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Abstract. Structural color from artificial structures, due to its environmental friendliness and excellent
durability, represents a route for color printing applications. Among various physical mechanisms, the Fabry—
Perot (F-P) cavity effect provides a powerful way to generate vivid colors in either the reflection or transmission
direction. Most of the previous F-P type color printing works rely on electron beam grayscale lithography,
however, with this technique it is challenging to make large-area and low-cost devices. To circumvent this
constraint, we propose to fabricate the F-P type color printing device by the laser grayscale lithography
process. The F-P cavity consists of two thin silver films as mirrors and a photoresist film with a spatially variant
thickness as the spacer layer. By controlling the laser exposure dose pixel by pixel, a centimeter-scale full-
color printing device with a spatial resolution up to 5 um x5 um is demonstrated. The proposed large area
color printing device may have great potential in practical application areas such as color displays, hyper-

spectral imaging, advanced painting, and so on.
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1 Introduction

Compared with the conventional painting technology with
chemical dyes, structural color from artificial mediums has
broader application ranges and thus becomes a more attractive
color management technology.! It is also environmentally
friendly and durable. For some applications, the color manage-
ment requires a high spectral resolution or a controllable
spectral bandwidth. In these scenarios, the design of artificial
photonic devices relies on various physical mechanisms such as
multilayer interference,™ diffraction,’ plasmonic resonance,”"
and Fabry—Perot (F-P) cavity effects.'*"* One of the representa-
tive color management devices is photonic crystals, which con-
sist of periodic unit cells." However, the periodic photonic
crystal structures are difficult to be used for color printing, which
usually requires spatially variant distribution of the artificial

*Address all correspondence to Guixin Li, ligx@sustech.edu.cn
These authors contributed equally.
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structures. Alternatively, the dielectric metasurfaces,”>* which
can be fabricated by using electron beam lithography (EBL),
can be used for color printing. However, the fabrication of these
kinds of color printing devices is usually time-consuming and
has a small size, which may limit the practical applications.
Among various design concepts of the color printing technol-
ogy, the F-P cavity effect has been attracting scientific attention.
Compared with most of the plasmonic and dielectric metasurface
devices, colors generated from the F-P cavity usually have less
crosstalk. For color printing applications, the reflection”* or
transmission-type®=' F-P cavities with spatially variant spacer
thickness have been widely investigated. In previous works, the
fabrication of pixelated F-P cavities mainly relies on electron
beam lithography (EBL) and related processes. The EBL-based
technique has a high spatial resolution; however, the fabrication
process is usually time-consuming and thus most of the reported
sample sizes are limited to submillimeter scale. By using the
binary mask and lateral translation process, one can achieve fast
pattern transfer for mass production applications. However, this
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Pixelated
Fabry-Perot Cavity

White light

Fig. 1 Schematic diagram of the working principle of the color
printing by using pixelated F-P cavities. The F-P cavity consists
of a silver (Ag)/PR/silver (Ag) sandwich structure. The spatially
variant thickness of the PR layer is realized through the laser
grayscale lithography process. Under the illumination of a white
light source, the colorful image with a micron-scale spatial reso-
lution can be obtained.

kind of fabrication procedure is complicated and requires critical
alignment between two exposure steps.”’ In comparison, the
shadow mask method can be used to make large area color print-
ing devices with low spatial resolution and limited color
components.”” Therefore, fast manufacturing of the large area
F-P type color printing device with a high spatial resolution re-
mains challenging.

Here, we develop a fast color printing technique by using the
concept of pixelated F-P cavities and the laser grayscale lithog-
raphy process. In this technique, the colorful image with multi-
ple color components is first converted to a predefined grayscale
pattern and then engraved on the photoresist (PR) layer by
controlling the exposure dose during the grayscale laser writing
process. As shown in Fig. 1, the pixelated PR spacer layers are
sandwiched by two semitransparent sliver thin films to form
the transmission type F-P cavities. Under the illumination of
a white light source, the transmission color can be continuously
tuned in the visible spectral regime by finely controlling the
thickness of the PR layer. We show that a centimeter-scale color
printing device with a pixel size of 5 ym x 5 ym can be fabri-
cated at a record speed of ~10* yum?/s, with a total time of
~170 min. In the visible regime, the transmission efficiency
of the fabricated F—P cavities is between 39% and 50%, which
is comparable to that of the EBL-based devices. It should be
noted that the pixelated F-P cavity in transmission mode is also
an excellent candidate for making color filter arrays, which can
be used for spectral imaging. Last, but not least, the large area
color filter arrays with various pixel sizes are also demonstrated.
It can be found that the newly developed laser grayscale lithog-
raphy process in this work well leverages the fabrication speed
and the spatial resolution of pixelated F-P cavities. All these
efforts make it feasible to produce large area and high-resolution
color printing devices and color filters for applications in imag-
ing and wearable devices.

2 Results and Discussion

2.1 Calculated Optical Properties of the Fabry—Perot
Cavities

Figure 2(a) shows the schematic diagram of the F-P cavity,
which consists of a silver (Ag)/ PR/silver (Ag) sandwich struc-
ture. The F-P cavity is sitting on a glass substrate. To balance
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the transmission efficiency and the bandwidth of the transmis-
sion peak, the thickness of each silver layer is chosen to be
30 nm. To avoid the oxidation of silver, a SiO, encapsulation
layer is coated on top of the F-P cavity. To simplify the design
and fabrication process, the thickness of the SiO, layer, which
can affect the transmission property of the cavity, is fixed at
20 nm. Under normal incidence, we numerically calculated the
transmission spectra of the F—P cavities with different PR thick-
nesses. Figure 2(b) shows the typical transmission spectra of the
R, G, and B F-P cavities with spacer thicknesses of 138, 105,
and 79 nm, respectively. It can be found that the bandwidth of
the color filter at longer wavelengths becomes narrower, which
is mainly because of the dispersion of silver in the visible spec-
tral region. By scanning the PR thickness L from 60 to 160 nm,
the resonant wavelengths can be continuously tuned in the
visible spectral regime [Fig. 2(c)]. In Fig. 2(d), the colors (black
circles), which are calculated from the simulation results in
Fig. 2(c), are mapped to the International Commission on
Ilumination (CIE) 1931 xy chromaticity diagram. It is shown
that the Ag/PR/Ag-based F-P cavities can provide a broadband
color range for color printing applications. It should be
noted that the transmission peaks will change under oblique
incidence;'> however, this is not the focus of the current work.

2.2 Fabrication and Characterization of the Color
Palettes

To experimentally verify the optical properties of the F-P
cavities, we fabricate a series of color palettes by using the laser
grayscale lithography process (Fig. S5, Supplemental Material).
The grayscale photolithography process is based on the
commercial direct laser writing equipment from Heidelberg
Instruments. The fabrication process includes the following
steps: first, a silver layer with a thickness of ~30 nm was de-
posited on a glass substrate, then the PR layer with a thickness
of ~150 nm was spin-coated on top of the silver. The thickness
of the spatially variant PR spacer layer can be controlled by
varying the exposure dose of a 405 nm laser. After that, the sec-
ond silver layer with a thickness of 30 nm and a SiO, encap-
sulation layer with a thickness of 20 nm was deposited onto the
patterned PR layer by using the electron beam evaporation
method.

Then, we characterize the optical performance of the color
palettes. As shown in Fig. 3(a), under the illumination of a white
light source, the photos of the color palettes with different PR
thicknesses L are taken by using a Canon camera (Fig. S3,
Supplemental Material). The white-balanced photos show that
the blue, green, yellow, and red colors can be easily obtained by
varying L from 83 to 149 nm. In addition, the transmission
efficiency of the F-P cavities is summarized in Fig. 3(b). For
the F—P cavities working in the visible regime, the transmission
efficiencies are between 39% and 50%. It is found that the mea-
sured transmission efficiencies are lower than that of calculated
ones in Fig. 2. This may be because the imaginary part of the
refractive index of the PR used in the numerical model is smaller
than that in the real device. The full width at half maximum
(FWHM) of the transmission peaks for the red, green, and blue
F-P cavities are ~37, 51, and 87 nm, respectively. The band-
widths of the three color filters are narrower than that of com-
mercial products from Thorlabs.” The calculated transmission
efficiency at blue wavelengths is higher than that at longer
wavelengths. However, the measured transmission spectra have
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Fig. 2 Calculated optical responses of the silver (Ag)/PR/silver (Ag) F-P cavities. (a) The cross-
section of the F-P cavity. The silver film with a thickness of 30 nm and the PR layer serve as
the mirror and the spacer of the F-P cavity, respectively. The F-P cavity sitting on the glass sub-
strate is encapsulated by a 20-nm-thick SiO, layer to avoid the oxidation of the silver layer.
(b) Transmission spectra of the F-P cavities working at red (630 nm), green (530 nm), and blue
(452 nm) wavelengths; the corresponding cavity lengths are 138, 105, and 79 nm, respectively.
(c) The transmission efficiency as a function of spacer thickness and wavelength is plotted. (d) The

calculated transmission colors labeled with black circles are mapped in the CIE 1931 chromaticity
diagram.
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Fig. 3 Optical properties of the color palettes. (a) Under the illumination of a halogen lamp, the
white-balanced photos of the color palettes are taken by using a commercial camera. L is the
retrieved effective length of the PR layer. The scale bar is 50 ym. (b) Measured transmission spec-
tra of the color palettes in which the PR layers have different thicknesses. The colors of lines are
corresponded to (a). (c) The measured transmission colors (black circles) are mapped in the CIE
1931 chromaticity diagram.
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Fig. 4 Centimeter scale color printing with the pixelated F-P cavities. (a) The grayscale figure is
converted from the original drawing. (b) Under the illumination of a halogen lamp, the white bal-
anced photo of the centimeter scale color printing device. (c) and (d) The microscopy images of
the regions R1 and R2, which are shown by the white dashed box in (b). () and (f) The 3D profiles
of the regions R1 and R2, which are measured by using a white light interferometer. The scale bars
in (a) and (b) are 1 mm. The scale bars in (c), (d), (e), and (f) are 200 um.

a reversed trend. This phenomenon should come from the
change in the refractive index of the PR layer before and after
laser exposure. As demonstrated in Fig. 3(c), the transmission
colors of the palettes form a wide gamut in the CIE 1931 chro-
maticity diagram, which means that the proposed F-P cavities
can be used for color printing applications.

2.3 Centimeter Scale Color Printing

To verify the color printing application of the laser grayscale
lithography process, we demonstrate the ability to make a cen-
timeter-scale full-color device. Based on the optical properties
of the color palettes in the previous section, we roughly know
the relationship between the grayscale values that were used to
expose the PR layer and the transmission color. As shown in
Fig. 4(a), a colorful drawing can be represented by a pixelated
figure with spatially variant grayscale values from 0 to 255.
This grayscale figure was then imported into the laser direct
writing equipment to control the PR thickness in a one-step
photolithography process. The grayscale patterning speed is
up to 10* ym?s~'. The 30-nm thick top silver mirror and the
20-nm thick SiO, capping layer were subsequently deposited.

Figure 4(b) shows the white balanced digital photo of the
centimeter scale color printing device which is illuminated by
a halogen lamp. The pixel size of the device is 5 ym x 5 pym,
and the size of the printing is around 10 mm x 10 mm. Various
transmission colors are achieved without any color mixture.
Figures 4(c) and 4(d) show the microscopy images of regions
R1 and R2 in Fig. 4(b), and the sharp edges indicate that
the high-resolution color printing can be achieved. In addition,
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we also conducted the white light interferometry measurement.
From the three-dimensional profile in Figs. 4(e) and 4(f), we can
easily extract the height of the pixelated F-P cavities.

2.4 Color Filter Arrays

Another important application of the F-P cavities is color filter
arrays, which are the critical components in the areas of colorful
imaging, liquid crystal display, and so on. The conventional
color filter arrays for imaging sensors and flat panel display
are usually manufactured by using dye-doped color resist.**>
However, the chemical dyes usually have poor durability, and
the fabrication of the color filters involves multiple photolithog-
raphy processes. In comparison, the spatially variant large
area F-P cavities can be used to design the color filter arrays.
To verify this idea, we designed a color filter array with a size of
3.6 mm x 4.8 mm, which is equivalent to the size of a 1/3-in.
Complementary metal-oxide-semiconductor (CMOS) sensor
(Fig. S8, Supplemental Material). The color filter array is com-
posed of periodic unit cells, and each unit cell includes four pix-
els: red (669 nm), yellow (591 nm), green (545 nm), and blue
(468 nm), which are arranged in a 2 x 2 lattice. The transmis-
sion efficiency for the four kinds of color filters is 46.6%,
48.3%, 47.4%, and 38.4%, respectively. The size of the pixels
varies from 30 ym x 30 gm to 5 ym x 5 um. Figure 5 shows
the microscopy images of the color filter arrays. It is found that
the pixel shape and color uniformity deviates from an ideal one
when the pixel size becomes smaller, which should be due to the
proximity effect in the laser writing process and the systematic
error of the equipment. For the F-P cavity with pixel size of
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Fig.5 The microscopy images of the color filter arrays made of pixelated F-P cavities. (a)-(d) The
working wavelengths of the four kinds of color filters are 669 nm (red), 591 nm (yellow), 545 nm
(green), and 468 nm (blue). The pixel sizes in (a)-(d) are 30 um x 30 ym, 20 um x 20 um,
10 um x 10 um, and 5 yum x 5 um, respectively. Scale bar: 50 xm.

10 um [Fig. 5(c)], the color filter has a resolution of up to 1200
ppi, which is comparable to and even better than many commer-
cial products. The resolution of the color filter can be further
improved by precorrecting the proximity effect in the grayscale
lithography.

3 Conclusions

We have demonstrated the fast manufacturing of large area color
printing and color filter arrays by combing the concept of pixe-
lated F-P cavities and the laser grayscale lithography technique.
A centimeter scale F-P type color printing device with a spatial
resolution of 5 ym x 5 ym and the 1/3-in. color filter arrays
with resolutions higher than 1200 ppi were successfully fabri-
cated. The transmission efficiency of the F-P cavities working
in the visible regime is above 39%, which is comparable with
many commercial color filters. With the proposed methods in
this work, the pixel size can be smaller if the shorter wavelength
laser and the objective lens with a larger numerical aperture can
be used and the optical proximity effect during the exposure
process is corrected. We expect that the proposed strategy in
this work can be used for colorful painting, flat panel displays,
hyperspectral imaging, and so on.
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