusses only the hydrodynamic boundary layer, which 
will be called the boundary layer for simplicity. The hydrodynamic boundary layer is a region where 
the viscous effect is significant. For an internal flow where solid walls bind fluid flow, the thickness of 
the boundary layer is bounded by this wall and lies somewhere between the two walls. For fully 
developed flows inside a straight, circular tube, such as the bulk flow far away from the substrate, 
the boundary layer is the radius of the tube.  

The boundary layer thickness is determined from the wall until the maximum velocity location 
along a line perpendicular to the surface. Once the flow is disrupted by a particular obstruction, the 
substrate, in the current case, the boundary layer, is altered, and now the thickness lies somewhere 
between the tube wall and the substrate. Since this study is interested in studying the boundary layer 
thickness over the substrate, the boundary layer is calculated from the substrate surface to the 
maximum velocity magnitude along the perpendicular line. There are 25 lines perpendicular to the 
substrate, as shown in Figure 6. Boundary layer thickness across the plate for each tilting angle will 
be presented. The behavior of the boundary layer thickness on the plate will be analyzed and related 
to the graphene produced for each tilting angle. 

 

 
Fig. 6. Line used to obtain the boundary layer at each point. (a) 
The side view of the substrate (b) The overview of the substrate 
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2.4 CFD Model Validation 
 
The validation case is based on a study by McComas and Eckert [66], where the Grashof number 

is 492 and the Reynolds number is 743. Figure 7 shows the schematic model of the tube used for the 
validation. The tube has a diameter D of 0.0127 m. The tube is divided into two sections, the 
unheated and heated sections. The unheated section has a length of Lc, which is 0.25 m. This section 
is for the flow to develop before fully entering the unheated section. The unheated section has a 
length of Lh, which is 0.889 m. The wall of the unheated section (along Lc) is set as an insulated wall 
(zero heat flux), while a constant heat flux of 83.46 W/m2 was supplied directly at the tube wall of the 
heated section (along Lh). 

 

 
Fig. 7. Schematic drawing of the CFD validation model and boundary condition setup 

 
The fluid used for this validation case is air. The operating pressure was set as 30.80 kPa, which 

gives air density and viscosity of 0.467 kg/m3 and 1.493 kg/m∙s, respectively. A line was drawn along 
the top wall to get the temperature along the top wall. Five cross-sectional planes were drawn along 
the tube to determine the bulk temperature. The data obtained from the simulation was plotted and 
compared with the data from the experimental work of McComas and Eckert [66]. As shown in Figure 
8, the results agreed with the experimental work, and the highest calculated error was 0.34 % only.  

 

 
Fig. 8. Graph of the wall and bulk temperature against X/D 
with the filled symbol representing wall temperature and 
hollow symbol for bulk temperature 
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2.5 Scope and Limitation 
 
The CVD processes for producing graphene involve several methods, such as heating, annealing, 

growing, and cooling for specific periods and various mixtures of gases. However, for simplicity, this 
CFD study only examines the growing period. The flow is considered to be steady. In addition, the 
chemical reaction is also excluded from this study, thus focusing only on the thermal-fluidic 
phenomena in CVD without the complexity of the chemical reaction. Since Argon dominates the 
composition of the mixture during the growth period, only Argon is used in this CFD analysis. The CFD 
study made here is simply an attempt to elucidate the macroscopic behavior of the gas flow within 
the reaction chamber, mainly flow over the substrate surface.  
 
3. Results and Discussions 
3.1 Results of Raman Spectroscopy for Various Tilting Angles 
 

Figure 9 shows the ID/IG and I2D/IG ratio on the three spots along the centerline for each tilting 
angle. The ID/IG ratio provides insights into the defect density within the graphene layers for different 
substrate tilting angles. At an 8° tilt, the ID/IG ratio increases from the front to the end. This trend 
suggests an increase in defects towards the end of the substrate. For the 15° tilt, the ID/IG ratio 
remains low, slightly increasing at the end. This indicates minimal defect formation. In contrast, the 
60° tilt shows a significant increase in the ID/IG ratio from the front to the end, highlighting a 
substantial rise in defects. Therefore, it can be said that Lower tilting angles produced better 
graphene since it produced fewer layers and fewer defects. 
 

 
Fig. 9. Monolayer and defect ratio from the Raman 
spectroscopy result 
 

The I2D/IG ratio reflects the number of graphene layers and their quality. For the 8° tilt, the ratio 
decreases from the front to the end, indicating a reduction in graphene quality or increased layer 
thickness towards the end. At a 15° tilt, the I2D/IG ratio is relatively stable, decreasing from the front 
to the end. Conversely, the 60° tilt shows an increase in the I2D/IG ratio from the front to the end. This 
variability indicates inconsistent graphene quality.  

Overall, the results show that while the defect increases, the number of layers decreases from 
the front edge to the end edge of the substrate. Furthermore, examining the ratios for all three tilting 
angles, one may see that the tilting angle of 15° produced the best quality graphene regarding the 
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number of layers and defects. This suggests an optimum tilting angle, which lies somewhere at the 
lower tilting angle, in producing high-quality graphene. 

 
3.2 Flow Behavior Around Substrate for Different Tilting Angles 

 
Examining flow character around the substrate using CFD results reveals two things that may 

explain the influence of the tilting angles on the graphene quality. As shown in Figure 10, the gas 
flows faster at the substrate's end edge than at the front edge. This is indicated by the denser 
streamline as well as the color contour. The 8° and 15° tilting angles exhibit similar characteristics of 
flow, where the streamlines are relatively uniform and parallel, with the 15° tilt showing a gradual 
increase in velocity. A more noticeable characteristic of 60° tilting angles is the appearance of a 
stagnation point on the substrate, which divides the flow into two regions. One region flows over the 
top while the other flows through the bottom. The flow near the splitting region shows a slow-flowing 
gas. This indicates that the flow over higher tilting angles may involve more complex flow dynamics. 
This results in more consistent graphene quality, as indicated by the relatively stable ID/IG and I2D/IG 
ratios from front to end. The results in Figure 9 show that the number of graphene layers is higher 
towards the back end of the substrate except for the 60° tilting angle. This coincides with the region 
where the flow is faster. The number of layers for the 8° tilting angle shows a continuously increasing 
pattern. In contrast, for the 15° tilting angle, the number of layers somewhat remains similar towards 
the back end of the substrate. As reported by several researchers, such as Li et al. [68], the graphene 
quality produced decreased along the flow direction due to the depletion of carbon sources as the 
gas flows.  

 

 
Fig. 10. Streamline near the substrate along the centerline. 

 
Secondly, as seen in Figure 10, the flow velocity gradient is steeper towards the end of the 

substrate—the steeper velocity gradient results in higher vorticity. Vorticity is best described as the 
degree of fluid particle rotation. Fluid particles may rotate as they flow as an object rotating as it 
moves along its orbit. The steep velocity gradient and high vorticity also indicate high shear stress. 
Figure 11 shows the vorticity contour along the substrate. The vorticity distribution is more uniform 
for 8° and 15° tilting angles, except there is a slight increase towards the end of the 15° tilting angle. 

On the other hand, the vorticity distribution is not uniform across the surface of the 60° angle 
substrate. In addition to the nonuniform vorticity, high vorticity existence can be seen clearly in the 
60° angle substrate. This indicates a more predictable and calm flow over the lower tilting angles, 
while the flow is more complex for substrates with high tilting angles.  
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Fig. 11. Vorticity contours the centreline of the substrate. 

 
3.3 Hydrodynamic Boundary Layer 

 
In this study, the boundary layer thickness is indicated by the perpendicular distance from the 

substrate to the location of the maximum velocity. The distance is measured along a straight line, as 
shown in Figure 6. Figure 6 also indicates the 25 locations where the boundary thickness is 
determined. The determined boundary layer thickness for each location is shown in Figure 12. The 
result clearly shows that the higher the substrate angle, the lesser the uniformity of the boundary 
layer is. The behavior of the fluid velocity over the substrate may explain this observation. As the 
angle of the substrate increases, the cross-sectional area for the fluid to pass through becomes 
smaller. Therefore, this forces the fluids near the substrate's edge to move faster than flow near the 
substrate's middle. The higher the angle, the faster fluid flow at the edge. This behavior is confirmed 
by the streamline shown in Figure 10. The color contour (yellow to red indicate higher velocity) and 
the streamline density (denser streamline indicates higher velocity) suggest that the velocity is higher 
at the edge for the 60° tilted substrate than the 8° tilted substrate. 

 

 
Fig. 12. Boundary layer (BL) thickness over the substrate 

 
Most discussions involving CVD boundary layers have focused on the boundary layer thickness 

variation along the flow direction. However, Figure 12 reveals the boundary layer distributed across 
the substrate surface area. The boundary layer thickness is almost homogeneous across the surface 
for a slight tilting angle, such as 8° and 16° tilting angles, except there is a slight decrease for 16° 
tilting angles. At a higher tilting angle, such as in the case of 60°, the boundary layer thickness is 
dramatically changed along the flow direction and in the direction perpendicular to the flow 
direction. Although Raman spectroscopy results in Figure 9 reveal only the graphene quality variation 
along the flow direction, it is believed that a similar trend of graphene quality to boundary layer 
thickness can be seen if one studies the graphene quality across the width of the substrate. 
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3.4 Relating Flow Behavior to the Quality of the Graphene 
 

The results showed that while a complex flow around the substrate is not desired since it 
produces low-quality graphene, a calm and predictable flow does not necessarily produce better-
quality graphene. Therefore, this suggests an optimum tilting angle for producing high-quality 
graphene. 

A flow with complex phenomena, such as steep changes in flow velocity, vorticity, and boundary 
layer thickness, not only contributes to the non-uniformity of the graphene growth but also leads to 
high defects. In particular, one can see a direct correlation between vorticity distribution and the 
defect of the graphene produced. The defect tends to be higher at high vorticity regions. Mizuno & 
Uekusa [70-71] and Mizuno et al. [74] also reported a correlation between the deposition quality and 
the vorticity distribution across a substrate. In particular, Mizuno & Uekusa [72] have shown that the 
qualitative behavior of the vorticity distribution is similar to that of the deposition rate over the 
substrate.  

In the graphene growth mechanism, methane gas, as the carbon source for the growth, needs to 
be sufficiently transported to the substrate surface, and the by-product must be removed from the 
surface. In this regard, vorticity helps enhance mass transport by mixing the region of low methane 
concentrations at the substrate surface after the nucleation with higher concentrations away from 
the surface. However, Figure 9 and Figure 11 results indicate that excessive vorticity leads to 
nonuniform graphene growth and high defects.  

Vorticity is generated by shear stress due to the velocity gradient. When there is a velocity 
gradient between fluid layers, shear stresses are created, which induce the rotation of fluid elements, 
thus creating vorticity. Excessive vorticity indicates excessive shear stress on the substrate surface, 
which may increase dislocation density, contribute to void formation, or induce stress-related defects 
such as stacking faults and twin boundaries. The relationship between shear stress and defect 
formation is often material-specific and depends on the particular growth conditions. Shear stress 
also significantly influences nucleation. Higher shear stress usually promotes the increase of the 
nucleation density, leading to more rapid initial film coverage and finer grain structures. This can be 
advantageous for applications requiring uniform, fine-grained films. However, for processes where 
large, high-quality thin films are desired, such as graphene, lower shear stress conditions might be 
preferable to allow for slower, more controlled nucleation and growth. 

The results of Figures 9 to 12 confirmed that high tilting angles result in steep changes in flow 
behavior, such as streamline pattern, vorticity distribution, and boundary layer thickness—these 
result in nonuniform and high graphene defects. However, a significantly low tilting angle, such as an 
8° tilt, produces gradual changes in flow behavior and better-quality graphene; the defects are still 
high (but lower when compared to a 60° tilt). This can be explained by comparing the vorticity 
distribution and boundary layer thickness for 8° and 16° tilt. The vorticity is slightly higher, and the 
boundary layer thickness is lower with a more gradual change at a 16° tilt. Both factors enhanced 
mass transport to the surface: higher vorticity enhances mixing, and lower boundary layer thickness 
makes the precursor easier to diffuse from the gas phase to the surface. Fauzi et al., [55] have shown 
that the monolayer ratio correlates well with boundary thickness. They reported that the thinner the 
boundary layer, the higher the monolayer ratio (indicating higher quality graphene). Stock and 
Richter [76] stated that the higher the flow rate for a cold reactor, the thinner the boundary layer 
will be. They argued that this, in turn, will lead to a narrower high-temperature zone closer to their 
susceptor, which will lead to a more homogeneous deposition. 

Generally, optimal deposition conditions are achieved when the flow field is carefully controlled 
to balance various factors. Better deposition typically occurs when vorticity and boundary layer 
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thickness enhance mass transfer and promote uniform nucleation without causing excessive 
turbulence or stress-induced defects. This often requires fine-tuning reactor design, such as substrate 
tilting angle. Conversely, poor deposition can result from insufficient shear stress and a thick 
boundary layer (which leads to mass transfer limitations and nonuniform growth) or excessive shear 
stress (causing turbulence, high defect densities, or nonuniform nucleation). 
 
4. Conclusions 
 

Gas flow behavior when the substrate tilting angle and its relation to the quality of graphene 
produced are elucidated in the current study. The synthesized graphene quality for 8°, 15°, and 60° 
substrate tilting angles has been studied. The Raman characterization revealed the effect of the 
substrate tilting angle on the graphene produced. The results showed that, among the tested angles, 
the tilting angle of 15° produced the best quality of graphene. Based on the graphene quality and 
tilting angle trends, it can be concluded that there is an optimum tilting angle for producing quality 
graphene. Furthermore, the tilting angle, such as 15° and below, must be lower. 

To further understand the result, the heating chamber of the CVD chamber was modeled by using 
ANSYS® FLUENT. Simulation for several titling angles was performed using the model. The simulation 
results revealed two critical parameters that can be linked to graphene quality: vorticity and 
boundary layer thickness. The results showed that high vorticity and non-uniformity of vorticity 
distribution contributed to a lower quality of graphene (higher defects across the substrate surface). 
With many other findings indicating that a better quality of graphene is produced at higher flow 
velocity, a compromise between vorticity and velocity required further study. This is because flow at 
higher velocity usually will lead to higher vorticity and shear stress close to a solid surface.  

Analysis of boundary layer thickness agreed with many other studies, which showed that the 
thinner the boundary layer, the better quality graphene. Tilting the substrate angle may result in a 
thinner boundary layer at the edge of the substrate. However, tilting at a high angle created a highly 
nonuniform boundary layer. It also showed the importance of paying attention to the boundary layer 
thickness distribution over the whole area of the substrate. The results showed that the boundary 
layer thickness changes not only in the direction of the bulk flow but also in the direction 
perpendicular to the bulk flow. 

The current study has been limited to a steady, single-phase flow without gas reaction to 
elucidate the flow field in CVD using CFD. Future CFD work should include gas reaction in the chamber 
and the time factor (since graphene growth is limited to a period). In addition, this study’s 
characterization of graphene quality has been limited to Raman spectroscopy readings on three 
points along a line. More comprehensive readings may give further insights into the influence of the 
flow field on graphene quality.  
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