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ABSTRACT The color filter required for manufacturing a CMOS image sensor was redeveloped to optimize
its optical uniformity. An in-depth study of the three-dimensional (3D) coating process and how it gives rise to
various radial-shaped striation patterns was conducted. These radial-shaped striation patterns were systemat-
ically investigated with reference to two types of patterns: the orthogonal type found only at the orthogonal
edges of the wafer and the diagonal type found mostly at the corner of each quadrant. The formation of
the orthogonal pattern was based on the wide standing wave created by the incident force of the spreading
color photoresist (PR) and the reflective force from the bump pads acting as coating barriers. The diagonal
pattern was found to be generated by the turbulent wakes created behind the bump pads by the drag
force, which interfered with the coating flow. An in-depth study using Ansys CFX software and an in-line
inspection tool revealed that lowering the viscosity of the color PR material is a key factor for improving the
phenomenon whereby the 3D striation patterns of the orthogonal and diagonal types are formed. Based on
this finding, it was possible to drastically reduce the formation of the 3D striation patterns by decreasing the
viscosity of the material comprising each color PR. This study provides not only an empirical and theoretical
understanding of the 3D color PR coating mechanism, but also guidelines for future color filter processes.

INDEX TERMS CMOS image sensor, color filter process, spin coating, radial striation pattern, fluidic

dynamics, process optimization.

I. INTRODUCTION

Since the advent of the mobile era, the CMOS image sen-
sor (CIS) market has grown drastically owing to the strong
demand for high-quality images captured by portable device
cameras [1], [2]. Although recent advances in resolution and
shooting speed has improved the quality of the image, noise
in the form of faint patterns (e.g., discoloring and staining)
due to the inherent factors in the manufacturing process
of CIS are still technical challenge [3], [4]. Here, a color
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filter (CF) is a key component for obtaining spectral color
information from light, maintaining optical uniformity, and
suppressing optical noise in CISs [5]. Many CF fabrication
methods, such as dyeing [6], [7], pigment dispersion [8], [9],
printing [10], [11], and electrodeposition [12], [13] have
been proposed. Among them, the pigment dispersion process
has been the most widely used in the industry to form CFs
owing to its superior color reproducibility and fine resolu-
tion with a wide process margin and excellent scalability
for mass production [14]. However, variation in the pigment
size and uneven pigment dispersion are limitation for the
physical and optical uniformity of a CF film fabricated with
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FIGURE 1. Graphical description of color PR patterning process and radial striation pattern phenomenon: (a) an image sensor pixel array structure
including micro-lens for light collection, a color filter for light separation, deep trench isolation (DTI) for blocking crosstalk, and a photodiode (PD) for
light conversion; (b) color filter patterning process, showing the color PR coating order; and (c) inspection results after unoptimized color PR coating
process for investigating the radial direction of the striation phenomenon on the PR, categorized as orthogonal and diagonal types.

the pigment-type process [15]. In addition, the pigment-type
coating process on the bump pads and the surface groove
by the preceding integration during the CIS manufacturing
process make it more difficult to ensure the uniformity of the
optical properties.

In recent years, state-of-the-art research has been con-
ducted to overcome these physical limitations and improve
the optical properties of CF arrays by (1) employing the
advanced CF remosaic method, (2) improving the optical
stack structure, and (3) using a novel coating method for
increased thickness uniformity.

Jang et al. achieved excellent color sensitivity and signal-
to-noise ratio (SNR) by using Tetra- and Nona-mode
remosaic schemes, even under low illumination condi-
tions [16], [17]. Park et al. and Joe et al. improved the
sensitivity and Y-SNR by adopting a low-reflection material
as the CF isolation grid in a buried CF structure [18], [19].
Huang et al. and Yan et al. fabricated a highly planarized
coating film through a two-step spin-coating process [20]
and spin-coating process with a vacuum treatment tech-
nique [21] on topographical substrates. Although these stud-
ies succeeded in realizing superior color properties, the direct
application of these new technologies to industry carries sig-
nificant burdens due to the (1) design overhead (2) fabrication
costs, and (3) process complexity. Accordingly, based on the
existing spin-coating process, detailed studies for improv-
ing the optical properties—to make them comparable to the
aforementioned state-of-the-art CFs—have not yet been con-
ducted.

Herein, we present a CF manufacturing process to achieve
optical uniformity, which we developed by conducting an in-
depth study of the 3D coating process. The radial-shaped 3D
striation patterns were systematically investigated in terms
of the variations in the color-resist coating process. A com-
putational fluid dynamics (CFD) tool, Ansys CFX soft-
ware [22], and an in-line inspection metrology tool were used
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to thoroughly analyze the phenomenon responsible for the
formation of the 3D striation pattern. Subsequently, the key
parameters for controlling the variation in the film thick-
ness were derived. The 3D striation patterns were drastically
improved by adjusting the key parameters and optimizing the
3D color photoresist (PR) process.

Il. COLOR PR PATTERNING PROCESS AND RADIAL
STRIATION PATTERN PHENOMENON

The structure of the conventional CIS array is illustrated
in Fig. 1(a) [1]. One image sensor array unit consists of
a photodiode (PD) for converting the light into a signal,
deep trench isolation to reduce crosstalk between pixels,
a CF for separating natural light into its green, red, and blue
components, and a micro-lens to improve light collection.
The fabrication process of the CF array should be carefully
managed to ensure excellent color purity and transmittance.
Fig. 1(b) illustrates the relevant CF patterning process. The
color PR is a negative-tone photosensitive material from
which areas exposed to UV light are removed after develop-
ment [14]. Contrary to the conventional photo/etching pro-
cess, the color PR remains permanent after processing and
acts as an optical filter. Therefore, it is crucial to manage
process variations in the thickness, critical dimension (CD),
and species concentration to improve the optical uniformity.
Fig. 1(c) shows the inspection results after the unoptimized
color PR coating process. The radial-direction striation phe-
nomenon on the coated PR was investigated and categorized
into orthogonal and diagonal types. Orthogonal patterns were
found only at the 12, 3, 6, and 9 o’clock edges on the
wafer, whereas diagonal patterns were found at each diagonal
edge. The strip patterns measured by the in-line inspection
tool matched the images captured in the module condition
well. These results indicated that the CF coating process
would have to be optimized to obtain extremely high optical
integrity.
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FIGURE 2. Graphical description of orthogonal striation pattern:

(a) orthogonal pattern generation during spin-coating process,

(b) standing wave generation from the bump pad wall side, (c) illustration
of the color PR spreading process on the substrate with polar cylindrical
coordinates.

lll. INVESTIGATION OF THE ORTHOGONAL STRIATION
PATTERN

The mechanism underlying the formation of the orthogonal
pattern is explained by graphically depicting the spreading
process of the color PR in Fig. 2(a). During the coating
process, the color PR is spread by the Coriolis force [23].
Thus, the color PR experiences a maximum force in the
spinning direction toward the wafer edge. On each edge of
the wafer, at 12, 3, 6, and 9 o’clock, the PR hits the bump
pads along the orthogonal direction, where the reflective force
from the pads is maximized, generating huge standing waves
in the orthogonal direction, as shown in Fig. 2(b). The forces
influencing the spin-coating process were further investi-
gated to determine the critical parameters for controlling the
variation in the CF film thickness. We only considered the
Navier-Stokes equation (Equation (1)) in the radial direc-
tion with cylindrical polar coordinates (r, 8, z), as shown in
Fig. 2(c) [24].

v, v, vy vy U92 v,
p( tU e T T

ot
8P+ N 9 13( )+132u,
= —— — |\ —
or pEr T 1 ar \ r or vr r2 962
2 dup A2
2090 a2 | @)

where p is the density of the fluid, P is the equivalent pres-
sure, g, is the gravitational acceleration in the r direction,
and p is the viscosity of the material. The fluid velocity
components in each direction are expressed as vy, vg, and v,
respectively. For simplicity, the following assumptions were
made: (i) the flow of color PR is assumed to be in a steady
state (dv,/dt = 0). (ii) The spread of color PR is assumed
to be radially symmetric (9v,/30 = 0, 3%v,/96%> = 0)
and to rotate with the substrate (dug/06 = 0). (iii) There
is no radial gravitational component because the rotating
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wafer is horizontal (g, = 0). The velocity component in
the z-direction perpendicular to the rotating wafer was also
negligible because the film was very thin (v, = 0). The color
PR is assumed to be an incompressible Newtonian fluid with a
constant mass density and viscosity, independent of the shear
rate. (vi) Evaporation of the color PR is negligible. Based on
the aforementioned assumptions, the Navier—Stokes equation
(Equation (1)) for the color PR coating process can be sim-
plified to Equation (2) by substituting vg = rw, where w is
the angular velocity.
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We introduced a rescaled coordinate r+ = er, assuming
that the height of the color PR is significantly less than
its radius, where ¢ is a very small dimensionless number.
Equation (2) can then be simplified as Equation (3).
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Neglecting the terms ¢ and &2, which are very small, we
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The left and right sides of Equation (5) correspond to the
centrifugal and viscous forces, respectively, and are balanced
along the r-direction [25], [26]. Equation (5) is integrated by
employing the following boundary conditions.

(i) No-slip conditions on the wafer surface.

v, =0 atz=0. (6)

(i7) Free surface condition at the interface between the color
PR and vacuum, where the shear force disappears.

ov,
0z

where £ is the height of the color PR coated on the wafer. Inte-
grating Equation (5) twice (the balance between the centrifu-
gal and viscous forces) and using boundary conditions (6)
and (7) yields

=0 atz=h, @)
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Equation (8) describes the radial velocity with respect to
film height 4. Using Equation (8), the radial flow of color PR
per unit length of the circumference is given by

h
q :/ vpdz = . )
0 2

The continuity equation in the radial direction is
oh n 19 (rq) = 0 (10)
—+ -—(rg) =0.
at  ror 4
Substituting Equation (9) into Equation (10) yields
oh  2pw’h’
— 4+ P —
ot 3u
Solving Equation (11) with & (t = 0) = ho, where hy is the
initial height of the fluid, we obtain

he (12)

1
(1 + %hgt) 2

0. an

Assuming 4pa)2h(2)t/3u > 1, we obtain

=/ (3*/1p10?)- (13)

Equation (13) indicates that the variation in the film height
(h) of the color PR can be controlled by the viscosity (1),
coating process time (¢), and angular velocity (w).

IV. INVESTIGATION OF THE DIAGONAL STRIATION
PATTERN

Diagonal patterns were investigated to determine the param-
eters that control these patterns. As shown in the left panel
of Fig. 3(a), a clear diagonal discoloration was found to
be consistent with the pad pitch upon inspection with an
optical scope because the bump pads act as coating barriers.
Moreover, they interfere with the PR flow, creating a wide
and long turbulent wake behind the pads. We introduced the
“flow past a sphere” theory [27] of fluid dynamics in the
spin-coating process to determine the control parameters of
the wake width. According to the theory, the drag force for a
sphere is a function of the Reynolds number (Re) [28]. The
drag force (Fp) is the resistance force acting in the direction
opposite to the relative flow velocity between the body and
fluid. The drag coefficient (Cp) is a dimensionless quantity
used to quantify Fp in a fluid environment. Fp is given by

1
Fp = E,OUZCDA, (14)

where v is the velocity of the fluid, and A is the cross-
sectional area of a sphere. The value of Cp depends on the
shape of the object and Re, which is the ratio of the inertial
and viscous forces within a fluid and is given by

vD  puD
v oM
where v is the kinematic viscosity (u/p) of the fluid, and
D is the equivalent diameter of the object. The relationship

Re = (15)
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between Re and Cp is similar to that shown in the bottom
panel of Fig. 3(b). When Re < 1 (Stage 1), the inertial forces
are negligible, and viscous forces become dominant. Owing
to the full viscous effect, the streamline is attached symmet-
rically to the wall of the sphere [29]. As Re increases to 40
(Stage 1 — 2), a wake with a recirculation zone is developed
behind the sphere owing to the contribution of inertial forces.
When Re increases to 100 (Stage 2 — 3), alternating vortices
are triggered by the small perturbations behind the sphere,
which is known as the vortex shedding phenomenon [30].
When Re is in the range of 400 to 3 x 10° (Stage 4), the lam-
inar boundary separation phenomenon occurs, in which the
streamlines separate from the surface. In this region, the sepa-
ration angle is less than 90°, resulting in a wide wake referred
to as subcritical flow [31]. For Re ~3 x 10° (Stage 5),
the boundary layer of the fluid changes from laminar to tur-
bulent flow immediately after passing through the separation
points with a 90° separation angle. At the abrupt transition,
there is critical flow that supplies energy to the boundary
layer detached from the laminar separation points, forming
additional turbulent separation points behind the sphere. The
reattaching property of the turbulent layer results in the for-
mation of a narrow wake, and Cp suddenly decreases. This
is known as a drag crisis [32]-[34]. As Re further increases
(Stage 5 — 6), the laminar separation points merge with the
turbulent separation points on the reverse side of the sphere
with a separation angle greater than 90°, further reducing the
wake width. Considering the spin coating RPM and viscosity
of color PR, the range of Re belongs to Stage 5, where a wide
wake width is inevitable. These investigations indicated that
the coating process had to be optimized by further increasing
Re (Stage 4 — 6) to narrow the wake width of the diagonal
patterns.

V. CFD SIMULATION EXPERIMENTS
As shown in Fig. 4(a), the layout geometry was cre-
ated by reflecting the actual dimensions using Solid-
Works software [35]. The geometry was imported into the
ICEM-CFD [36] to generate a mesh structure. The mini-
mum element size of the mesh was 0.1 mm and was opti-
mized to reduce the total computing time. The structured
mesh was also imported into the Fluent Ansys solver [37]
to calculate the mass, momentum, and energy conserva-
tion equations. Finally, the CFD simulation was conducted
by rotating the geometry based on the real spin-coating
parameters, such as the wafer rotation speed, process time,
and viscosity of the PR. The CFD simulation results suc-
cessively demonstrated the striation pattern identified in
the in-line inspection results in terms of each position.
Points 1 and 3, which represent the corners at 12 and
3 o’clock, respectively, showed an orthogonal stripe pat-
tern. Point 2, representing 1 o’clock, showed a diagonal
pattern.

From Equations (13) and (15), w, ¢, D, and u were iden-
tified as the key parameters that would need to be adjusted
to reduce the diagonal and orthogonal patterns. Among

VOLUME 9, 2021



IEEE Access

S. Kim et al.: In-Depth Study of 3D Color-Resist Coating Process for Optically Uniform Image Sensors

(a) (b)

d : Wake Width
/ d : Wake Width

Saperatio'ﬁ

Angle
Laminlar Y
Saperation Turbulent
Point Saperation

Point

C; (Drag coefficient)

101 100 10" 102 103 104 105 108 107
Re (Reynolds number)

FIGURE 3. Graphical description of diagonal striation pattern: (a) inspection results near bump pad area and the corresponding vertical
cross-section schematic, (b) fluid streamline past a sphere and the relationship between drag coefficient and Reynolds number. At Stage 1,
the streamline is attached symmetrically to the wall of the sphere. Stage 1 — 2, a wake with a recirculation zone is developed behind the
sphere. Stage 2 — 3, alternating vortices are triggered behind the sphere. Stage 4, the laminar boundary separation phenomenon occurs.
Stage 5, the boundary layer of the fluid changes from laminar to turbulent flow. Stage 5 — 6, the laminar separation points merge with the
turbulent separation points at the backside of the sphere.
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FIGURE 4. Experiment and evaluation with the CFD simulation: (a) inspection images versus simulation results in terms of the wafer location — Ins.:
inspection; Thk.: thickness; Vel.: velocity, (b) color PR viscosity experiment for orthogonal and diagonal striation patterns. Each test was performed with
three different values of x (high, medium, and low) and the other parameters were kept constant. The striation patterns in the orthogonal and diagonal
directions were considerably less prominent when a color PR with lower ;. was applied.

them, it was not possible to change the spin coating process simulations and wafer-level tests. Each test was performed
parameters (w and t) and bump pad diameter D because with three different values of u (high, medium, and low)
the required processing time would be too long and the pad whereas other parameters, such as the coating process time

size was standardized. Therefore, p is the only common and wafer rotation speed, were kept constant. As shown
parameter that lends itself to simultaneously reducing the in Fig. 4(b), striation in the orthogonal and diagonal patterns
diagonal and orthogonal patterns. Color PR coating experi- was considerably less when a color PR with a lower . was

ments were conducted by varying the value of w in the CFD applied.
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FIGURE 5. Rearrangement of the color PR coating order: (a) CF patterning sequence (POR), (b) graphical illustration of POR coating sequence,
(c) graphical illustration of optimized coating sequence, (d) in-line data comparison between POR and optimized process, (e) image-capture data
comparison between POR and optimized process, and normalized STD (%) comparison between the POR process and the optimized coating process

from (f) in-line inspection and (g) module images.

VI. REARRANGEMENT OF THE COLOR PR COATING
ORDER

We aimed to improve the overall color PR coating variation
by examining the order in which the CFs of the different
colors in the PR coating process were fabricated. As shown
by the CF patterning order of the process of record (POR)
in Fig. 5(a), the red CF, which has the highest viscosity among
the three CF layers, was placed last in the sequence. The
process to fabricate the last CF may always be imperfect
because it has to take into account the step heights created
previously by the other colors. When the red PR, which
had the highest viscosity, spread unevenly on the textured
surface, the uniformity of the shape and thickness in the
created CF was degraded, resulting in poor striation patterns
in the CF, as schematically shown in Fig. 5(b). To overcome
this problem, the CF coating sequence was optimized by
fabricating the blue CF, which had the lowest viscosity, at the
end, as indicated in Fig. 5(c). The in-line inspection data
in Fig. 5(d) show that both types of patterns improved remark-
ably after the optimized CF coating process was applied.
In addition, the image sensors fabricated with the optimized
CF coating order had excellent optical uniformity, even under
enhanced image test conditions at the module level, as shown
in Fig. 5(e). Finally, we quantitatively confirmed the improve-
ment of the optimized coating process compared to the
POR process with the normalized standard deviation (STD)
in Fig. 5(f) and (g). Based on the in-line inspection results, the
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normalized STD was improved by 81.1% (100% to 18.9%)
for the orthogonal pattern and 65.1% (100% to 34.9%) for
the diagonal pattern. Moreover, the enhanced image test at
the module level showed an improvement of 42.9% (100%
to 57.1%) for the orthogonal pattern and 29.1% (100% to
70.9%) for the diagonal pattern.

Finally, after fine-tuning the thickness and CD of the
color layers, the spectral responses of the red, green, and
blue CF arrays were compared with respect to each pro-
cess condition, as shown in Fig. 6(a). (Base: unoptimized
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condition, Case-1: low viscosity condition, Case-2: low vis-
cosity and process rearrangement). Notably, the normalized
sensitivity and crosstalk of Case-2 was improved from 100%
to 102.2% and from 17.4 % to 16.8%, respectively, com-
pared to the base condition, as shown in Fig. 6(b) and (c).
The improved crosstalk level is quite close to that of the
most recently reported state-of-the-art CMOS image sensors
(15.0-16.3 %) [38]-[40].

VII. CONCLUSION

The 3D coating process of a CF resist that induced various
radial-shaped striation patterns was studied thoroughly. The
CF fabrication process was found to have highly uniform
optical properties in the CIS manufacturing process. The 3D
radial-shaped striation patterns were categorized into two
types: the orthogonal type, found only at the orthogonal edges
of the wafer, and the diagonal type, which is mainly found
at each quadrant edge. The orthogonal pattern was found to
be caused by the wide standing wave created by the incident
force of the spreading PR and the reflective force from the
bump pads. The diagonal pattern was generated by the turbu-
lent wakes created behind the bump pads owing to the drag
force that interferes with the coating flow. An in-depth study
using CFD simulations and in-line experiments confirmed
that lowering the viscosity of each color PR was the most
effective way to address both the orthogonal and diagonal
types of striation. Consequently, by decreasing the viscosity
values of each color PR, the 3D striation patterns improved
drastically. This study elucidates the coating mechanism of
the CF process in CIS mass production.
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