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Abstract

The uniformity in temperature-field of the hot filament chemical vapor deposition (HFCVD) system is of great
importance since it is a critical parameter that determines the quality of the deposited films. In fact, the temperature-field
is mainly filament distribution dependent. In conventional analysis method, the filament array usually has an equal-space
distribution, which leads to a remarkable edge effect and consequently unable to obtain large area uniformity in
temperature-field in HFCVD for high-quality thin film deposition. Here, we proposed theoretically an asymmetrical
filament distribution to reduce the edge-effect of temperature field. The adjacent filament distance was optimized by
using numerical simulation based on heat-transfer theory. Based the optimized condition, temperature difference as low
as 13 K between the center and edge region of the filament arrays can be achieved in 100-mm substrate, which is only
one tenth of the temperature difference of that in the case that the filaments were evenly distributed. Thus unequal-space
distribution can be employed to enhance the uniformity in temperature field of the HFVVCD system in favor of the growth
of high quality thin films in large area. Copyright © 2018 VBRI Press.
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Introduction There are two methods, finite element method and
numerical simulation method that have been used to
investigate the temperature field distribution in HFCVD
system. The finite element method was used to simulate
arbitrary complicated macroscopic system while
numerical simulation method is limited to the
complexity of simulated system. But the complex
system can be approximate to simple mode by
mathematical modeling using fundamental
thermodynamic formulate. Thus, if not all the
information about temperature distribution is need, we
can acquire the intriguing information about

For chemical vapor deposition (CVD) technology, hot-
filament CVD (HFCVD) method was one of the mostly
used techniques to deposit thin films due to its
simplicity, low cost and large growth area. Moreover, it
permits deposition of multilayer films by introducing
various gases into the system chamber in a desired
sequence. During the HFCVD deposition [1-3], the
uniformity of temperature field on the substrate is the
most important parameter for high quality film
deposition in large area. For example, for diamond thin

film deposited by HFCVD, the grain nucleation [4], temperature field by numerical simulation method.

ngth. rate [5], grain size [6,7] and optical Numerical simulation method has been widely used in
transmittance [7] are strongly dependent on the surface the research of HFCVD deposition [14, 15] to analyze
temperature. ngher_sub_strate temperature W.'” Iead_ to the temperature field of HFCVD by optimizing the
grow into bigger grain size; meanwhile, with increasing filaments distribution. However, in conventional system,
the substrate temperature, the energy band gap [8] and filaments are evenly distributed; the temperature
hole mobility of the dpped _dlamond [9711] will distribution in the substrate along the direction
decrease. Temperature field is also an important perpendicular to the filaments is undulatory. Numerical
parameter that affects the quality of other materials, simulation results showed that increasing filaments

such as SiOx [12] and WC films [13]. Besi_des t_he number can reduce such temperature wave [16,17], but
temperature of the substrate, the temperature uniformity increasing filament number will lead to a drop of

o_f the su_bstrz_ite is alsq very important, especially for temperature from center region to the edge, which
high quality film deposition in large area.
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could result in obvious edge effect and can’t be ignored,
especially on the edge of a large-area substrate. It
means that the edge effect and the temperature wave
can’t be reduced simultaneously, which limits acquiring
highly uniform temperature over a large area in
conventional filament array. The edge effect of
temperature field is not favorable to the growth of thin
films with high quality in large area. Therefore, it is
very necessary to explore a method to reduce the edge
effect while keeping low temperature wave.

In this work, we propose a new position distribution
of filament array with an unequal-space mode to reduce
the edge effect by using numerical analysis based on
the heat transfer theory [18]. Our results showed that
the filament array with unequal-space distribution could
improve the uniformity in temperature field. We
simulated the temperature field on a 100-mm substrate
using unequally spaced filament array, which indicated
that the difference of the temperature from the center to
edge region less than 13 K, and the edge effect is
weaken by the unequal-space distribution of the
filaments in the HFCVD system. Therefore, the design
of the filament arrays with unequal-space is an effective
means to resolve the edge effect of temperature field
and will give a significant guide to the uniform film
deposition over large-area.

Foundation of temperature-field equation in the
HFCVD system

During HFCVD deposition, generally the total pressure
in the chamber is much lower than the atmospheric
pressure, and thus the conduction heat through gases
can be ignored. The substrate temperature is mainly
affected by thermal radiation and heat exchange
between the substrate and the cooling water. In order to
acquire large-area uniform temperature field in the
HFCVD system, firstly, we consider a long filament
design that parallel to the substrate, as shown in Fig. 1.
Here, the Cartesian coordinates (X, y, z) are adopted,
where the origin of coordinates is in the center of the
substrate, the x axis is parallel to the substrate and
filament, and the y axis is perpendicular to the filament
and parallel to the substrate.

substrate v

Fig. 1. The drawing of sites of filament and substrate.
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The temperature of the filament is denoted as Tr.
According to Stefan-Boltzmann’s law, the radiant heat
energy, E, emitted from the filament is:

E= e?fGTf4 (1)

Here, &1 is the emissivity of filament surface, and ¢
is the Boltzmann constant. The radiation intensity of
filament is | and can be given as:

E=n )

We consider the quantity of heat radiation from a
microprofile dAs nearby point (X, y, z) on the filament
to a microprofile dAs nearby point (a, b, 0) on the

substrate. The solid angle of dAs dA; to dAs is given by

o dA, cosé

(b—y)? +H?+(a—x)?
Here, H is the distance from the filament to the
substrate, @ is the angle between the vertical and the
radiation direction of dA:; . If the absorptivity of
substrate is s, the angle between z axis and the
radiation direction is @ . In that, the heat which dAs
acquired from dAs can be given by

®3)

dQ,, = a1 cosg-dA;w 4

Assuming the diameter of filament is d, so the active

area of dA; isd,dx. From equations (1) - (4), we can
acquire:

40 a.e.oT . d, cosdcosp

" zl(b-y)? +H? +(a—x)?]

The total heat energy that dAs acquired from

outside is integral with respect to dQin. So the total heat
energy dAs absorbed, Qin, is described by

dA,dx (®)

a.c,oTtd, cosdcos
Qm:IL’Z €101 Uy (4 dASdX

Lz gf(b-y)* +H? +(a=x)°
_asng'Tf“dfd& J.uz (b—-y)> +H?

7T 2 Jb-y)? +H? +(a-x)?
L, ey =%

X 5 5 5 dx
Jib-y)? +H? +(a=x)? (0=Y)* +H" +(@-x)
_age0Td Hy(b—y)* + H?dA

T

L/2 1
XL/2[(b— R @
“ch HdA, |

_asgfo:rf —a | +a
- 2 I—a)y+r’  (l+a)’+r’
a HdAs(_a)|+ (+a|)+

a.s.ol —a +a
+ (arctan +arctan——)

27 r r

(6)

where

I=L/2 r=y{H?*+(-y)?

respectively, and y is the ordinate value of filament,
standing for filament’s horizontal position.
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When many filaments are placed parallel to each
other and to the substrate, the total heat energy should
be the sum of heat energy acquired from each filament.
If the filaments number is N, then equation (6) can be
described by

N a.g, 0T, DHAA, l-a l+a
Qin :z

= 27, (- a)+r
N g 0T, DHAS

l+a)%+r°
1

-a I+
(arctan —— +arctan —)
i rl r|

(")

is the ordinate

Here, T =\/H2+(b—yi)2

value of filament i, and accordingly, we can obtain the
spaces between any arbitrary two filaments.

Assume the heat energy which dAs released, Qout,
contains the radiant heat and the heat transfer by
cooling water. So Qou can be described by

Qout = gsO-TaidA% +a(Tab _To)d& (8)

Here, Tap is the temperature of point (a, b, 0), and Ty is
the temperature of cooling water.

It gives that the former term of equation (6) is
proportional to the biquadrate of temperature, farther
bigger than latter term. Therefore, the latter term can be
ignored.

According to thermal balance equation Qin = Qout, it
can be inferred from equations (7) and (8) that:

N og.d, H l—a l+a
_[Z 2 2+ 2 2
L 2, (I—a) +r, (I+a) +r, 9)

&.DH -a I+
+ > ———(arctan—— +arctan L
N r f

Equation (9) is the temperature field equation of
substrate. If we know the filaments length L, height H,
number N and the ordinate y; of each filament, the
temperature of arbitrary point (a, b) on substrate can be
computed by using equation (9).

From equation (9) we can know that the temperature
of point (a, b) on the substrate is proportional to
filaments temperature T; and the quarter squares of
filament diameter di. When the filaments length is very
long so that [H? + (b—y,)?]/1 is farther smaller than I,

the equation (9) can be approximate to the following
form:

_(Z

Equation (10) is irrelevant to the abscissa of point
(a, b), which means that when the filaments length is
enough long, the temperature distribution along
x-direction on substrate can be regarded as accordant
and the varying of temperature is mainly along
y-direction.

In conventional filaments distribution, the space of
adjacent filaments is equal. The ordinate of filament vy;
can be described by

£.d g,d,H

tH o _ 0.25 (10)
T [ZH 24 (b- y)] T
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y|+1 yl + d (11)

Here, d is the space of adjacent filaments. But this
equal-space distribution would lead to serious edge
effect. In order to reduce this defect, we optimized
filaments parameters with unequal-space distribution
method. This method abandons the restriction that the
space of adjacent filaments is equal. So the ordinate of

filament Y; should be described by

Yia = Vi +d; 12)
Here, di is the space of filament i and i+1. With this
distribution method, the spaces of adjacent filaments
are uncertain.

In order to acquire the relation of the temperature
distribution with filaments length, height and number,
numerical simulation method was used. Every y; was
permitted to vary from -150 mm to 150 mm on 100-mm
substrate, and the temperature of arbitrary point on
substrate was computed using temperature field
equation (9). In order to optimized filaments sites, {yi},
a content optimization function is need. After exploring
many optimization functions, we found that the
temperature variance along X axis can be simply
decreased by means of extending the length of
filaments. In view of this cause, the optimization was
chosen:

2
r=[ @, -pd (13)

Here, To y is the temperature of point (0, y, 0) on
100-mm substrate, p is the average temperature of
substrate.

According to equation (13), the relation between
optimized filaments sites { yi } and filaments height H,
length L, and number N can easily be confirmed. After
this, optimized H, L, N can be effortlessly acquired.

Results and discussion

According to above numerical simulation model, the
effects of different filament parameters (filament length
L, filament height H and filament number N) on the
temperature field in HFCVD system were investigated,
in which temperature field can be characterized by the
difference between the minimum and maximum
temperature along X axis (ATx) and Y axis (ATy) and
the mean-square deviation of substrate temperature (Ts).
Ts is the authentic reflex of the uniformity of
temperature field.

The dependences of ATx and ATy on the filament
length L at different filament numbers N and different
filament heights H are shown in Fig. 2. From Fig 2 (a)
and (b), we can see that when the filament height H is
kept as a constant, the filament number is changed , the
curves of ATx varying with the filament length L is
nearly coincident, while the curves of ATy show a
greatly difference in changed trend with different
filament number N. This indicates that filament number
N mainly affects the temperature distribution along
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y-direction while exhibits negligible influence on that
along the x-direction. Further, the dependence of ATx
and ATy on the filament length with different filament
heights are shown in Fig. 2(c) and (d). When the
filament number N was firstly chosen as 15, we
observed the change in the curves of ATx and ATy with

Fig. 2. The dependence of ATx and ATy of the temperature field on
100-mm substrate on the filaments length with different filament
numbers and heights. (a) The temperature difference between center

50
—N=9 b )
—N=11 40+ —N=11 4
—nN=13 ]| —N=13
—N=15

=—N=15
— N=1T7 30 —N=17 ]
—N=19 —N=19

20 —
10 E

ATYIK

D 1 0 1 I 1
100 150 200 250 300 100 150 200 250 300
Length Limm Length Limm
200 60
c H d
! —H=Tmm 50+ —H=Tmm
150 H —H=gmm — H=Bmm
H —H=gmm 401 —H=0mm
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E 100 :L 160mm —H=11mm | X 3 —H=11mm |
X 1 = H=12mm > ——H=12mm|
[ =
< <9
50 =
10F
0 - 0 L " "
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and edge along X axis and (b) Y axis at H=9.4 mm. (c) The
temperature difference between center and edge along X axis and (d)
Y axis at N=15.

the filament height H. It is found that as same as
the trend of ATx and ATy shown in Fig. 2(a) and (b).
The curves of ATy have a great change with the
filament height H but the curves of the ATx are almost
the same. Above results proves that the filament
number N or the filament height H are the mainly
parameters that determine the temperature uniformity
along y-direction, though little influence on that along
x-direction. In addition, it can be seen from Fig. 2(a)
and (c) that the plots of ATx drop fleetly with filament
increasing, which gives a sharp contrast to the plots of
ATy shown in Fig. 2(b) and (d) varying slowly with L
increasing. This proves that filament length L mainly
affects the temperature uniformity along x-axis but has
a little influence on that along y-axis, which is in
contrast to the trend of the filament number and the
filament height.

Therefore, the influence of filament length on
temperature distribution is independent on the influence
of filament number and height. As filament length
increasing, ATx has a small change and decreases
slowly. In that case that the filament is indefinitely long,
the influence of filaments on substrate along
x-direction can be ignored and the temperature
distribution along x-direction will be a constant.
Such assumption is in perfect consistence with equation
(10). Fig. 3 shows the curves of Ts with the filament
length at different filament numbers and different
heights. We can see that when filament length increases

Copyright © 2018 VBRI Press
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gradually, Ts decreases rapidly and then begins to
become smooth at filament length exceeding 160 mm.
Therefore, when the filament length is more than
160 mm, the variation of Ts curves can be ignored.
Thus to save filament material, wan optimized filament
length about 160 mm is suggested with improved
temperature distribution.

1000 T T T 1000

L=160mm

0 0 )
100 150 200 250 300 100 150 200 250 300
Length LUmm Length L/mm

Fig. 3. The influence of filament length (L) on mean-square deviation
of substrate temperature ( Ts) at different filament numbers (a) and
different filament heights (b).

In order to acquire optimized filament number N,
we studied the influence of filament height H on ATy
with difference N at L=160 mm as shown in Fig. 4.
With increasing the filament height H, ATy drops
rapidly first and then reaches a constant value. On the
other hand, by increasing the filament number N favors
ATy to reach a constant value. It can be seen easily that
the curve of ATy at N = 9 is obviously different from
other curves, but from N = 11, the curves of ATy
become coincident and have little change with the
filament height H. The reason of above changed trend is
because that when the filament number is 9, the effect
of unequal-space distribution of filaments on the
temperature field is not very obvious, but when N is
larger than 11, the trend of ATy with H become
coincident. Therefore, N = 11 is aleast and optimized
value for uniform temperature field.

100

80

60

AT/IK

40

20

1

3 5 7 9 11 13 15

o

Heigth H/mm

Fig. 4. The influence of filament height (H) on ATy at difference
filament numbers when filament length L is 160 mm.

Fig. 5 shows the influence of filament height H on
ATX, ATy and Ts when keeps the filament length L
equal to 160 mm and filament number N of 11. As H
increasing, ATy decreases rapidly but ATx increases
slowly. On the other hand, Ts decreases firstly and then
to increase, and H equal to 11.5 mm is a conversion
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point of Ts. It means that when H is 11.5 mm, the curve
of Ts reaches the minimum value, and the temperature
field reaches the most uniform  condition,
correspondingly, ATx is 9.6K and ATy is 12.9K,

According to above analysis, we can conclude that
filaments length L is a main factor that affects the
temperature uniformity along x-direction, but H and N
are the main reason for temperature uniformity along
y-direction. Combining above discussion and
considering saving filament material at the greatest
extent, the optimized filament parameters are
L=16+0 mm,H=11.5mm, and N = 11.

150 . . . 150
e AT X
120} —ATy 1120
j— TS
« Of e
: :
< d60
80t H=11.5mm 60 K
30} : {30
——
0 T r 1 M 1 " 0
3 6 9 12 15
Heigth H/mm

Fig. 5. The influence of filaments height (H) on ATx, ATy and Ts
when L=160 mm and N=11.

S , . . , _
884
880,

TIK
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872

868

80 30 0 30 60

coordinate/mm

Fig. 6. The temperature field distribution on 100-mm substrate at
L=160 mm, H=11.5 mm and N=11. The difference between
maximum and minimum temperature is less than 13K, and the
average temperature is 879.8K.

Fig. 6 gives the distribution of temperature field
on a 100-mm substrate at the optimized filament
parameters: L = 160 mm, H = 11.5 mm, and N = 11. We
can find that the difference between the minimum and
maximum temperature on substrate is less than 13 K
and the average temperature is 879.8.K. The variation
of temperature along Y axis mostly is less than 3K and
there is only a drop of 10K at the edge with 2 mm wide,
which can be attributed to the optimization of filaments
interspace. The space distribution of adjacent filaments,
di, under this optimized configure is listed in Fig. 7.
The spaces between two most fringe filaments, d; and
dio, are very small. This optimized result prevents a

Copyright © 2018 VBRI Press
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rapid drop of the temperature in the edge. But this is
likely to make the temperature of edge region is much
higher than that of center region. Therefore, the space
between the second and third filament is optimized to
be about 0.012, which is the biggest space. The spaces
between middle filaments are nearly the same. This
unequal-space distribution extremely ensures the
uniformity of temperature field.

16 T v T v T v T v T
12F 0 g—0—0—0—0— -0 y
£
=
)
= 8f y
O o
s i
1 3 5 7 9 11

Fig. 7. The space distribution between each two adjacent filaments
when L is 160 mm H is 11.5 mm and N is 11.

60

30
0

30 o

0
0 20 O
Y, " 30 0 A Yoy, 30
60

60 -60

Fig. 8. The temperature field distribution of 100-mm substrate at
equal-space (a) and unequal-space filament arrays (b). Filament array
parameters are chosen as L=160 mm, H=11.5 mm, N=11. Here, “X”
stands for the direction parallel to filaments, and “Y” stands for the
direction perpendicular to filaments.

A comparison of temperature fields between equal-
space and unequal-space for filament arrays is shown in
Fig. 8. It is easy to observe from Fig. 8 (a) and (b) that
an optimized filament array with unequal-space has
much better uniformity than un-optimized filament
array with equal-space. When L is 160mm, H is
11.5mm, and N is 11, the difference between the
minimum and maximum temperature is more than
100K before optimizing filament inter space (Fig.8(a))
but it only is less than 13 K after the optimization of the
filament inter space (Fig.8(b)), which was about one
tenth of temperature-difference for equal-space
filaments distribution. Therefore, no doubt that
optimized unequal-space filament array is very
significant to obtain a large area of uniform temperature
field, which is much better than conventional equal-
space filament distribution with a same filament
number. In addition, it can be deduce based on the
temperature filed equation (9) that if the optimized
filaments parameters: L =160 mm, H =11.5 mm, and
N = 11 are increased, the superiority in uniformity of
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temperature field for unequal-space filament array will
be enlarged, and meanwhile, the uniformity of
temperature field for equal-space filament arrays will
become worse. Therefore, this unequal-space filaments
design can reduce the edge-effect of temperature field
largely and hence obtain the steady and uniform
temperature field for a large area of high-quality films
deposition.

Conclusion

The filaments distribution with equal-space will lead to
edge-effect, which limits acquiring large-area uniform
temperature field in HFCVD. We proposed an unequal-
space distribution of the filament arrays to reduce this
effect greatly. Numerical simulation results indicate
that by optimizing adjacent filaments space, large-area
highly uniform temperature field less than 13K can be
obtained on a 100-mm substrate under the optimized
filament parameters: filaments length L = 160 mm,
height H = 11.5 mm and number N = 11. Under
otherwise identical filaments parameters, the difference
between the minimum and maximum temperature for
unequal-space filament arrays is only one tenth of that
for the equally -spaced filament arrays. This highly
uniform temperature field induced by unequal-space
distribution of the filament arrays will play an
important role in highly quality thin films deposition
over a large area.
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