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Optimizing the Thickness Uniformity of Magnetron Sputtering Deposited Films
on a Large-Scale Curved Workpiece Surface
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This study prepared magnetron-sputtering deposition film on a large-scale curved workpiece with a favorable thickness
uniformity using a rectangular target cathode. For a substrate rotation structure with eccentric rotation/revolution
composite motion, the geometrical model of the thickness distribution of the coating film on a large substrate was
established in combination with the principle of rectangular cathode magnetron sputtering. The integral formula of the
film thickness was derived, and various film thickness distribution patterns under different parameters were simulated.
According to the present research results, the film thickness distribution can be optimized by adjusting the revolution-to-
rotation radius and eccentric ratios. At an eccentric distance of 400 mm and a radius ratio of 2.78, the most favorable
uniformity degree of 0.87 was obtained, which was controlled by the motion path of the fixed point on the substrate. The
proposed approach helps to obtain large-scale films with favorable uniformity on the substrate.
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1. INTRODUCTION

The uniformity of the film thickness reflects the change
in the film coated on the substrate with the position of the
substrate in the vacuum chamber. The uniformity directly
affects the stability and reliability of various devices [1 —4].
In recent years, scholars worldwide have conducted a great
deal of research on the thickness distribution of films
deposited via magnetron sputtering. For rectangular targets,
scholars have mainly emphasized some geometrical
parameters, including the target-substrate distance, the
rotation of the substrate, and the shape of the target, on the
uniformity of film thickness [5 — 12]; however, there are still
great difficulties regarding the uniform preparation of large-
area films on large-scale complex components [13, 14]. The
present study aims to substantiate the possibility of
enhancing the uniformity of film thickness by introducing
the eccentric arrangement of the sputtering target, the
substrate, and the planetary structure so that the substrate
can simultaneously achieve revolution and rotation. A
numerical simulation is also performed to provide guidance
for actual engineering applications.

2. ESTABLISHMENT OF THE THEORETICAL
MODEL

2.1. Physical model of workpiece gearing

This study adopted a planetary substrate holder, with a
revolution motor transferring the rotation to the revolution
axis via the worm-gear reduction device, as shown in Fig. 1.

The axis of revolution was located in the center, on
which the center gear was fixed. The center of the substrate
holder was at the eccentric position, which was supported
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by the driven shaft and fixed by the bearing. The rotation
gear was fixed with the gear via the driven shaft, and the
revolution axis was connected with the fixed mechanism to
drive the rotation of the driven shaft and finish the eccentric
rotation. The rotation gear and the center gear were engaged
to complete the rotation of the substrate. The ratio of the
revolution radius to the rotation radius (i.e., the rotation
velocity and the revolution velocity) can be set following
actual requirements to change the motion path of the point
on the substrate. Accordingly, the distribution uniformity of
film thickness can be enhanced. As shown in Fig. 2, for a
workpiece with a circular curved structure, the radius was
2000 mm, the distance between the coated workpiece and
the target H was 150 mm, the revolution radius was
3500 mm, and the target was 2200 mm X 150 mm in size.
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Fig. 1. Illustration of the planetary substrate holder
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Fig. 2. Tllustration of the target-substrate structure

2.2. Modeling of the magnetron sputtering process

The following assumptions were used for modeling the
rectangular planar magnetron sputtering process to
calculate the uniformity of the sputtering-formed film
thickness [15—18].

1. The target is subjected to uniform sputtering, i.e., the
effect induced by the distortion of the edge
electromagnetic field can be ignored. Based on the
relation between the erosion phenomenon of the
magnetron-sputtering target and the magnetic field, it
can be assumed that the sputtering rate of the
magnetron-sputtering system is proportional to the
horizontal components of the magnetically controlled
magnetic field on the target surface.

The incident ions are focused on the region near the
target surface and accelerated by the electric field,
accompanied by enhanced energy. The electric field on
the surface of the cathode target is perpendicular to the
cathode surface. Accordingly, the ions enter the target
surface vertically. It can be assumed that the incident
angle of ions equals 0.

The sputtered film atoms show no diffusion when
sputtered to the substrate. The film atoms stay where
they were sputtered and directly participate in film
formation. It can thus be assumed that the departure
angles of the sputtered film atoms from the target
surface obey a simple cosine distribution, i.e., the angle
distribution can be described by cos(f), in which £ is
the incident angle.

Since the working gas should be filled during the
sputtering process, the scattering of the outgoing
particles by the gas atoms during the flight from the
target to the substrate cannot be ignored. However, the
pressure of the working gas is typically less than one
pascal, which can be regarded as a rarefaction state. It
can be assumed that the outgoing particles are scattered
during the space flight process, and the deposition
probability on the substrate is inversely proportional to
the path length.

The above four assumptions cannot impose great errors
on the derivation. The geometrical model was established,
as shown in Fig. 3. Based on the above assumptions, by
assuming that P is the sputtering rate of the magnetron
sputtering system, the number of particles sputtered from
any element on the target surface dA to the element on the
substrate dB can be derived as follows:

dN = Pcos(B)dAdw/r, (1)

where £ is the inclination angle between the normal
direction of the target element dA and the line connecting
dA and dB, do is the solid angle (dw=dBcos(p)/L?), ¢ is the
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intersection angle between the normal direction of dB and
the line connecting dA and dB. For the used directions of
the sputtering target and the substrate, ¢ = £.
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Fig. 3. Tllustration of the geometrical model of the sputter coating
process

3. ANALYSIS OF MODEL CALCULATION
3.1. Static thickness distribution

Based on the above 4th assumption, the number of
particles sputtered from any element on the target surface
d4 to the substrate element dB can be written as:

dNo= Pcos*(B)dAdB/(nL?), )

where L is the distance between two elements. Assuming
that p is the target density and 7 is the distribution function
of film thickness, the following expression can be derived:

dNo=pdTdB. 3)

The distribution function of the film thickness at point
B on the substrate surface can be written as:

T=|Pcos*(B)dA/(mpL?). “4)

At a distance between the target and the substrate
H=150 mm, the film thickness distribution function
pattern was solved with MATLAB, and the results are
shown in Fig. 4.

It can be observed from Fig. 4 that the normalized
particle deposition density in the selected integral region
well described the distribution of film thickness. x-axis),
especially with favorable uniformity in the target length
range (-1000 mm~ + 1000 mm). In contrast, the film
thickness differed greatly in the region exceeding the target
length and showed quite a violent change along the
direction of the short side (y-axis). Overall, the film
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thickness showed poor uniformity. This observation aligns
with the expectations based on the physical principles of
magnetron sputtering, but contrasts with some earlier
studies that reported more uniformity along the target width
direction.

1
400 1500

Fig. 4. Distribution pattern of the static relative film thickness on
the substrate

3.2. Motion path of the substrate

As shown in Fig. 5, based on the geometrical size, the
3D surface equation of the substrate can be obtained as
follows:

2 =(x2H2)/2000. (5)

Since any point on a substrate is in plane motion, z is
constant. The following vector can describe the position of
the point on the substrate:

-H

The position transform matrix of any point during the
rotation of the substrate can be written as follows:

(6)

cos(wyt) —sin(w,t) 0
R, = [sin(w,t)  cos(w,t) 0]- (7)
0 0 1

The distance between the rotation axis of the substrate
and the revolution axis can be described by the translation
matrix:

D= (8)

1 0 a
010].

1

0 0

The position transform matrix of any point during the
revolution of the substrate can be written as:

cos(w;t) —sin(w.t) 0
Ry = |sin(w,t) cos(w,t) O )
0 0 1

Assuming that ®; and o, are the angular velocities of
revolution and rotation, respectively, ¢ is the time function,
and « is the revolution-to-rotation trail radius ratio trail, the
following expression can be obtained: w>=(1+x)w;.

The final position of a given point on the substrate can
be derived as p’ = RiDRyp [19].

3.3. Film thickness uniformity

By taking the integral of the film thickness distribution
function along the path of the point p’ on the substrate, the
film thickness of the point within any time interval T can be
obtained. To measure the uniformity of the film thickness,
the uniformity degree of the coating, denoted as ¢, can be
defined as:

C:(Tmax'Tmin)/Tmean 5 (10)

where Timax and Tmin are the maximum and minimum values
of the relative film thickness on the substrate, respectively.
Smaller values of ¢ indicate higher coating film uniformity.

4. RESULTS AND DISCUSSION

By performing numerical analysis on the uniformity ¢
with MATLAB, the change in the film thickness uniformity
degree ¢ with the number of revolution cycles was plotted
in Fig. 6. When the number of revolution cycles exceeded
50, the uniformity showed a slight variation. Therefore, the
boundary conditions with 50 cycles were used in the
subsequent calculations.

At the revolution-to-rotation radius ratio x > 2, the
uniformity showed slight variation. The boundary condition
Kk was set to a value between 2 and 5 to simplify the
calculation process. Meanwhile, the change in the
uniformity under different eccentric distances and different
radius ratios was also examined, with the final calculation
results shown in Fig. 7. Assuming that e is the eccentric
distance, e can be calculated as e = r — x — [, where r is the
vacuum chamber radius (r=2750 mm), / is the target
length, and y is the target spacing.

Fig. 5. 3D model of the substrate

151



As shown in Fig.7, as the eccentric distance e
increased steadily (corresponding to the steady decrease
in ), the uniformity degree ¢ dropped, i.e., the uniformity
could be enhanced.
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6. Evolution of the film thickness uniformity with the number
of revolution cycles

Fig.

Fig. 7. Variations in the uniformity degree with the revolution-to-
rotation radius ratio and the eccentric distance

The radius ratio should be maintained at approximately
2.8 at a fixed eccentric distance to achieve favorable
uniformity. Accordingly, at e =400 mm (y = 150 mm) and
k=2.78, the uniformity degree ¢ was 0.873, with a
deviation of =+43 %, implying the most favorable
uniformity. These findings are consistent with some
previous research but offer a more detailed analysis of the
parameters affecting uniformity [20—23].

Under that uniformity degree, the relative film
thickness distribution of the planetary-motion substrate was
calculated via normalization, and the motion path of the
point on the substrate was plotted in Fig. 8.

It can be observed from Fig. 8 that the film thickness
distribution on the substrate overall showed an umbrella
pattern, with slight sinking at the center. The film thickness
dropped gradually from the center to the edge. The relative
film thickness values at the center and the edge were 55 and
10, respectively.

Fig. 9 shows the motion paths of different fixed points

152

along the radial direction. Overall, the motion paths of
different fixed points showed consistent sparsity and were
only densely distributed in the inner ring.
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Fig. 8. Relative film thickness distribution patterns

As the radius of the radial fixed point increased, the
coverage area of the motion path expanded steadily, and the
relative path density dropped. When the radius of the fixed
point was below 1000 mm, the motion paths mostly
covered the region with a radius of 500 mm. Accordingly,
in the region with a thicker film, the film thickness dropped
along the radial direction, but the film thickness showed a
smaller deviation and better uniformity.

5. CONCLUSIONS

This study focused on the uniformity of the film
thickness on a large-scale curved workpiece using
rectangular target magnetron sputtering. We established
mathematical and physical models of the film thickness
distribution and compared our findings with existing
literature and expectations. The following conclusions can
be drawn based on the results obtained in this study:

1. For rectangular magnetron-sputtering targets, the film
thickness uniformity on the substrate along the target
length direction was better than that along the target
width direction. The uniformity along the target width
direction primarily determined the film thickness
uniformity.

In the sputtering system with eccentric composite
revolution and rotation, the film thickness distribution
can be changed by adjusting the revolution-to-rotation
radius ratio and the eccentric distance.
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Fig. 9. Tllustration of the motion paths of the fixed point on the
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At aradius ratio x > 2, the uniformity degree varied
within a small range.As the eccentric distance e
increased steadily (corresponding to the decrease in
target spacing), the uniformity degree c¢ dropped, i.e.,
the uniformity degree was enhanced. When the
eccentric distance was fixed, the radius ratio k should
be maintained at approximately 2.8 to achieve a
favorable uniformity degree.

At e =400 mm and k = 2.78, the uniformity degree ¢
was 0.873, indicating the most favorable uniformity.
This result provides a practical guideline for those
aiming to achieve optimal film thickness uniformity in
similar setups.

The motion paths of different fixed points along the
radial direction affected the distribution of film
thickness. For the fixed points, at a radius of below
1000 mm, the motion paths were mainly distributed in
the annular region with a radius of 100 ~ 1500 mm.
When the radius of the fixed points exceeded 1000 mm,
no motion path was found in the region at a radius of
over 500 mm; meanwhile, the circular region with no
distribution of motion paths expanded gradually and
the annular region including the motion paths
developed gradually along the radial direction.
Therefore, the motion paths were densely distributed in
the region with a radius of 500 mm, in which more
sputtered particles were received and the film was
thickest. At a radius of over 500 mm, the motion paths
were sparsely distributed, and the film thickness
overall decreased; but the deviation of film thickness
was small, suggesting favorable uniformity. The
conclusion validated the thickness distribution
corresponding to the best uniformity.

In conclusion, while our results corroborate some of the

findings from previous research, they also provide new
insights into the factors affecting film thickness uniformity
in magnetron sputtering systems. Future studies might
delve deeper into the reasons behind these observations and
their implications for industrial applications.
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