
Research Article Vol. 30, No. 11 / 23 May 2022 / Optics Express 19839

Design of structural coloration for full-color
high-definition computer-generated holograms

SANGWON HAM,1 SUNGJAE PARK,2 SEONG WOO JANG,1

JONGHYUN LEE,2 BYEONG-KWON JU,1,3 AND HWI KIM2,4

1Display and Nanosystem Laboratory, College of Engineering, Korea University, Seoul, 136-713, Republic
of Korea
2Department of Electronics and Information Engineering, Korea University, Sejong Campus 2511
Sejong-ro 30019, Republic of Korea
3bkju@korea.ac.kr
4hwikim@korea.ac.kr

Abstract: This paper investigates the submicron scale color filter design in the high-definition
computer-generated hologram (HD-CGH). It is addressed that single pixel structural coloration is
essential for full-color wide-viewing angle HD-CGH because the conventional RGB color stripe
filter degrades HD-CGH image quality due to low misalignment tolerance. Considering that a
submicron scale slit or hole with metallic mirror sidewalls can operate as a single pixel color
filter. We propose a design of single pixel RGB plasmonic color filter (PCF) and present the
feasibility of applying the proposed single pixel RGB PCF to high-definition HD-CGHs. Based
on the RGB PCF platform, a 1.1 µm× 1.1 µm RGB PCF is designed and the corresponding
optical characteristics of the full-color HD-CGH are analyzed.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The plasmonic color filter (PCF) is a promising platform for replacing conventional pigment-based
polymer absorptive color filters [1–4]. Research on various methods of realizing structural color
filters are in progress and one of the central concepts is controlling the resonance coupling of
photons to plasmonic cavities in order to enable filtering light of the desired wavelength band.
Efficient and miniaturized pixel technology at the micron-scale has been researched to realize
high-resolution displays including sub-wavelength scale PCF [5,6]. PCFs have been studied in
various shape arrays such as planar multilayers, gratings, and periodic hole patterns [7–14]. The
resonance wavelengths of PCFs with high transmission or reflectivity in the visible wavelength
band are determined by the factors associated with materials and geometries. [15–20].

Compared to pigment-based color filters, PCFs maintain their color characteristics under the
sub-micro scale, and this is largely why PCFs have been attracting substantial interest as a unique
color filter platform for the visible wavelength band [21–24]. Conventionally, the long-range
effect induced by periodicity has been considered essential for structural color filter mechanisms
[25]. However, recent applications require sub-micro scale single pixel color filters, for which the
long-range effect based on structural periodicity needs to be overcome because such periodicity
cannot satisfy the sub-micro dimensional specification.

In the recently proposed mirrored color filter structure [26–28], the periodic boundary condition
allows an effective periodicity that provokes the transmissive PCF effect. It seems that the mirror
sidewall not only makes a lateral cavity structure but also acts a shelter from optical crosstalk
by isolating adjacent mirrored filters. A normal metallic mirror sidewall over 50 nm thick can
generate a mirrored color filter, and within the volume of the mirrored color filter, several
plasmonic modes such as plasmonic gap mode, surface plasmonic mode, and lateral Fabry-Pérot
mode are induced. Theoretically, the performance of color filters such as transmission efficiency
and full width at half maximum (FWHM) can be greatly improved if multiple modes are excited
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simultaneously [29]. In practice, enhancing both transmission efficiency and color purity are key
issues for the mirrored color filter structure. Furthermore, the possibility of the active tuning
of mirrored color filters raises strong research interest because a single tiny volume is more
effectively controllable than spatially extended periodic structures via electro-optic effects or
phase-change mechanisms.

The high-definition computer-generated hologram (HD-CGH) is a large-scale CGH recon-
structing a wide-viewing angle three-dimensional (3D) scene [30]. The wide-viewing angle of the
HD-CGH is enabled by the wavelength scale submicron pixel size. The coloring of HD-CGHs,
although an important issue, is a relatively new research topic. Expressing all the colors within
the unit pixel of a HD-CGH is preferable, but realizing this at fabrication stage is challenging.

Recently, a full color HD-CGH featuring a color filter layer of basic RGB stripe patterns has
been reported [31–34]. Full-color high-definition computer-generated holograms can be obtained
by attaching a RGB stripe-pattern color filter wider than a single pixel pitch to the CGH plate,
unfortunately leading to image quality degradation. When the width of the RGB stripe-pattern
color filter is comparable to the single pixel pitch, the misalignment between the CGH pattern
and the color filter layer can lead to significant color degradation or wrong coloration. The
vertical detachment of the CGH pattern and the color filter layer may cause the relative lateral
shift according to the viewer’s position. The numerical simulation will present that the color of
the HD-CGH varies significantly according to the viewer’s position. Therefore, the best design
of full-color HD-CGH is the in-plane color HD-CGH with modulation pixels merged with RGB
color filters, i.e. color-pixel HD-CGH. We have thought that the best approach for color-pixel
HD-CGHs is utilizing RGB PCF composite.

In this paper, we manifest the coloration issue of HD-CGHs associated with misalignment
induced color crosstalk and propose a PCF based color-pixel HD-CGH design to solve the
problem. The optical characteristics of the PCF based single pixel and the HD-CGH image
quality is investigated in terms of color variation according to the viewing angle. Ultimately, we
will show that the PCF single pixel enables full-color HD-CGHs featuring wide-viewing angle
color stabilization.

2. Coloration of high-definition computer-generated hologram

The coloration of high-definition CGHs has been accomplished by stripe-type color filter layers,
as shown in Fig. 1(a). Figure 1 compares the distinctive approaches of HD-CGH coloration
using the conventional stripe color filter layer above the CGH plane and the in-plane color pixel
HD-CGH, which combines the color filter and HD-CGH pixel (Fig. 1(b)).

The issue of the conventional layered structure is its low angular color tolerance. The HD-CGH
color image quality can be deteriorated by angular misalignment of the color filter layer and
the CGH plate, and the inter diffraction crosstalk induced by the strong diffraction of the CGH
pixel in the intermediate gap between the CGH plate and the color filter. For obliquely incident
waves, the CGH and color filter plate becomes spatially mismatched. The viewer can then
observe color-crosstalk due to gap diffraction. It is intuitively apparent that a conventional layered
structure with a vertical gap is vulnerable to color inversion and color crosstalk or color blurring.

Let the width of the color stripe and the HD-CGH pixel pitch be denoted by W and p. The
extreme case of W = p is not practical when the gap distance between the CGH plate and the
color filter plane is greater than p. A numerical wave optic simulation [30] shows that, as shown
in Fig. 1(a), when using the layered stripe color-filter structure, observing HD-CGH from an
off-axis position or with incident light (lower panel) may cause confusion in the color expression
of a cube image with a red front, blue side, and green top. On the other hand, in the unified
color-pixel HD-CGH, accurate color expression can be confirmed in all observation area, as
presented in Fig. 1(b).
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Fig. 1. HD-CGH coloration scheme. (a) Layered stripe color filter structure, and (b) unified
color-pixel structure. The layered stripe color filter structure is sensitive to the viewing angle,
while the unified color pixel structure conserves colors stably.

The stripe color pattern narrows the viewing zone horizontally or vertically along the direction
orthogonal to the stripe line width. Figure 2 presents the definition of the basic mask arrangement,
and shows the resulting characteristics in the viewing zone plane (Fourier domain). To understand
the effect of the RGB masks, we simulated a single field of view of a complex-valued CGH, as
presented in Fig. 2(a). If a vertical stripe mask is used, the signal data is replicated horizontally
in the viewing zone plane (Fig. 2(b)).

Conversely, if a horizontally aligned mask array is used, the signal data is replicated vertically
(Fig. 2(c)). Furthermore, it can be seen that as the width of the stripe color filter increases to
W = 2p, the number of signal data duplications increases and the viewing angle narrows. Thus,
the unification of color filter and CGH pattern at the single pixel level is desirable for the widest
viewing angle and robust coloration.

Using our previously developed design method [30], a full-color wide viewing angle HD-CGH
was calculated and a cube-shaped 3D object was reconstructed from various angles (center, top,
bottom, left, right) in Fig. 3(a). Note that if the stripe pattern color filter is 1 pixel (W = p),
only 1/3 of the total viewing area is used when calculating the HD-CGH. For the calculated
HD-CGH, Fig. 3(b) shows the results of applying a stripe pattern color filter structure of a width
of W = p, 3p, 5p in the horizontal direction. A color filter mask size of 1 pixel (1p) is fine, but
above 2 pixels (3p and 5p), the signal is duplicated and reconstructed images overlap. This
phenomenon is expected from the signal duplication shown in the viewing zone field distribution
of Figs. 2(b) and 2(c).
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Fig. 2. (a) Single field of view in Fourier domain. (b) Vertical, (c) Horizontal striped mask
and field distribution by mask size.

Fig. 3. (a) Reconstructed images from various angles (center, up, down, left, right) of
full-color wide viewing angle HD-CGH. (b) Reconstructed images for stripe pattern color
filter structures at w= 1, 3, 5 in the horizontal direction.
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Our proposed PCF color pixel design may overcome this issue. In the following section, the
RGB PCF color pixel compatible to HD-CGH is presented and its optical characteristics are
discussed in terms of HD-CGH image quality and color tolerance.

3. Full-color PCF HD-CGH

The proposed design for full-color PCF HD-CGHs based on the single pixel PCF is presented in
Fig. 4. By merging the CGH and color filter, we can prevent the misalignment-induced color
distortion and crosstalk caused by the diffraction of CGH pixels. The design for full-color
HD-CGHs features highly compact RGB color composite pixels.

Fig. 4. Full-color PCF HD-CGH of (a) 1D single slit and (b) 2D single hole structure. (The
enlarged area represents 3× 3 size pixels of HD-CGH.)

As will be presented later, it is possible to design a submicron scale single pixel PCF to
achieve a wide-viewing angle HD-CGH. As depicted in Figs. 4(a) and 4(b), 1D single slit and
2D hole HD-CGHs can be considered. For 465 nm wavelength (blue) light, a unit pixel size of
630 nm×630 nm produces a HD-CGH with a maximum viewing angle of 14.4°. Regarding the
PCF color pixels, polarization as well as geometrical factors must be considered for clear color
reproduction. The proposed 1D structure operates in TM mode, and the 2D hole pattern can
operate in both TM and TE mode.

As depicted in Fig. 5, the PCF HD-CGH pixel is designed as single pixel PCFs with metallic
mirror sidewall structures. Conceptually, the size of a single pixel PCF can be set equal to the
period of the corresponding periodic array color filter, which means that a PCF single pixel can
be isolated by the metallic mirror sidewalls. In this way, the metallic mirror sidewalls allow the
embedded single unit to operate as the infinitely periodic array of the single unit. The geometric
structures and materials used in the designs of the color filters are optimized to maximize the
particular coloration effects.

As depicted in Figs. 5(a) and 5(d), the metallic mirror sidewalls of the 1D and 2D PCF pixels
are erected in the z-axis direction. The unit cell structure of the periodic array color filter is
modeled in the form of a single unit pixel of a submicron scale. In the field calculation and
analysis of the optical properties, we employ the Fourier modal method (FMM) [35]. In order to
suppress crosstalk occurring between adjacent unit pixels [26], we should analyze over an area
sufficiently large to cover the distance between the red, green, and blue metallic mirror sidewalls.
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Fig. 5. Single pixel PCFs with metallic mirror sidewall. Schematic of (a) 1D, (d) 2D
structure surrounded by metallic mirror sidewall around unit pixel. Electric field distribution
profile in the x-z cross-section of (b) 1D, (e) 2D single pixel PCF. (Observed in the green
color filter at 532 nm). Calculated transmission spectrum of the red, green and blue filters of
(c) 1D and (f) 2D PCFs. (c) Transmittance spectrum of a 1D single pixel PCF with distances
of 530 nm, 410 nm and 315 nm between metallic mirror sidewalls. Transmittance spectrum
of a (f) 2D single pixel PCF with distances between metallic mirror sidewall of 427 nm,
370 nm and 320 nm.

The 1D single slit structure was simulated with a length of 2 µm along the x-axis, and the 2D
hole structure was simulated with an area of 1 µm× 1 µm in the x-y plane.

Before taking actual metal materials as mirror sidewalls in the numerical simulation, a
calculation was made incorporating near perfect electric conducting (PEC) mirror sidewalls to
check the operation of a single pixel color filter under the ideal mirror conditions. The PEC is set
as a near perfect mirror, and the distance between the sidewalls corresponds to the same value as
the period of the periodic array color filter structure, as shown in Appendix I (Fig. 8(a)). In Fig. 5,
we replaced the PEC mirror sidewall with aluminum metal, reflecting a practical design approach,
and then optimized the parameters of the structure through numerical simulation (Appendix II).

The designed 1D single pixel PCF consists of a 65 nm dielectric (ZrO2) layer and a 55 nm
metal (Al) grating on a quartz substrate. The distance between the metallic mirror sidewalls
for the red, green and blue structure are 530 nm, 410 nm and 315 nm, respectively and the fill
factor is 0.65 for all colors. The metallic mirror sidewalls are made of Al, and the height from
the substrate surface is 200 nm. The only factor controlling the resonance wavelength is the
distance between the metallic mirror sidewalls, the other parameters being the same. The 2D
single pixel PCF consists of a 200 nm thick dielectric (Al2O3) layer and a 150 nm thick metal
(Al) hole pattern on a quartz substrate is presented. The distances between the metallic mirror
sidewalls corresponding to red, green and blue are 420 nm, 370 nm, and 320 nm, respectively,
and the hole diameters are 240 nm, 180 nm and 130 nm. The height of metallic mirror sidewalls
is 200 nm, the same as the thickness of the Al2O3 layer.

The Fabry-Pérot interferometer has been completed by the placement of the metallic mirror
sidewalls. A ZrO2 layer is the medium layer inside the cavity in the Fabry-Pérot interferometer,
and the metal sidewall acts as a mirror constituting the cavity. The resulting steady state field
distribution is specified by the medium refractive index and the optical distance between the
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mirror walls. As shown in Fig. 5(b), a standing wave generated by two fields propagating in
opposite directions is observed in an electric field inside a single pixel color filter with metallic
mirror sidewalls. Figure 5(c) shows the transmission spectrum of 1D red, green and blue single
pixel PCF calculated under the TM polarization condition along the x-axis. The wavelength
corresponding to the maximum transmittance is 635 nm for the red structure, 555 nm for the
green structure, and 510 nm for the blue structure, and the corresponding transmittances are
16.3%, 14.4%, and 10.2%, respectively. The FWHMs of the red, green and blue structures are
136.38 nm, 128 nm and 116.1 nm, which are wider than the corresponding periodic color filter
structures, but a high color gamut is expected because unnecessary secondary peaks do not occur.

In the field distribution of the 2D single pixel PCF presented in Fig. 5(e), field intensity
enhancement is observed by the mirror sidewall surrounding the hole. Figure 5(f) presents the
transmission spectrums of the 2D red, green and blue single pixel PCFs, and the resonance peak
wavelengths of the 2D single hole color filters are observed at 625 nm, 565 nm and 465 nm,
respectively, expressed as normalized transmission. The color filter characteristics of each color
is manifested, but the low transmittance is a problem requiring further research.

For HD-CGH application, the coloration of PCF color pixels should be highly tolerable and
robust to the incidence angle of light. The incident angle dependences of the single pixel PCF
structure and the conventional periodic color filter are compared in Fig. 6. The single color pixel
(right panel) is invariant in the transmission spectrum to the incidence angle variation from 0° to
20°, and has no second order resonance that is apparent in the periodic structure (left panel).

Fig. 6. Calculation comparing the transmission spectrum according to the range of the
incident angle from 0° to 50° with the periodic structure in a single pixel PCF. (a) periodic
green color filter. (b) single pixel green color filter.

The design of periodic array color filters, which is the basis structure for the design of
single pixel PCF is further discussed in Appendix I. Comparing the single pixel PCF and the
corresponding periodic PCF, we can see that the maximum transmittance in the single pixel PCF
is observed when the distance between the metallic mirror sidewalls is reduced by 10 nm for red
structure, 20 nm for green structure and 50 nm for blue structure. The resonant wavelength shifts
when lengthening of the optical length in the x-axis direction because the electromagnetic field is
reflected by penetrating the interface rather than by being directly reflected at the dielectric-metal
interface [36–38]. Therefore, the structural tuning of the distance between the metal mirrors or
the parameters of the metal mirrors can be optimized by compensating the related phase shift at
the reflecting surfaces.

In Fig. 7, based on the single pixel PCF design method, the operation of the RGB composite
pixel with integrated red, green and blue pixels was confirmed. For each red, green and blue
PCF, the minimum metallic mirror side wall width that satisfies the penetration depth was chosen
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to minimize the area of the integrated pixel and block inter-pixel crosstalk. The width of the
adjacent metallic sidewall of each pixel is fixed at 100 nm, while the parameters specific to the
red, green and blue 1D PCF structures remain the same as the design in Fig. 5(a). Overall, the
total size of the pixel in the x-axis direction becomes 1.505 µm. In Fig. 7(a), the structure in
which red, green and blue all operate shows that visible light is transmitted evenly across the
entire visible light range, representing white color. This transmission of white light means that
the red, green and blue structures integrated in the RGB pixel operate independently.

Fig. 7. Optical characteristics of RGB pixel structure with integrated 1D single pixel PCF
that transmits red, green, and blue. The individual switching structures of (a) white, (b)
red, (c) green and (d) blue color filtering mode. Distance between metallic mirror sidewalls
results in 315 nm (solid line), 265 nm (dashed line). RGB pixel structure with integrated 2D
single pixel color filter. (e) Schematic of RGB composite single hole color filter. (f) Electric
field color visualization of the RGB and white color filtering modes.

Next, the independently operating color filter properties of the red, green and blue structures
were analyzed. For example, block the metal slits in the green and blue positions to see the
independent operation of the red structure. Figure 7(b) present the numerical result of the
independent red pixel with a transmittance of 23.7% at 640 nm and a FWHM of 147.5 nm.

The image visualized electric field distribution generated when electromagnetic waves of 633
nm, 532 nm and 473 nm wavelengths are incident on the structure shows that the transmitted
beam electric field is dominated by a red light of 633 nm. In Figs. 7(c) and 7(d), the green
structure shows a resonance wavelength of 560 nm, transmittance of 18.3%, and FWHM of 136.5
nm, and in Fig. 7(d), the blue structure shows a resonance wavelength of 495 nm, transmittance
of 11.8%, and FWHM of 117.5 nm. In Fig. 7(d), the resonance wavelength is red shifted and
a transmittance peak is formed at 495 nm, that is, the pure blue color is not transmitted. The
variable distance between metallic mirror sidewalls, which is an effective parameter for shifting
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the resonance wavelength, can induce a shift from 495 nm to 455 nm. Figure 7(e) presents
a design for a 2D RGB composite color pixel. Red, green and two blue filters are compactly
integrated into a rectangular area with lateral dimensions of 1.1 µm× 1.1 µm. The transmitted
electric field distribution of the composite color pixel under white light is visualized in Fig. 7(f),
proving that all color filters clearly operate without inter-pixel crosstalk. In these example designs,
the distance between each unit color filters are chosen longer than 80 nm to ensure completely
independent color pixel operation, but we expect that the dimension of the RGB composite color
pixel can be reduced to the submicron scale using a more compact design employing more PEC
like materials. We expect to make progress in that area as our next research topic.

4. Conclusion

In conclusion, we have presented a PCF full-color HD-CGH concept. From a comparative
analysis with a conventional HD-CGH with an additional color filter layer, we have argued that
the proposed in-plane color pixel can develop HD-CGH coloration technology. The design of
a 1.505 µm× 1.505 µm RGB 1D PCF and 1.1 µm× 1.1 µm RBGB 2D PCF composite single
pixel for HD-CGH has been derived. We have verified the aperiodic single unit operation of the
proposed color pixel structure with an analysis of its transmission spectrum, color gamut, and
incident angle dependence, and we proposed the design of single pixel PCF based wide-viewing
full-color HD CGHs.

Appendix I: Periodic color filter structures

The 1D and 2D periodic PCFs are the basis for designing the single pixel PCF. In Fig. 8, both
structures are made of metal and dielectric materials with a high refractive index, and plasmonic
resonances at red, green, and blue wavelengths are induced inside the structures with specific
values of period, fill factor and layer thickness.

The 1D grating structure in Fig. 8(a) consists of a 65 nm dielectric (ZrO2) layer and a 55 nm
metal (Al) grating on a quartz substrate. In this structure, the dielectric layer acts as a waveguide,
and the incident waves are diffracted by the metal grating and generates constructive resonance
with the resonant waveguide mode. This leads to resonant optical transmission of the desired
wavelength being observed. The grating periods, Λg for the red, green and blue 1D color filter are
530 nm, 410 nm, 315 nm, respectively, and the fill factor is the same 0.65 for all colors. As shown
in Fig. 8(c), when TM polarized incident light enters, the periodic grating structure transmits
red, green and blue light with transmittances of 75%, 76%, and 68%, respectively. In the single
slit structure, where the periodicity has disappeared, the waveguide mode is not excited because
the grating vector does not exist. Therefore, the light is transmitted evenly in the visible region
following the plot indicated by the dashed line, and there is no filter function. Fig. 8(b) presents
the 2D periodic hole patterned structure that consists of a 200 nm thick dielectric (Al2O3) layer
and a 150 nm thick metal (Al) hole pattern on a quartz substrate. A square-lattice hole array is
patterned on the aluminum layer for the excitation of surface plasmon resonance, and the dielectric
layer is deposited on it for enhanced color purity. The periods Λh corresponding to the red, green,
and blue colors are 420 nm, 370 nm and 320 nm, respectively, and the hole diameter is 240 nm,
180 nm, and 130 nm. As shown in Fig. 8(d), when TM or TE polarized light is normally incident
on the hole pattern structure, the transmittance of the red, green, and blue colors are 10%, 10%,
and 9%, respectively. Similar to the 1D slit transmission, an aperiodic single hole unit transmits
light evenly over the visible wavelength band without band-pass filtering features on specific
wavelength. As manifested in the main section, periodicity can be a major hindrance when
attempting to spatially integrate color filters across a wide range of novel photonics applications.
The HD-CGH is one of those applications that require highly compact single pixel PCFs.
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Fig. 8. Schematic and optical properties of PCF structures made of dielectric and metal.
Schematic of periodic (a) 1D grating and (b) 2D hole pattern structures. (c, d) Calculated
transmission spectrum of designed R/G/B color filters depend on presence of periodicity. (c)
The 1D structure transmittance spectrum is represented by colors with different Λg (530 nm,
410 nm and 315 nm). (d) The 2D structure transmittance spectrum is represented by colors
with different Λh (420 nm, 370 nm and 320 nm). The solid line indicates the spectrum of the
periodic structure and the dashed line indicates that of non-periodic single unit structure.

Appendix II: PEC single pixel color filter

Even when designing a metallic color filter using real metals, it would be valuable to understand
a single pixel color filter made of perfect electric conductor (PEC) mirror sidewall. In Fig. 9(a),
the PEC mirror sidewall is erected vertically from the substrate, and its shape is determined by
the height hm and width wm.

The PEC mirror sidewalls are placed on both sides of a single slit to form a Fabry-Pérot
nanocavity. Fig. 9(b) shows that the PEC mirror sidewalls are placed on both sides of a single slit
to form a nanocavity and a Fabry-Pérot interferometer is formed. Standing waves are formed
inside the dielectric layer and an electric field of strong intensity is transmitted. As shown in
Fig. 9(c), the transmittance of the red structure is 21.6% at 605 nm, the green structure is 19.4%
at 530 nm, and the blue structure is 13.3% at 475 nm. These results with PEC sidewalls reveal an
efficiency approximately 5% higher than with the real metallic mirror sidewalls.
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Fig. 9. Single pixel PCF with PEC mirror sidewall. (a) Schematic illustration of the single
pixel PCF structure. Schematic illustration of the single pixel PCF structure. Representative
red color structure parameters are 530 nm of dm, 344.5 nm of ws, 200 nm of hm, 65 nm of h1,
and 55 nm of h2. (b) Electric field distribution profile in x-z cross-section of 1D single pixel
PCF. (Observed in red color structure at 633 nm wavelength). (c) Calculated red, green, and
blue structure transmittance spectrum of 1D structures. dm is the distance between the PEC
mirror sidewalls. The dm corresponding to the red, green and blue structures are 530 nm,
410 nm, and 315 nm, respectively.

Appendix III: Optical characteristics of single pixel PCF

We analyze the optical properties that change with mirror wall width to consider the effect of
the mirror sidewall width of a single pixel PCF. In Fig. 10(a), the variables of the single pixel
PCF structure are defined by wm (mirror width), dm (mirror distance), ws (slit width), TL (length
along the x-axis), h1 (dielectric layer height), h2 (metal layer thickness) and hm (mirror height).
dm, wm, ws, TL, h1, h2, and hm are 530 nm, 50 nm, 344.5 nm, 2 µm, 65 nm, 55 nm, 200 nm,
respectively, for the red color filter, 410 nm, 50 nm, 266.5 nm, 2 µm, 65 nm, 55 nm, 200 nm,
respectively, for the green colors, and 315 nm, 204.75 nm, 2 µm, 65 nm, 55 nm and 200 nm for
the blue color, respectively.

At first, the red color filter is considered. Fig. 10(b) plots an analysis of the optical properties
occurring in the range from no mirror sidewall (0 nm) to a mirror sidewall of 600 nm width wm.
The structure with no metallic mirror sidewall does not induce resonance, and a 40 nm (wm)
metallic mirror sidewall has a resonance wavelength of 630 nm, a transmittance of 15.9%, and a
FWHM of 137.5 nm. At wm of 80 nm, a dip occurs at 665 nm and a secondary peak occurs at
670 nm. In Fig. 10(b), this secondary peak becomes a single peak at 120 nm wm and shifts to a
long wavelength to become a resonator at 670 nm. The peak generated at 670 nm is maintained
up to the wm of 300 nm and operates as a red color filter, but over wm of 300 nm, the intensity of
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Fig. 10. Optical properties of 1D red (dm = 530 nm) color single pixel PCF dependent
on metallic sidewall width. (a) Schematic illustration of the single pixel PCF structure.
Representative red color structure parameters are a 530 nm dm, 344.5 nm ws, 200 nm hm,
65 nm h1, and 55 nm h2. (b) Transmittance spectrum for wm ranging from 0 nm to 400 nm.
(c) Calculated peak wavelength and FWHM for the variable wm (solid red line is peak
wavelength and blue solid line is FWHM). (d) CIE 1931 color diagram with calculated color
coordinates according to wm in the range from 0 nm to 600 nm.



Research Article Vol. 30, No. 11 / 23 May 2022 / Optics Express 19851

the first order peak decreases, and a range lower than the intensity of the sidelobe of 420 nm
is observed in Fig. 10(c). The first order peak decrease from 300 nm to 360 nm of wm is to be
avoided in the structure for transmitting red color. The unstable peak wavelength and FWHM
below 20 nm are judged to be affected by the penetration depth of Al, the material used in the
simulation [29]. The results observed while varying wm are expressed in the color coordinate
system, and the representatively calculated red single pixel PCF color implementation is shown
in Fig. 10(d). The 0 nm wm without a metallic mirror sidewall is located in the center of the
color coordinate system and is red-shifted by the metallic mirror sidewall. The color purity of
red is high at wm values below 100 nm, and a blue shift is observed as it increases from 110 nm
to 400 nm.

As shown in Fig. 11(a), for the green structure, the transmittance spectrum changes according
to the metallic mirror sidewall and exhibits maximum efficiency at a wm of 40 nm, gradually
decreasing at higher wm to saturate at approximately 10%. In Fig. 11(b), the peak wavelength
has an average value of 554.5 nm in the wm range from 0 nm to 600 nm, and the FWHM has an
average value of 123 nm. Overall, the green structure shows low wm dependence in terms of
transmittance spectrum. As shown in Fig. 11(c), the changes in optical properties with wm can
be considered within the CIE color coordinate system. As wm increases from 10 nm to 300 nm,
the color shifts to the green region and color purity gradually increases. The highest color purity
is apparent from 310 nm to 350 nm.

Fig. 11. Green color single pixel PCF according to variable wm. (a) Transmittance spectrum
with wm ranging from 0 nm to 400 nm. (b) Peak wavelength and FWHM expressed within
the variable range of wm. Solid red line is peak wavelength and blue solid line is FWHM.
(c) CIE 1931 color diagram with calculated color coordinates according to wm in the range
from 0 nm to 600 nm.

In Fig. 12(a), the transmittance spectrum of the blue structure shows transmittance within the
maximum range of 10% and minimum of 8% as wm increases. A noteworthy point in the blue
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structure is that a dip exists at the wavelength of 500 nm, and the peak existing at a wavelength
lower than the dip becomes a first order peak and approaches pure blue color. The dip observed
in the transmittance spectrum causes two peaks to coexist so that the peak wavelength changes
depending on the conditions. As shown in Fig. 12(b), in the wm range from 30 nm to 110 nm, a
wavelength peak is formed at 515 nm on average, whereas in the range from 120 nm to 390 nm, a
wavelength peak is formed at 475 nm on average, which means that, in terms of expressing blue
color, a wm from 120 nm to 390 nm is more suitable. Furthermore, as wm increases from 10 nm
to 360 nm, it gradually approaches the blue region, but then shifts towards the green region as
wm exceeds 310 nm. Since it has significantly shifted to the green region, a wm of 360 nm is the
optimal condition for blue color expression.

Fig. 12. Blue color single pixel PCF according to variable wm. (a) Transmittance spectrum
with wm ranging from 0 nm to 400 nm. (b) Peak wavelength and FWHM expressed within
the variable range of wm. Solid red line is peak wavelength and blue solid line is FWHM.
(c) CIE 1931 color diagram with calculated color coordinates according to wm in the range
from 0 nm to 600 nm.
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