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In high resolution imaging devices, smaller aperture in the color filter causes cross talk which provides
incorrect information. Plasmonic color filters (PCFs) have been reported as an alternative of the
conventional color resist based-color filter (CRCF) and many studies on PCFs demonstrated the filtering
function by PCFs with a sub-micron size. In this work, we investigated the cross talk performance of
PCFs compared to CRCFs. The effect of cross talk over distance from the filter were measured for each
filter. Despite poorer spectral filtering characteristics, PCFs were more robust against cross talk than
CRCFs. Also, the further away from the filter, the more cross talk appeared. As a result, PCFs showed
less cross talk than CRCFs at about 82% of the results measured at a distance of 2~10 pum. This study

will help to make practical use of PCFs in high-resolution imaging applications.
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I. INTRODUCTION

Rapid advances in electronics technology have led to a
reduction in the size of electronic devices: integrating the
electronic circuit [1], reducing size of a pixel [2], etc. These
technical trends have in turn resulted in a reduction in
power consumption [3], an increase in the speed of devices
[4], and convergence between technologies. However, these
advantages have been accompanied by problems, such as
heat generation, fabrication issues, the short-channel effect,
and cross talk. In particular, cross talk refers to interference
caused by the coupling of energy between signal trans-
mission lines [5], and it is a major problem that make it
difficult to distinguish between pixels in the display or from
an image sensor. In other words, cross talk leads to users’
image information that is different from the original images.

In color filters of imaging devices, one pixel is consisted
of three or four sub-color pixels which transmit the light
only in the primary color range, red, green, or blue. For
example, a red light passes through the red -sub pixel while
it is shielded by the other sub pixel region. As the aperture

of the primary light becomes smaller, the wavefront of the
light is distorted by diffraction phenomenon and results in
cross talk [6]. A dye- or color-resist-based conventional
color filter (CRCF) increases the cross talk for pixel sizes
less than 2 pm [7, 8]. CRCFs are weakened by heat,
chemicals and ultraviolet (UV) light. Thus the degradation
from those environmental factors reduces the lifetime of
the device in which it is used. In addition, since the
absorption coefficient of photoresists is small, it is difficult
to reduce the thickness of devices containing CRCFs [9].
Therefore, it is impractical to use CRCFs for small imaging
applications.

A nano sized thin metal film hosts a unique optical
phenomenon, surface plasmons (SPs), which is a collective
oscillation movement of the free electrons of the metal
surface at the metal-dielectric interface [10]. When a metal
surface is corrugated periodically, SPs enhances the
oscillation movements with a specific frequency, called the
surface plasmon resonance (SPR), in particular, if the
grating is formed into holes, SPR causes extraordinary
optical transmission (EOT) at the resonance frequency (or
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wavelength range). In this way, plasmonic color filters
(PCFs) can be used as optical band pass filters [9, 11-20].
PCFs have advantages over CRCFs. They are easy to design
because the filtering range in which the SPR phenomenon
occurs is controlled only by the physical dimensions of the
structure rather than the absorption properties of materials.
In addition, they are highly stable against heat and UV
radiation. In this regard, many studies on PCFs have
reported that the filtering function is an alternative to
CRCFs with a sub-micron size.

Most studies on PCFs have focused on improving the
transmission efficiency. The decreasing pixel size has
facilitated the achievement of high-resolution, and cross
talk verification is necessary before PCFs are used. In this
study, we investigated the cross talk in these filters through
simulations. Even when the pixel size became sufficiently
small, we attempted to examine the robustness of the filters
against cross talk. The results of this study are expected to
be useful for the application of filters in high-resolution
displays or image sensors. Thus, the results can serve as
guidelines for the practical use of PCFs.

II. METHODS

The Finite Difference Time Domain method (FDTD:
simulation software developed by Lumerical Solution Inc.,
CANADA) was used for all experimental processes. The
monitor was positioned 2 to 10 pm from the filter. The
simulation was conducted in two dimensions with two unit
pixels, and the boundary conditions were set to x = periodic
and y = perfectly matched layer boundary conditions. For
the measurement of interference, the structure was assumed
to be periodic in the x-axis direction.

Figure 1 shows the structure of each filter. For the
comparison of the PCF and CRCF in the presence of a
large amount of cross talk, the sub-pixel size of both
filters was set to 2 um x 2 um. In order words, the unit
pixel size was 6 pm x 2 pm. The substrate was glass, and
color resists with high transmittance in each red (R), green
(G), and blue (B) wavelength ranges were deposited on
the top of substrate. The designed CRCF was taken from
previous works (the structure [21] and the refractive index
values of the materials [22]). These color resist materials
allowed narrow transmittance and only at the transmission
wavelength corresponding to each color. The color resist
thickness in the CRCF was set to 1 pum, since the cross
talk was severe at a distance of 2~10 pm from the filter
when resist thickness was 1 pum [23]. For the PCF, the
metal film causing SPs was an aluminum (Al) film. Al was
used along with a high plasma frequency for achieving a
short central wavelength [20]. For the PCFs to be similar
to the optical properties (central wavelength, narrow
bandwidth, and similar peak transmittance) of the CRCFs,
they are designed as follows. Metal films with thickness
(f) of 100 (R), 70 (G), and 70 nm (B) were used. The
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FIG. 1. The schematic of each color filter. (a) Color resist
color filter (CRCF), (b) Plasmonic color filter (PCF).

period (p) of the filters were 380 (R), 330 (G), and 250
nm (B), and the hole diameters (d) were 70 (R), 60 (G),
and 30 nm (B). Since the PCF structure consists of two
metal-dielectric interfaces, the top and bottom sides of
the Al film, two SP modes occur. The EOT phenomenon
becomes stronger when the SP modes at both top and
bottom interfaces occurs in the same wavelength band.
This is called the matched situation [19, 20]. The effective
thickness in order to adjust the wavelength of the SPR is
comparable to the decay length of the SP which is around
tens of nanometers [18, 20]. In this regard, the thickness
of the upper SiO, was set to 50 nm. For the measurement
of cross talk, shielding layers were used for blocking all
sub-pixels, except the main sub-pixel. The shield material
was chromium (Cr) and its thickness was 300 nm. For the
case of PCF, holes were covered with Al film. The source
used was a white plane wave with a wavelength range of
300 to 800 nm.

As mentioned above, when the thickness of color resist
is 1 pm [23], a large amount of cross talk appeared at a
distance of 2~10 pm from the filter. Therefore, the monitor
position was set to measure the cross talk in this distance
range (step: 1 pm).

1. RESULTS AND DISCUSSION

Figure 2 illustrates each designed filter’s transmission
spectrum. For CRCFs, the main peak wavelengths are 645
(R), 530 (G), and 455 nm (B), and the main peak values
are 37.0% (R), 19.9% (G), and 29.6% (B). The full-width-
at-half-maximum (FWHM) values of the main peaks are
53 (R), 49 (G), and 35 nm (B). The spectrum corresponding
to green has two peaks at 530 and 605 nm, with the
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FIG. 2. The optical property of color filter: the transmission spectrum of each color filter. (a) CRCF, (b) PCF.

sub-peak at 605 nm being very steep and having a peak
value of 29%. Furthermore, the red filter spectrum contains
a tail in the right side of the peak. The smallest intensity
in that wavelength region is one-third the value of the
main peak at 700 nm. The spectrum of the blue filter
decreases more gradually to the left area of the peak
compared to the right.

For the case of the PCF, peak wavelengths are 650 (R),
535 (G), and 475 nm (blue), and the main peak values are
34.5% (R), 31.2% (G), and 23.5% (B). The FWHM values
of the main peaks are 83 (R), 46 (G), and 69 nm (blue).
The PCFs had a lager bandwidth than the CRCFs. The
CRCFs had only the transmission wavelength corresponding
to each color. On the other hand, the PCFs shows a
non-zero transmittance intensity that shares not only the
corresponding color wavelength, but also some of the
different color wavelength. The gradually decreasing tail to
the right area of each peak contains the other wavelength
region. The blue filter had a transmittance of 13.5% at
535 nm, which is about 40% of the main peak of the
green filter. The green filter had a transmittance of 8.63%
at 655 nm, a quarter of the main peak of the red filter.
Furthermore, there are small peaks in the short wavelength
region.

Figure 3 shows the electric field profile for different
monitor positions. For each filter, all profiles correspond to
the peak wavelength of the filter. The profiles were used
to examine the cross talk phenomenon for the case of the
peak wavelength light. All filters had the highest intensity
at the pixel area where they were not blocked by the
shield. The unwanted intensities in the shielding are cross
talk and work as noise information for a distinction between
pixels. Firstly, we examined the cross talk phenomenon by
checking the spatial profile in the pixel region. All
measured peak values were those of the first unit pixel.

The electric field intensity for the case of the red pixel
aperture resulted in broader spatial profiles. For the 2 um
distance from the top surface of the red CRCF for
example, the distance from the position having highest
intensity value to the position having minimum intensity
value of the peak is about 2.7 pm. As a result, the red
light provide information through all the pixel region even

though the spatial intensity is highest in the red pixel
region. The distance between the maximum and minimum
values of the profile peak reduces as the wavelength of the
transmitted light becomes shorter, about 1.6 um and 1.4
pm for the green and blue filters, respectively. For PCFs,
the widths of the peaks of the profiles are narrower
compared to those of CRCFs. At the 2 pm distance, the
distance from the maximum and minimum values of the
peak were about 2 um (R), 1.3 um (G) and 1.3 pm (B).

In a comparison of the cross talk at different distances
from the filter in the green pixel, the peak intensity value
in the non-shielding areas of the CRCF was 0.741 at a
distance of 2 pm, and the peak intensity values in the
shielding areas were 0.111 (R) and 0.112 (B). The
difference between the peak intensity values of the
shielding and the non-shielding areas was calculated from
the difference between the higher intensity of the shielding
area pixels and the intensity of the non-shielding area
pixels. For the blue and green pixels, the difference
between peak intensity values was 0.629. Furthermore, the
ratio of the peak value in the shielding area to that in the
non-shielding area was 15.11%.

At a distance of 2 pum for the PCF, the peak intensity
value of the green pixel, which was in the non-shielding
area, was 0.784. The peak values in the shielding area
were 0.118 (R) and 0.108 (B). The difference between the
red pixel with higher intensity and the green pixel in
non-shielding areas was 0.666, and the ratio of the peak
value in the shielding area to that in the non-shielding area
was 15.05%. At the distance of 2 um, the difference
between the peak values of the non-shielding and shielding
areas for the PCF was greater than that for the CRCEF.
PCFs also showed a smaller amount of cross talk than
CRCFs.

For the CRCF, for the case of the green pixel at the
distance of 10 um, the peak intensity values were 0.331
(R), 0.496 (G), and 0.335 (B). In particular, the difference
between the peak intensity values of the green and the
blue pixel was 0.161. Furthermore, the ratio of the peak
value in the shielding area to that in the non-shielding area
was 67.54%. For the PCF, for the case of the green pixel
at distance of 10 um, the peak intensity values were 0.315
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FIG. 3. The electric-field intensity profile for different distances from the filter at 2, 6, 10 um. (a) CRCF, (b) PCF.

(R), 0.497 (G) and 0.323 (B), and the difference between
the peak intensity values of the green and the blue pixels
was 0.174. Furthermore, the ratio of the peak value in the
shielding area to that in the non-shielding area was
64.99%.

At the distance of 10 pm, the peak intensity value
difference for the PCF was greater than that for the
CRCF. The PCFs also showed a smaller amount of cross
talk than the CRCFs. With an increase in the distance
from the filter, the difference between the intensity of the
shielding area and that of the non-shielding area decreased.
In other words, the cross talk increased with distance from
the filter. When the cross talk was calculated as a peak
value, the PCF had a smaller amount of cross talk than
the CRCF.

The analysis with a peak value, i.e., the maximum value
of the unwanted intensities has a limit to the extent to
which a qualitative analysis can be used to compare the
cross talk of the CRCFs and the PCFs. Therefore, a
quantitative analysis was also performed by considering all
pixel areas. The following equations were used for the
analysis:

f ])\2 C)\Q,/\l + C/\SA)\I
— e (M

where I, A, and C denote the electric field intensity of a
sub-pixel, peak wavelength, and cross talk value,
respectively. This equation gives the ratio between the
total intensity of a sub-pixel region and the total intensity
of the other sub-pixel region and can be used to check
how the main sub-pixels affect the other sub-pixels. The
average cross talk for each sub-pixel is considered the
final value of the sub-pixel. The following example can
help understand this statement. Let C,, denote the
integration of the red sub-pixel intensity divided by the
integration of the green sub-pixel intensity, and let C.,
denote the blue sub-pixel divided by the red sub-pixel.
Then, the mean (C,) of C,, and C,, is the amount of
cross talk for the red sub-pixel.

Figure 4 presents cross talk values calculated using Eq.
(1) for the CRCFs and the PCFs for different distances of
the profile monitor from the filter (2~10 pm; step size: 2
pm). Although the PCFs showed a smaller amount of
cross talk than the CRCFs for most distances, the reverse
was observed for the red pixels for some distances. When
the distance of the profile monitor from the filter was 2
pm, the cross talk values for the CRCFs were 0.2450 (red
pixel), 0.2555 (green pixel), and 0.2324 (blue pixel). The
values for the PCFs were smaller for all sub-pixels,
amounting to 0.2112 (red pixel), 0.1795 (green pixel), and
0.1229 (blue pixel). At the distance of 4 pum, the PCFs
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again showed lower cross talk values for all sub-pixels.
However, when the distance is 6 pm, the CRCFs showed
smaller cross talk values than the PCFs for the red pixels
(CRCF: 0.3656; PCF: 0.3747). Even for the distance of 8
um, CRCFs showed smaller cross talk values for the red
pixels, with the cross talk values being 0.4234 (CRCF)
and 0.4524 (PCF). In addition, at the distance of 10 um,
the CRCFs resulted in smaller cross talk values than PCFs
for the blue and red pixels: 0.6422 (CRCF _C.), 0.6598
(PCF_cC.), 0.4477 (CRCF_¢,), 0.4625 (PCF_C)).

Table 1 presents the cross talk values for each filter for
the various positions considered in this study. A total of
nine distance (2~10 pm) were considered, and the cross
talk values were obtained for 27 cases including 9 distances
with 3 sub-pixels (R, G, and B) for each distances. The
CRCFs showed a smaller amount of cross talk than the
PCFs for the red pixel at the distance of 6, 8, and 9 um

At the distance of 10 um, the CRCFs showed a smaller
amount of cross talk than the PCFs for the red and blue
pixels. At 22 cases, excluding the aforementioned five
cases, the PCFs showed a smaller amount of cross talk. In
other words, the PCFs showed less cross talk than the
CRCFs at approximately 82% of the results measured at a
distance of 2~10 pum. Thus, the PCFs were more robust
against cross talk. In addition, the further the distance
from the filter, the more cross talk there was. For the case
of the PCF, the average cross talk of three sub-pixels at
the distance of 2 um was 0.1712. For the distance of 6
and 10 pm, the average cross talk of three sub-pixels was
0.3122 and 0.5291, respectively, which are 1.82 times (at
6 pm) and 3.09 times (at 10 pm) higher than the value at
the distance of 2 pm.

With the exception of partial positions, the PCFs showed
a smaller amount of cross talk than the CRCFs. The reason
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FIG. 4. Cross talk values calculated using Eq. (1) for the CRCFs and the PCFs for different distances from the filter (2~10 um; step

size: 2 um). (a) 2 um, (b) 4 um, (c) 6 um, (d) 8 um, (e) 10 pm.

TABLE 1. Cross talk value of each sub-pixel for each filter according to monitor position

R G B R G B R G B
10 pm 7 pm 4 um
Cr Ce Cp Cr Ce Cp Cr Ce Cp
CRCF | 0.6422 | 0.4740 | 0.4477 | CRCF | 0.4055 | 0.3598 | 0.3383 | CRCF | 0.2916 | 0.2948 | 0.2976
PCF 0.6598 | 0.4649 | 0.4625 PCF 0.3816 | 0.3193 | 0.3216 PCF 0.2592 | 0.2464 | 0.2429
R G B R G B R G B
9 um 6 um 3 um
Cr Ce Cp Cr Ce Cp Cr Ce Cp
CRCF | 0.5258 | 0.4427 | 0.4263 CRCF | 0.3656 | 0.3453 | 0.3075 | CRCF | 0.2876 | 0.2899 | 0.2919
PCF 0.5284 | 0.4074 | 0.4047 PCF 03747 | 0.2793 | 0.2826 PCF 0.2278 | 0.2500 | 0.1897
R G B R G B R G B
8 um S um 2 um
Cr Ce Cp Cr Ce Cp Cr Ce Cp
CRCF | 0.4234 | 0.4435 | 0.3526 | CRCF | 03266 | 0.2971 | 0.3006 | CRCF | 0.2450 | 0.2555 | 0.2324
PCF 0.4524 | 0.3841 | 0.3550 PCF 0.2695 | 0.2451 | 0.2605 PCF 02112 | 0.1795 | 0.1229
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for the reverse observation at red pixels for some distances
is that the green and blue filters in the PCFs partially
transmit in the red wavelength region. As shown in Fig. 2,
the spectral of the blue and green PCFs have long tail
shapes in the right side of the peak and it results in
non-zero transmittance at 655 nm. For the PCF, the green
filter was transmitting 8.63% in the red wavelength areas
and the blue filter had 6.7% transmittance in red wavelength
areas. These transmittances were 25.0% (G) and 19.4%
(B) of the peak transmittance of the red filter at 655 nm.
The shorter lifetime of SPs make slow decay of the
transmission spectra in the right side of the peak [24].
This means that the blue and green pixels are still weakly
affected by SPs even at 655 nm, which does not exactly
correspond to the dominant SPR wavelength. And finally
the enhanced SPs in the blue and green areas propagate
through the surface of the metal-dielectric interface and
possibly couples to the light directly passing through the
red pixel.

The broadness of the electric field profile is also the
cause of the cross talk effect. The spatial pattern of the
electric field profile at each distance originates from the
diffraction pattern. The larger wavelength results in the
wider space between high intensities approximated by the
sinc function of the wavelength. Thus, a larger wavelength
results in a broader intensity profile, and consequently the
red light showed more cross talk for other sub-pixel areas
as a whole. Small additional transmission due to SPs in
the blue and green pixels and the broader intensity profile
of the red light would have caused the results all at once.
Nevertheless, for the PCF, a smaller amount of cross talk
compared with that for the CRCF was observed for the
red pixel at five of the nine distances. In other words,
PCFs are superior in terms of robustness against cross talk,
despite their worse filtering properties. Furthermore, owing
to their metallic structure, they are highly stable under UV
or high heat conditions. For high-resolution displays, PCFs
can be used as an alternative to conventional color filters.

IV. CONCLUSION

For the implementation of high-resolution imaging
applications, cross talk is an important factor that should
be addressed. In this study, we show that PCFs are robust
against cross talk from adjacent filters of different colors
under the conditions in which conventional color filters
show a large amount of cross talk. The PCFs showed less
cross talk than the CRCFs at about 82% of the results
measured at a distance of 2~10 pm. With great filtering
properties, cross talk phenomenon in the PCFs could be
reduced. Owing to their robustness against cross talk, the
PCFs offer an alternative to conventional color filters and
are better suited for high-resolution imaging applications.

- Hyo Jong Cho and Yun Seon Do 21

ACKNOWLEDGMENT

This work was supported by the Basic Science Research
Programs through the National Research Foundation of
Korea (NRF), Ministry of Education, under Grant NRF-2018
R1D1A1B07045853.

REFERENCES

1. P. A. H. Hart, T. Va 'T Hof, and F. M. Klaassen, “Device
down scaling and expected circuit performance,” IEEE J.
Solid-State Circuits 14, 343-357 (1979).

2. M. Mori, M. Katsuno, S. Kasuga, T. Murata, and T.
Yamaguchi, “1/4-inch 2-mpixel MOS image sensor with
1.75 transistors/pixel,” IEEE J. Solid-State Circuits 39,
2426-2430 (2004).

3. A. P. Chandrakasan and R. W. Brodersen, “Minimizing
power consumption in digital CMOS circuits,” Proc. IEEE
83, 498-523 (1995).

4. E. J. Nowak, I. Aller, T. Ludwing, K. Kim, R. V. Joshi,
C. T. Chuang, K. Bernstein, and R. Puri, “Turning silicon
on its edge [double gate CMOS/FinFET technology],” IEEE
Circuits Devices Mag. 20, 20-31 (2004).

5. G. Agranov, V. Berezin, and R. H. Tsai, “Crosstalk and
microlens study in a color CMOS image sensor,” IEEE
Trans. Electron Devices 50, 4-11 (2003).

6. B. E. A. Saleh and M. C. Teich, Fundamentals of Photonics
(John Wiley & Sons, USA, 2019), Vol. 2, Chapter 4.

7. L. Frey, P. Parrein, J. Raby, C. Pellé, D. Hérault, M. Marty,
and J. Michailos, “Color filters including infrared cut-off
integrated on CMOS image sensor,” Opt. Express 19, 13073-
13080 (2011).

8. S. Nishiwaki, T. Nakamura, M. Hiramoto, T. Fuyjii, and M.
Suzuki, “Efficient colour splitters for high-pixel-density image
sensors,” Nat. Photonics 7, 240-246 (2013).

9. S. Yokogawa, S. P. Burgos, and H. A. Atwater, “Plasmonic
color filters for CMOS image sensor applications,” Nano
Lett. 12, 4349-4354 (2012).

10. W. L. Barnes, A. Dereux, and T. W. Ebbesen, “Surface
plasmon subwavelength optics,” Nature 424, 824-830 (2003).

11. S. J. Tan, L. Zhang, D. Zhu, X. M. Goh, Y. M. Wang, K.
Kumar, C. W. Qiu, and J. K. W. Yang, “Plasmonic color
palettes for photorealistic printing with aluminum nano-
structures,” Nano Lett. 14, 4023-4029 (2014).

12. H. S. Lee, Y. T. Yoon, S. S. Lee, S. H. Kim, and K. D.
Lee, “Color filter based on a subwavelength patterned metal
grating,” Opt. Express 15, 15457-15463 (2007).

13. C. Genet and T. W. Ebbesen, “Light in tiny holes,” Nature
445, 39-46 (2007).

14. T. W. Ebbesen, H. J. Lezaec, H. F. Ghaemi, T. Thio, and
P. A. Wolf, “Extraordinary optical transmission through
subwavelength hole arrays,” Nature 391, 667-669 (1998).

15. Y. S. Do, “A highly reproducible fabrication process for
large-area plasmonic filters for optical applications,” IEEE
Access 6, 68961-68967 (2018).

16. Y. S. Do and K. C. Choi, “Poly-periodic hole arrays for
angle-invariant plasmonic filters,” Opt. Lett. 40, 3873-3876
(2015).



Current Optics and Photonics, Vol. 4, No. 1, February 2020

17. S. P. Chang, Y. S. Do, J. W. Kim, B. Y. Hwang, J. N.

Choi, B. H. Choi, Y. H. Lee, K. C. Cho, and B. K. Ju,
“Photo-insensitive amorphous oxide thin-film transistor
integrated with a plasmonic filter for transparent electronics,”
Adv. Funct. Mater. 24, 3482-3487 (2014).

18. Y. S. Do and K. C. Choi, “Quantitative interpretation of

extraordinary optical transmission affected by dielectric
overlayers,” J. Opt. 16, 065005-065010 (2014).

19. Y. S. Do, J. H. Park, B. Y. Hwang, S. M. Lee, B. K. Ju,

and K. C. Choi, “Plasmonic color filter and its fabrication
method for large area applications,” Adv. Opt. Mater. 1,
133-138 (2013).

20. Y. S. Do and K. C. Choi, “Matching surface plasmon

modes in symmetry-broken structures for nanohole-based
plasmonic color filter,” IEEE Photonics Technol. Lett. 25,

21.

22.

23.

24.

2454-2457 (2013).

B. E. Bayer, “Color imaging array,” U.S. Patent 3971065
(1976).

Lumerical Solution Inc., Lumerical FDTD solution (FDTD
Solution, Jul. 29, 2019), https://www.lumerical.com/products/
fdtd/ (Aug. 5, 2019).

Y. Yu, Q. Chen, L. Wen, X. Hu, and H. Zhang, “Spatial
optical crosstalk in CMOS image sensors integrated with
plasmonic color filters,” Opt. Express 23, 21994-22003
(2015).

H. F. Ghaemi, T. Thio, D. E. Grupp, T. W. Ebbesen, and
H. J. Lezec, “Surface plasmons enhance optical transmission
through subwavelength holes,” Phys. Rev. B 58, 6779-6782
(1998).



