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Abstract
The influence of some key parameters of hot filament chemical vapor deposition (HFCVD) on the
temperature distribution during the deposition of diamond coatings on silicon nitride (Si3N4)
substrates was assessedwith the help of thefinite elementmethod. Solid heat transfer, fluid heat
transfer and surface radiation heat transfermechanismswere used to calculate the substrate
temperature in the steady state during the deposition process. The accuracy of themodel was verified
by comparing the simulationmodel with experimentalmeasurements. The comparison shows that
the deviation between themodel and the actual substrate temperaturemeasurements is within 3%.
Furthermore, a Taguchi orthogonal experiment was designed (3 factors, 3 levels, L9). By changing the
number of hotfilaments, the distance between the filaments and the substrate, and the separation
between two adjacent hotfilaments, the influence trend of these parameters on the substrate
temperature was assessed, leading to an optimal hotfilament arrangement. A deposition experiment
was carried out using the optimized parameters, and the results showed that the substrate surface
temperature obtained by numerical simulation is highly consistent with the temperaturemeasured by
the infrared thermometer. The optimized deposition parameters contributed to amore suitable
temperature range andmore uniform temperature distribution on the Si3N4 ceramic substrate. The
deposited diamondfilm exhibited uniform crystal quality and grainmorphology, thus verifying the
validity of the simulation results.

1. Introduction

Diamond films deposited by chemical vapor deposition (CVD) exhibit excellent properties such as high
hardness, high elasticmodulus, extremely high thermal conductivity, good self-lubricity and chemical inertness,
which are very close to natural diamond. Diamond films are beingwidely used on various structural parts as
wear-resistant protective coatings under extreme conditions such as high temperature, strong corrosion and
high pressure [1–4]. Si3N4 ceramics have been selected as a substrate duo to their low thermalmismatch and
good chemical compatibility with diamond, resulting in significantly enhanced diamond-substrate adhesion. In
addition, the high hardness and excellent thermal shock resistance of Si3N4 alsomake it amore than adequate
option as a substratematerial for diamond coatings [5–8].

Among the currentmethods for preparing diamondfilms, hot filament chemical vapor deposition
(HFCVD)has attractedwidespread attention, due to its relative simplicity and low cost, and the possibility to
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coat large-area and large-scale structural parts [9–11]. The bonding reaction between hydrocarbon groups and
carbon atoms used to formdiamondfilms during vapor deposition often occurs on the surface of the substrates
[12, 13]. Therefore, the substrate temperature distribution during deposition largely determines the quality of
diamondfilms. During the production ofmultiple diamond-coated parts in the same batch, the diamond grain
size andfilm-substrate adhesion caused by uneven heating of the substrate are usually nonuniform. Therefore,
the deposition process should be optimized by studying the comprehensive influence of various parameters on
the substrate temperature. In previous studies [14, 15], most simulations focused on the physical field of
radiation heat transfer, without assessing the influence of non-isothermal flowon the temperature distribution
of the substrate, which leads to a large deviation after solving themodel. Song et al [16] studied the influence of
the deposition parameters of diamondfilms prepared byHFCVD, showing that the highest growth rate and the
bestfilm quality are obtainedwhen the filament is heated to 2715 K and the substrate is heated to 1161 K.
Moreover,Wang et al [17] used thefinite volumemethod to study the substrate temperature during the
diamondfilm growth process, and optimized the temperature influence of the substrate by changing the cooling
conditions,filament temperature, andfilament diameter. Furthermore, Shen et al [18] studied the influence of
thefilament arrangement and the length of the filament on the substrate temperature, and found that the length
of the filament and the distance between the filament and the substrate have a significant influence on the
substrate temperature field. Zhang et al [19] used thefinite volumemethod to simulate the temperature and gas
density field distribution inside the hotfilament chemical vapor deposition chamber, and studied the influence
of the hotfilament arrangement and gas inlet position.However, the existence of nonlinear control conditions
in the thermal contact boundarywas not considered in previous numerical simulationmodels, which results in a
missing influence of contact thermal resistance between twomaterials on the heat flux. In addition, in order to
simplify themodel, thematerial properties of themodel such as thermal conductivity, heat capacity and density
were set as constants, and the influence of the temperature gradient on thematerial properties was ignored. For
example, the thermal conductivity and heat capacity of the non-isothermal area of hydrogen in the chamber are
different. Therefore, the contribution of theoretical errors accounts for a large proportion of possible differences
in the comparison between simulation results and real experiments.

In this study, several functionswere used to definematerial properties whichwere numerically analysed in
order to reduce the error between numerical simulations and actual conditions. Thefinite elementmethod of
COMSOLMultiphysics was used to perform simulation solutions based onfixed chamber pressure, hot
filaments power, and gasflow. The combined effects of three heat transfermechanismswere considered in the
simulation process, including solid heat transfer,fluid heat transfer and surface radiation heat transfer. The
comprehensive influence offilament arrangement on the temperature distribution of the substrate was studied
bymulti-physics coupling. Furthermore, an orthogonal experiment was designed to optimize the preparation
process by changing three parameters, including the number offilaments (N), the distance between thefilament
and the substrate (H), and the separation between two adjacent hotfilaments (S).Moreover, five Si3N4 substrate
diamond-coated samples were prepared and characterized by scanning electronmicroscopy (SEM) and by
Raman spectroscopy, which further verified the validity of the simulation results and of the deposition
optimization process.

2.Model and simulation ofHFCVD system

The simulationmodel used in this study is displayed infigure 1. The diameter of eachfilament (Tantalum) is
0.5 mmand the length is 220 mm.Thefilaments are placed horizontally and equidistantly above the substrate.
The number offilaments will be hereinafter specified asN, while the distance between adjacentfilaments is
marked as S. The distance between thefilaments and the upper surface of the Si3N4 ceramic substrate is specified
asH. The considered substrate is a pressureless sintered Si3N4 ceramic square sheet
(x×y×z=20 mm×20 mm×2 mm) placed on a horizontal graphite holder with a diameter of 160 mm
and a thickness of 20 mm.The contact pressure between the substrate and the graphite holder is 64.5 Pa and the
contact surface roughness of both is Ra=0.8μm.Theworktable, whose contact pressure with the graphite
holder is 360 Pa, has a diameter of 160 mmand a height of 30 mm,while the surface roughness is Ra=2.2μm.
The cooling channels inside of theworktable are 140 mm in diameter, with forced convectionwater cooling, and
thewater temperature is set to a constant temperature of 20 °C and theflow velocity of 0.0035 m/ s−1. The outer
wall of the chamber is also cooled by forced convectionwater at 20 °C, and thewater flow velocity of the outer
wall surface is 0.002 m/ s−1. The outer wallmaterial of the chamber is stainless steel. The convective heat
transfer coefficient database in the software is used to calculate the abovewater-cooling area, which can ensure
that the convective heat transfer occurs on thewall while avoiding calculating the cooling water velocity and
pressure field of the two cooling regions, thereby reducing the amount of calculation. The reactive gas is
introduced from the upper gas distribution plate and flows out from the lower gas outlet. Finally, boundary layer
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and refined solidmesh are added to improve calculation accuracy. The information of themeshmodel is as
follows: 736919 units,minimumquality 0.12, average quality 0.77.

The contact thermal resistance between the substrate and the graphite holder will greatly affect its heat
transfer efficiency.When the twomaterial surfaces are in contact, only a limited number of contact points on the
two surfaces will produce solid to solid heat transfer [20], as shown in figure 2.

The presence of roughness will cause the presence of gas in the gap between the contact surfaces. The thermal
conductivity of the gas ismuch lower than that of the solidmaterial. Therefore, the increase in the thermal
resistance of the heatflux in the solid areas that are not in contact with each other (non-ideal contact area)will
cause the heatflux to decrease. The non-ideal contact area also includes fluid heat transfer and radiation heat
transfer between two contact surfaces. The thermal contact boundary is controlled by defining the constriction
conductance hc of the contact surface, the gap conductance hg, and the radiative conductance hr; The thermal
contact governing equation is as follows:

n k T h T T 1d d d u d- -  = - -· ( ) ( ) ( )

n k T h T T 2u u u d u- -  = - -· ( ) ( ) ( )

h h h h 3c g r= + + ( )

Where nu

and nd


are the normal vectors on the upper and lower sides of the contact surface, respectively; ku and

kd are the thermal conductivity of the upper and the lower side, respectively;Tu andTd represent the temperature
of the upper side and the lower side, respectively; h is the total heat transfer coefficient, which is determined by
the constriction conductance hc, the gap conductance hg and the radiative conductance hr.

Figure 1. Schematic diagramofHFCVD system3Dmodel.

Figure 2.Physical contact at themicroscopic level.
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Here, hc is the Cooper-Mikic-Yovanovich (CMY) thermo-elastoplastic contactmodel [21–23]. TheCMY
model is related to the surface roughness and pressure load of the contact surface, and the boundary condition hc
has the following form:

h
k k

k k

m P

H
1.25

2
4c

u d

u d

asp

asp c

0.95

⎜ ⎟
⎛
⎝

⎞
⎠s

=
+

´ ´ ( )

Wheremasp andσasp are the average slope of the roughness and the average height of the roughness [24],
respectively; p is the contact pressure,Hc is themicrohardness of the graphite.

The correlation of gas gap of parallel plates defines hg by:
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WhereKgap is the parallel-plate gap gas thermal conductivity,Ygap is parallel-plate gapmean separation thickness
(equation (6)), which is a function of pressure andmicrohardness and roughness,meaning that a reduction of
Ygap to 0 is considered perfect contact.α is the gas thermal accommodation parameter [25],β is the gas property
parameter (equation (7)),σ is the Boltzmann’s constant,D is the average gas particle diameter, pg is the gas
environment pressure.
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Where γ is the specific heat ratio, Pr is the Prandtl number.
At high temperatures above 600 °C the radiative conductivity needs to be considered and the equation is

defined as follows:

h T T T T T T 8r
u d

u d u d
u u d u d d
3 2 2 3e e

e e e e
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+ + +( ) ( )

Where εu and εd are the surface emissivity of Si3N4 and graphite, respectively.
The governing equation used for nonisothermal flow in the numerical simulation ofHFCVD is the energy

conservation equation (generalized heat transfer equation) as follows [26, 27]:

k T Q C v T S
T
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2
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TheNavier–Stokes equation is used influid flow. TheN-S equationmust be solved simultaneously with the
continuity equation, and the continuity equation represents conservation ofmass:

v 0 12r =· ( ) ( )

Momentum conservation equation:

v v p F gI 13r t r =  - + + +( · ) [ ] ( )   

Where k is the thermal conductivity,T is the temperature,Q is a heat source including viscous dissipation, ρ is
the density,Cp is the heat capacity, v


is the velocity vector, p is the pressure,μ is the dynamic viscosity, F


is the

body force vector, g

is the gravitational acceleration vector.

Reynolds number ‘Re’ is the criterion to distinguish laminar flow from turbulent flow. Re=ρvL/u is the
ratio of inertial force to viscous force. The calculated Reynolds number of hydrogen flow is less than 2100, thus it
is considered as laminar flow.When calculating the fluidmotion, considering that high temperaturefilaments
and chamber pressure will impact a significant change in the properties of hydrogen, the fluid is defined as a
compressible flow [28, 29].

The radiation heat transfer equation in themodel is as follows:

q G n T1 14d
2 4r e s= - -( ) · ( )

Where q is the heatflux, ρd is the diffuse reflectivity,G is the surface irradiation, ε is the surface emissivity, n is the
refractive index,σ is the Boltzmann’s constant,T is the temperature.
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In order to simplify the calculation of the simulation process, the following reasonable simplificationswere
made to the simulationmodel:

(I) Since the total content of methane inside the deposition chamber is only 1%, the influence of methane on
heat transfer is ignored in the calculation, assuming that the inside of the chamber is entirelyfilledwith
hydrogen.

(II) Ignoring the trace chemical heat produced by the chemical reaction between hydrogen and methane, such
as hydrogen decomposition reaction, bonding reaction of active groups and carbon-carbon bonding,
etching reaction of hydrogen atoms, etc.

(III) It is assumed that the hot filament without electrode contact and support only exchanges heat through
hydrogen and surface radiation.

(IV) The spectral absorption ratio of all solids is independent of wavelength in the calculation of thermal
radiation. Their absorption is equal to the emissivity and is set as an opaque grey body. The radiative heat
transfer of hydrogenmedium is ignored.

(V) The thermal conductivity ofmaterials is isotropic.

In the simulationwork, the tantalumwirewill be highly carbonized and form an abnormally rough surface,
so the emissivity of the tantalumwire surface is set to 0.51 (2200 °C) [30–32].Most of thematerial properties in
the simulationmodel are defined by reference functions, which are functions of temperature or pressure. Table 1
shows severalmaterial parameters at 0 °C and standard atmospheric pressure [33, 34].

3. Results and discussions

3.1. Verification ofmodel deviation
Themodel presented hereinwas verified by actual temperaturemeasurements, to evaluate its accuracy. The
parameters in this actual experiment were as follows: the hydrogenflow rate was 800 sccm, the absolute pressure
in the chamberwasfixed to 3.0 kPa, a total of 10 tantalum filaments with a diameter of 0.5 mmwere used
(thereforN=10; whileH=8 mmand S=7 mm). The positioning of the substrate plates and the tantalum
filaments is shown infigure 3. Five Si3N4 ceramic substrates are symmetrically arrangedwith the centre point of
the substrate C as the coordinate origin. Therefore, samples A, B, C,D are selected to study the influence of
different parameters on the temperature distribution. The blue lines on each substrate represent the baseline of
the temperature data points to bemeasured. During the deposition process of diamond films, the blue lines on
the upper surface of the substrate were used tomeasure the temperature in real time using aMetisM316 infrared
thermometer (uncertainty: 0.25%ofmeasured value, emissivity ε: 0.05–1.20, set to the emissivity value from
table 1) after the temperature was stabilized (deposition 1 h). Each point wasmeasured 8 times and the average
valuewas taken as the actual temperature value. The temperature of the filamentwasmonitoredwith aMetis
M311 infrared thermometer (uncertainty: 0.3%ofmeasured value, emissivity ε: 0.05–1.20, set to the emissivity
value from table 1) and the applied power on the filamentwas adjusted to obtain a temperature of 2200 °C. The
emissivity ε of tantalum and Si3N4 is shown in table 1.

The temperature field distribution of the substrate is shown infigure 4 and the simulation and actual
measurement results are shown infigure 5(a) for substrates A, C, and B (x axis—perpendicular to the Ta
filaments), andfigure 5(b), for substrates A, C, andD (y axis—parallel to the Tafilaments). The temperature at
the outer edge of the substrate A in the x-direction is lower, but it gradually increases towards the interior of the
substrate holder. The temperature distribution of the substrate B ismirrored to that of substrate A, and the
temperature of the substrate is the lowest at the outer edge in reference to the positioning of the filaments, while

Table 1.Material properties at 0 °Cand standard atmospheric pressure.

Material Density [kg/m3] Thermal conductivity [W/(m·K)] Heat capacity [J/(kg·K)] Emissivity

Tantalum 16774.15 57.46 139.45 0.51 [2200 °C]
Si3N4 3290 107.71 652.53 0.9

Graphite 1800 130 710 0.8

Copper 8939.81 386.7 383.02 0.4

Stainless steel 7850 19.1 475 0.1

Hydrogen 0.0837 0.1769 14439.68 N/A

Water 998.24 0.5941 4186.92 N/A
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themeasuredmaximum temperature difference isΔTB=15.5 °C (x axis). This indicates that the heatflux
density generated by the outer edges of the A andB substrates is smaller and that theA andB substrates receive
less thermal radiation. If the temperature of different substrates is compared in large batch preparation, the
temperature difference becomes larger. That is to say, the heat transfer within an individual substrate reduces the
temperature difference in the substrate. This phenomenon can be seen by comparing themaximum
temperature difference between the experimental temperatures of Zhang et al [19] (single substrates) andWang
et al [35] (multiple substrates), even though the two experiments were conducted under different preparation
conditions. The surface temperature of substrate C presents an arcuate structure, with a higher temperature on
both sides and a lower temperature in themiddle (ΔTC=6 °C, x axis), which is due to the heat accumulation
caused by the difficulty in discharging heat from the edge of the substrate. Comparatively, all three substrates
measured on the y-direction (parallel to the Tafilaments), namely A, C, andD, show a trend of low temperature
in themiddle and high temperature at the edges (ΔTA=5.6 °C,ΔTC=7.5 °C,ΔTD=9 °C, y axis). The
reason for this phenomenonmay be that the side edges havemore heat flux in the y-direction compared to other
locations thus leading to lateral heat transfer in the side region, which also shows that the temperature
distribution in this form is closely related to the thermal contactmodel of the graphite holder, because the heat

Figure 3. Layout diagram: (a) substrate layout; (b) hotfilament layout.

Figure 4. Schematic diagramof substrate temperature field distribution (N= 10,H= 8 mm, S= 7 mm).

6

Mater. Res. Express 8 (2021) 116403 YWu et al



absorption in themiddle of the graphite holder is stronger, due to the faster cooling of the substrate [19]. The
temperaturemeasured in the actual experiment follows essentially the same trend as the simulation, however the
measured temperatures are about 26 °Chigher. The temperature differencemay be due to the combined effect
of themicro-chemical heat generated by the polymerization of hydrogen atoms on the surface of the substrate
and the carbon-carbon bonding [18], and to possible theoretical errors of the simulationmodel. However, the
temperature difference between the experiment and the simulation is around 3%,which shows that the accuracy
of the simulationmodel canmeet certain requirements and can be used as a benchmark for optimizing the
process parameters.

3.2.Optimization of the substrate temperature field
Taguchi orthogonal experiments are a highly efficient designmethod inwhich a representative selection of
points from a full-scale experiment is selected for the experiment based on orthogonality. Orthogonal
simulation experiments are performed by controlling variables. Considering that the pressure during the
deposition process, the filament temperature, and the gasflow ratewill all affect the temperature of the substrate,
they are set tofixed values, in order to investigate the effect of other conditions on the substrate temperature,
namely the number offilaments (N), the distance between adjacentfilaments (S), and the distance between the
filaments and the upper surface of the substrates (H). For each of these three variable parameters (N,H, and S)
three valueswere chosen:N=9, 10, 11;H=8, 10, 12 mm; S=7, 10, 13 mm. The results obtained fromnine
sets of simulation experiments are shown in table 2: xmax and ymax are themaximum temperatures in the x and y
directions, respectively; xmin and ymin are theminimum temperatures in the x and y directions, respectively; TA is
the average temperature of the discrete data points of the substrates in the x and y directionsmeasured in each set
of experiments, its statisticalmethod is to calculate the total average of the temperature data of substrates A, C
andB in x direction plus substrates A, C andD in y direction;σx andσy are the standard deviations of x and y

Figure 5.The temperature distribution and deviation of the substrate (N= 10,H= 8 mm, S= 7 mm): (a) the substrate A, C, B in the
x-direction; (b) the substrate A, C, D in the y-direction.
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direction, respectively. It can be seen from table 2 thatNo.7 has the highest average temperature and the
temperature value reaches 917.8 °C.As expected, increasing the number offilaments and reducing the distance
between the filaments and the substrate can significantly increase the surface temperature of the substrate. In our
previous experience, the equipment used for real life verification of themodel (section 3.3) can deposit high
quality diamondfilms on Si3N4 substrates heated at 900 °C–920 °C, so the goal of optimizing the preparation
parameters is to obtain a smaller temperature standard deviation σ in this temperature range, so as to avoid the
occurrence of inhomogeneity in the deposited films.Moreover, configurationNo.6, which has the lowest S value
(distance between filaments), but the highest distance between the filament and the substrate, results in the
lowest average temperature, due to less thermal radiation received by the substrates. In addition, the small
spacing of thefilamentsmay also cause the temperature distribution in the hot filament area to bemore
concentrated. Furthermore, the small spacing of the filamentsmight indirectly cause the convective heat flux of
hydrogen passing through thefilaments area to be smaller than the heatfluxwhen the distance between the
filaments is larger.

Figures 6(a) and (b) exhibit the temperature distribution curves calculated for the x-direction (substrates A,
C, and B) and for the y-direction (substrates A, C, andD). One can observe that the temperature difference
between the substrates from the same axis decreases with the increase of the average temperature, for both x and
y directions.When the overall average temperature is lower (for example conditionsNo.6 orNo.1), the
temperatures calculated for the x-direction on the outer edge of the A andB substrates is lower than that of the
center of the substrate. This phenomenon is not observed in the y-direction, which indicates that in order to
obtain amore uniform temperature distribution, the problemof poor temperature uniformity in the
x-directionmust be solved.

Figures 7(a) and (b) contain the standard deviation x-σ of substrates A, C, and B in the x-direction and the
standard deviation y-σ of substrates A, C, andD in the y-direction, as function of the variable parameters (N,H,
and S). The standard deviationσ in the x-direction gradually decreases with the increase ofN,which signifies
that increasing the number offilaments can effectively reduce the temperature difference of the substrate, thus
potentially improving the uniformity of the diamondfilm. Furthermore, the standard deviation decreases
rapidly whenH increases from8mm to 10 mm, followed by a gentler downward slopewhenH increases from
10mm to 12 mm. It can be understood thatwhen theH value is smaller, the temperature isosurface produces a
larger temperature gradient on the substrate in a small area, and the temperature distribution becomes uneven.
As the value ofH increases, the distribution range of the isosurface of the temperature around thefilament
becomes larger and smoother, so the standard deviationσ has a decreasing trend. The standard deviationσ in
the x-direction decreases with the increase of the filaments spacing S, which results in amore uniform
distribution of the surrounding temperature field due to the larger heating area. There is no significant decrease
in the standard deviation σ in the y-directionwhenN is equal to 10 or 11, as presented infigure 7(b), which
indicates that the temperature gradient generated in the hotfilament direction becomes less sensitive to the
number of hotfilaments when a certain number offilaments is reached. The influence ofH and S on the
standard deviationσ is consistent with the one observed for the x-direction. Generally, the influence ofN,H,
and S variations in the y-direction on the standard deviationσ is smaller than that in the x-direction, which
results inmore stable heatingmechanism. Therefore, the longer side of theworkpiece should be kept parallel
with thefilament directionwhen depositing the coatings, to obtain uniform characteristics.

Figure 7(c) shows the influence of the three variable parameters on the substrate average temperature. The
N-TA curve shows that the average temperature increases gradually asN (the number offilaments) increases.
The increase ofN can be regarded as the increase of radiation source area. The Stefan-Boltzmann’s radiation law
states that the radiation power per unit area per unit time is proportional to the fourth power of the temperature.
Consequently, the increase in the number of the filaments should be beneficial to raise the temperature of the

Table 2.Orthogonal experimental design.

No.

Filament num-

berN

Filament-substrate dis-

tanceH (mm)
Filament-filament dis-

tance S (mm) xmax xmin ymax ymin TA σx σy

1 9 8 7 846.5 826.2 848.1 833.6 837.0 6.1 4.3

2 9 10 10 840.3 830.2 840.6 831.9 834.0 2.6 2.3

3 9 12 13 829.9 822.6 829.7 823.4 824.9 1.8 1.6

4 10 8 10 894.1 882.4 893.7 885.0 887.0 2.8 2.3

5 10 10 13 875.6 868.0 875.8 869.8 870.9 1.9 1.5

6 10 12 7 823.0 809.4 823.5 813.4 816.0 4.0 3.0

7 11 8 13 923.0 915.5 923.6 916.2 917.8 1.8 1.8

8 11 10 7 869.1 856.3 870.6 859.8 862.4 3.8 3.1

9 11 12 10 864.7 856.8 865.6 857.7 859.5 2.0 1.9
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substrate.Moreover, it can be seen from theH-TA curve that the distance between thefilaments and the
substrate has also a strong influence on the overall temperature of the substrate: a higher temperature is obtained
when the distance between the filaments and the substrate is smaller. The temperature of the substrate drops
rapidly whenH increases. Therefore, the distance between the filaments and the substrate can be unilaterally
controlled to adjust the overall temperature of the substrate during deposition. According to the S-TA curve, the
temperature gradually increases when the S spacing increases. This phenomenon differs from the results
observed by Liu et al [36], andwe suppose that the variation of the S parameter has an inflection point that
coincides with themaximumaverage temperature of the substrate, so the effect of S on the average temperature
of the substrate is not just linear increase or decrease. This phenomenon could be explained by the following two
reasons: (I) the increase in the spacing between the hotfilaments leads tomore heat carried by the unit hydrogen
from the area of the hotfilament, so the contribution of the fluid-solid heat transfer increases, resulting in a
higher total convective heat transfer coefficient; (II) the increased spacing of the hotfilaments leads to an
increase in the temperature of the graphite holder and an increase in the uniformly heated area, which in turn
causes the transfer of heat from the graphite table to the substrate.When the S parameter was increased to
16 mm (results not shownherein), this trend disappeared, possibly due to the fact that the thermal radiation
effect ofmultiple filaments per unit area gradually weakened, leading to a decrease in the temperature of the
substrate.

Based on these results and observations, the influence of these three parameters on the substrate temperature
and the standard deviationσwere calculated. The influence law on the average temperature TA isH>N>S,
while the influence law on the standard deviationσ is S>H>N.According to these results, the standard
deviationσ decreases with the increase ofN, so the optimal hotfilament numberNwas chosen as 11, for a
temperature range for the preparation between 900 °C–920 °C. Furthermore, since theH value between 10 mm

Figure 6.The substrate temperature based on orthogonal experiment was obtained by simulation: (a) the substrate A, C, B in the
x-direction; (b) the substrate A, C, D in the y-direction.
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and 11 mmdoes not have a significant effect on the standard deviation σ, but has the strongest effect on the
average temperature, Hwas chosen to be 10 mmas themain parameter for regulating the temperature. The
standard deviationσ of S is reducedwhen S is chosen as 13 mmcompared to S as 10 mm, but S=10 mmwas
chosen as the preferred parameter in consideration of the increase in temperature. Therefore, N=11,
H=10 mm, and S=10 mmwere determined as the optimal parameters for subsequent experiments, which
should contribute to a good temperature uniformity and a suitable temperature range.

3.3. Verification of optimized parameters
The deposition of diamond coatings onto Si3N4 substrates was carried out according to the optimized
parameters resulted from simulations (N=11,H=10 mm, S=10 mm). The reaction pressure was set to 3.0
kPa. Theflow rates of hydrogen andmethanewere set to 800 sccm and 8 sccm, respectively. Thefilament power
was set to 3.2±0.2 KW (to reach a temperature of 2200 °C). The substrates (Si3N4 - surface roughness Ra=0.8

Figure 7.Effect of three parameters on substrate temperature and standard deviation: (a) the standard deviationσ of the substrates A,
C, B in the x-direction; (b) the standard deviationσ of the substrates A, C,D in the y-direction; (c) the average temperature of substrate
A, B, C, D in the x-y direction.
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μm)were degreasedwith acetone for 20 min in an ultrasonic bath, followed by surface etching for 2 min in 40%
HF solution, in order to remove the natural oxide layer and to increase the roughness. Furthermore, the
substrates were treated to ultrasonic vibration in diamond powder suspension (diamond particles
3.7±0.7 nm) for 15 min, in order to improve the nucleation density. The treated substrates were ultrasonically
cleanedwith deionizedwater for 10 min to remove excess diamond particles on the surface, followed by
nitrogen blowing. The deposition stagewas carried out for 3 h.

The variation of the substrate surface temperature as function of position andmeasuring direction, while
applying the optimized parameters, is shown infigures 8(a) and (b). One can observe that the temperatures
measured in the x-direction becomemore stable, and that the previous situation of low temperatures at the
outer edges of substrates A andB has improved considerably (ΔTA=5.9 °C,ΔTC=8 °C,ΔTB=7.3 °C, x
axis). Themeasurement results are highly consistent with the simulation temperature trend, and the deviation is
about 2.9%.

Figure 9 shows the surfacemorphology of the diamondfilms at different locations, obtained byfield
emission scanning electronmicroscopy (FESEM,Hitachi S-4800). Figures 9(a)–(d) represent the four different
locations of the sampling points for substrate B (B1, B2) and substrate C (C1, C2), respectively, as shown in
figure 3. A uniformmicrocrystalline diamondfilm is present on the surfaces of the B andC substrates, which is
continuous and dense. The diamond crystals are about 1–1.5μmin size, exhibiting a sharpmicro-pyramidal
morphology. The uniformdistribution of the Si3N4 substrate surface temperature field after optimizing the
preparation parameters leads to similar characteristics of the coatings, regardless of the placement of the
substrates on the holder, and the diamond grain growth rate tends to be even for both samples and both analysis
positions.

Raman spectroscopy can determine the quality of diamond according to the phonon spectrumof the sample
or theRaman shift generated by quasiparticle excited Raman scattering. The Raman spectra of the diamond

Figure 8.The substrate temperature distribution and deviation obtained after optimization (N= 11,H= 10 mm, S= 10 mm): (a) the
substrate A, C, B in the x-direction; (b) the substrate A, C, D in the y-direction.
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films are shown infigure 10, and the characteristic peaks of diamond can be observed at 1333.8, 1333.5, 1332.8
and 1334.1 cm−1 for the B1, B2, C1 andC2 points, respectively. Comparedwith the Raman shift of the natural
diamond, located at 1332 cm−1, the position of the characteristic peaks of the four sampling points has a slight
shift to the right. Themain reason is that the difference in thermal expansion coefficient between Si3N4 and
diamond leads to the accumulation of residual compressive stress between thefilm and the substrate. As a result,
the diamond grains are slightly deformed and theC–Cbond length is shortened, which leads to an increase in
atomic vibrations frequency under incident light [37, 38]. The quantitative assessment of residual stresses in
diamondfilms is calculated using the following equation [39]:

Figure 9. SEMmicrographs of diamond films at different positions: (a)B1; (b)B2; (c)C1; (d)C2.

Figure 10.Raman spectra of diamond films at positions B1, B2, C1, C2.
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n n0.567 GPa cm 15s 0
1s = - - -( ) ( )

Where n is themeasured diamond characteristic peak position and n0 is the characteristic peak position
(1332 cm−1) for an unstressed diamondmonocrystal. The residual compressive stress corresponding to B1, B2,
C1, andC2 is−1.021 GPa,−0.851 GPa,−0.454 GPa and−1.191 GPa, respectively. It should be noted that the
residual stress of diamond films is composed of thermal stress and intrinsic stress. The thermal stress is caused by
the different thermal expansion coefficient of diamond and substrate, and the intrinsic stress is caused by lattice
mismatch or diamond growth defects (graphite or non-diamond phase). The peaks situated at 1130 cm−1 and
1450 cm−1 are characteristic for trans-polyacetylene. Ferrari et al [40] attribute these two peaks to theC–C sp2

vibration of trans-polyacetylene at the grain boundaries, which is caused by the diffusion and aggregation of
hydrogen atom in thefilms. The four sampling points have relatively weakRaman scattering peaks near
1580 cm−1, corresponding to the graphite structure of sp2 hybrid orbitals. Thismay be caused by the formation
of graphite and amorphous carbon in the grain boundary regions during the deposition process. However, the
sensitivity of the sp2 phase in the Raman spectrum is about 50 times higher than that of the sp3 phase, thus
showing that the diamond phase is dominant in thesefilms [41]. All four sampling points have strong diamond
characteristic peaks and narrowpeakwidths, and the Raman curves are highly consistent. This observation
shows that the diamondfilms prepared by using the simulation optimized parameters have good uniformity and
high crystalline quality and purity. In summary, this experiment obtained optimized conditions, suitable for
uniformgrowth of diamondfilms, by adjusting appropriate deposition parameters, and verified the effectiveness
of the simulation optimization results by scanning electronmicroscopy andRaman spectroscopy, applied to
samples deposited using the optimized parameters.

4. Conclusion

The surface temperature distribution of the Si3N4 ceramic substrate was solved through the coupling of three
heat transfermechanisms. The orthogonal experiment results show that for the standard deviation σ
representing the degree of temperature dispersion, S (spacing between filaments)has the greatest influence,
followed byH (distance betweenfilaments and substrate) andN (number offilaments). The law of influence on
the average temperature of the substrate isH>N>S.Moreover, the temperature uniformity of the substrate
placed along the hotfilament direction (y-direction) is significantly better than that in the x-direction, which is
caused by a decreased temperature gradient in the filament direction. In addition, all substrates show a situation
of high edge temperature and low centre temperature, which is related to the thermal contact between the
substrate and the graphite holder.

The optimized parameters of the simulationwere verified experimentally (N=11,H=10 mm,
S=10 mm), and the temperature curve of the discrete points was highly consistent with the temperature curve
obtained from simulation. The deposited diamond film had uniform surfacemorphology and crystal quality.
This study explained the influence of the filament arrangement on the temperature distribution of the substrate,
and provided the accurate temperature field distribution, which can be applied to the preparation of large
quantities of coated parts.
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