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Abstract

Strucalral colors of high purity and brightness are desired in various applications. We
present a § @ gtrategy of selecting the appropriate material and thickness of each layer to
create Iﬂreﬂective colors in a classic asymmetric Fabry-Pérot cavity structure based

on a dieleiric-a%orber-dielectric-metal multilayered configuration. Guided by the derived
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complex refractive index of the ideal absorber layer, an effective absorbing bilayer medium
consisting of two ultrathin lossy films is used to improve the color purity of reflective colors
by suppressi e reflection of its complementary colors with the enhanced optical
absorptio re red, green, and blue reflective colors are designed and

experirr?e mmonstrated employing different effective bilayer absorbers. Due to the high
refractive usde the dielectric material, the colored structures exhibit great angle-robust
appearance and red colors are up to £60°, green color is up to £45°). The generalized
design prificiplesf@nd the proposed method of using effective bilayer absorbers open up new

avenues for rea!Sng high-purity thin-film structural colors with more materials selections.

Keywordgive color filters; Fabry-Pérot cavity; effective absorbing medium; ultrathin
1

lossy films; inter irence effect

Structural colors arising from resonant interactions between light and nanostructures

have receiheasing interest recently owing to their potential applications in various

areas inclor printing,'"®! display/imaging,”™ optical decoration,!'” solar cells!"'"*!
and so fori® trast to existing color filters exploiting chemical colorant pigments or
organicﬁural color filters offer unique advantages of non-toxicity, no-fading color,
thin thic at scalability, high resolution and easy tunability."¥ To date, a large

amount o works discussed the generation of structural colors employing plasmon

resona¢ie resonance!' ") or guided-mode resonance (GMR) based on
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sub-wavelength patterns.***'! A wide color gamut is desired in many applications, and can be
obtained by adjusting the structural dimensions of metal or all-dielectric nanostructures, such

2224 -
(22241 However, plasmonic colors show poor

as duty cyc ape and height (thickness).
quality fa gatensities due to the inherent loss of metals, resulting in the low color

L W — : . : .
purity andgrlghtness. GMR and Mie resonances can produce high-purity colors with full
width at hadf-magimum (FWHM) of ~ 12 nm and ~ 30 nm, respectively, but their output
colors are dependent on the angle and polarization state of incident light due to the

[26,27

momentu tching condition.***” More importantly, these structures tend to be

complicated andgequire 100-nm-scale patterning, which are cost prohibitive for high volume

and large—&lications.

Comparing to aforementioned color filters, planar thin-film structures based on

Fabry-Pér@t ( cavity resonances can create wide-range colors by simply varying the
spacer ckness. Their fabrication procedures only require physical vapor deposition
tools ( poration or sputtering systems), which have advantages of low cost and high

scalability.**>" In addition, great angle-insensitive performance can be achieved by using

high—indehls or phase compensating overlayers.”'** In particular, non-trivial

reflection ift occurring at a semiconductor-metal interface allows for strong

interferen iors in ultra-thin cavity layers, which has been used to generate various
colors ged angular insensitivity for both transverse magnetic (TM) and transverse
electric ( izations."* This recent study renewed the interest in interference color
filters bas ra-thin absorbing films.1***”!

<
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A wide variety of thin-film configurations have been proposed for achieving RGB (red,
green, blue) transmissive colors and CMY (cyan, magenta, yellow) reflective colors
employing ctive and destructive interferences, respectively.”*** It is typically
difficult t igh-purity reflective RGB colors due to the narrow absorption

H E— _ 28]
bandwidthecaused by the cavity resonances.”” In recent years, many efforts have been made

to design w/e RGB reflective colors using thin-film structures.”****"! For example,

Yang et al. ed three primary RGB reflective color filters with high angle-insensitivity
by optimi hickness of each layer in the asymmetric F-P cavities comprised of a
titanium diox1 10,) anti-reflection (AR) overlayer, a thin absorptive layer of chromium

(Cr), an aﬂs silicon (a-Si) spacer layer and a silver (Ag) mirror from top to bottom.”’

Similar st using a compound semiconductor (zinc sulfide, ZnS) to replace a-Si have

been presman US patent application.*!! However, the underlying principle was not

sed. It is noteworthy that the color purity and brightness of devices in Ref.

[40] are limi e to both the high loss of the cavity material and the inadequate absorption
at the unwanted wavelengths. Hong et al. demonstrated a single mirror interferometric
display teinology by utilizing micro-electronic mechanical system (MEMS) actuation
devices to@the spacer layer thickness in real time.[”) Although the obtained RGB
reflective c 1lters exhibit fairly high color purity (FWHM of ~ 70 nm) and brightness
(the maxisé reflectivity over 85%), multilayer dielectric coatings (a total of 8 thin films in
their Stl’M@ required to enhance the absorption of non-targeted colors, which makes

the design and faiication process complicated. Therefore, how to achieve vivid, highly

saturated&ective colors with simpler thin-film structures still remains challenging.
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In this work, we present general design principles of a classic and simple
dielectric-absorber-dielectric-metal (DADM) film structure to elucidate the material and

thickness sei’on of each layer in order to produce high-purity RGB reflective colors. In

particular, e absorbing bilayer medium consisting of two ultrathin lossy films is
designed t@ satisfy the derived complex refractive index for the ideal absorber layer, which
enhances the ofif§peak optical absorption over a broad wavelength range, leading to saturated
colors with eak reflections. This strategy provides an additional freedom to enhance the

color puriw\-ﬁlm reflective colors and a great flexibility to select various material

combinations. demonstrate both theoretically and experimentally that highly saturated
RGB reﬂEors can be achieved by adjusting the thicknesses of dielectric layers and
selecting effective bilayer absorbers. Besides, these devices exhibit great angular

tolerance red colors are up to £60°, green color is up to +45°) attributed by the high

f constituent materials. The excellent performance and low fabrication

cost of high- tance RGB colors proposed here enable their potential applications in

various areas including decorations, colored display/imaging, light emitting diodes (LEDs)

and so on.s

Design Pnd Results

First!, we present a general guiding principle on how to choose the material and

thickness lf eac gayer in a representative DADM thin-film structure illustrated in Figure 1a,

to producﬁﬂective color filters with high color purity and brightness. It is a classic
-P re

asymmetric sonator, in which strong interference effects occurring in top and middle

rials result in the selective reflection of the incident light at the peak reflection

This article is protected by copyright. All rights reserved.



wavelength, and strong optical absorption by the absorber layer at off-peak wavelengths.
Now we explain the physics of this structure. The bottom reflective layer is used to provide
high reﬂec!' d prevent any light transmission. Therefore, it should be a sufficiently thick
metal layﬁ reflectivity across the entire visible spectrum, and the material of

. —— .. . . .
choice carge selected from a group comprising aluminum (Al) and silver (Ag). To achieve

high-puritwive color, the ideal reflection spectrum should feature high reflectivity

within the ngth range of the target color and perfect absorption at other wavelengths
within thefa and. According to the light absorption of the absorber layer: A(z, 1) =
2mcegnk

7 |E(z, 1)|8, where c is speed of light, &, is permittivity of free space, E(z, 1) is the

electric ﬁﬁity of the incident wavelength A in the absorber layer, n and k are the

refractive index and extinction coefficient of the absorber layer, respectively. At the peak

reflection an Q gth A, the absorber layer should be placed at the position where E(4.) ~ 0

to mini tion loss and achieve high reflectivity. Thus, the thickness of the middle

. . yl . . . .
dielect er should be d, = #, assuming the bottom reflective layer is a perfect electric
4

conductor!PEC) for simplicity.!”) Moreover, to increase the contrast, the top AR layer is

usually em d to reduce reflection in the off-peak region by introducing an additional
resonant ¢ e thickness d, ofthe AR layer is determined by 370, where A, is the
2

target wa&ength where the reflection is suppressed. At the same time, the dielectric
materiaM refractive indices (n, and n,) should be adopted as the AR layer and the

spacer layer to i§)rove the angle insensitivity of the designed color filters.*”

<
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Figure 1. (a) matic diagram of a common DADM thin-film structure to achieve high-purity
RGB re r filters. It consists of a reflective layer with optical thickness, a dielectric layer
(refractive adex n4 and thickness dy), an absorber layer (refractive index n, extinction coefficient &

and thickness d) and an anti-reflection (AR) layer (refractive index n, and thickness d,) from bottom
to top. (b) @ lated ideal complex refractive indices (7, k) of the absorber layer at wavelengths

from 500 to for producing high-purity blue color filters when the thickness d is fixed to be 12

1

nm, 16 m, respectively. (c) The refractive indices and (d) extinction coefficients

[

compari n ideal absorber material, single metal Ni, W and the Ni/W bilayer film in the

caseof d=16n r the blue color filter.

U

The m and thickness selections of the absorber layer are most crucial for

designing flective colors. The absorber layer should be much thinner than the

N
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wavelength to avoid intrinsic absorption in this layer at A., so the electric field intensity in

this layer can be anroximated to be constant. Resultantly, the electric field intensities at the

2-3 interfaﬁ4 + d)) and the 3-4 interface (E(z = d,)) can both be approximated to
Zero since r layer is placed at the position where E(4.) ~ 0 to achieve high
N

reﬂectivits Based on these two conditions, we can deduce that the thickness d of the
p) . ..
absorber l@uld be less than ﬁ, where 7 is the refractive index of the absorber layer

(See more detaslg in the support information). On the other hand, d cannot be too small,
otherwise mrption efficiency will be very low at off-peak reflection wavelengths. The
high reﬂe@ithin the wavelength region of the target color can be guaranteed when d
falls into ness range. In order to achieve perfect absorption at the off-peak reflection
wavelengtgdeal complex refractive index of the absorber layer at normal incidence can
be calcula the thickness and material of other layers are known. The design of blue

reflecti aken as an example to elucidate the design principle of high-purity

reflecti s. A 100 nm thick Al film is used as the reflective layer, tantalum pentoxide
(Ta,0s) with high refractive index of ~ 2.2 is used as both the dielectric layer (#4) and AR
layer (#Z)h blue color filter, the thickness of the Ta,Os for layer #4 is fixed at ds = 80

nm, corre to the half-wave optical thickness of A, =410 nm (for blue) and the
thickness Ta,0s as AR layer is fixed at d, = 68 nm corresponding to a quarter-wave
opticalg Ao =600 nm (for suppressing red). The ideal n and & of the absorber
layers irﬁ\ with suppressed reflection (i.e., from 500 to 700 nm for the blue device)
at a fixed s d can be calculated by setting the overall reflection coefficient » equal to
ZEero: <
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where 7y e my= n, + ik, is the complex refractive index of layer p, f, =
2

27, d gyf Asprliagassy 1S the total reflection coefficient at the 2-3 interface and directly related to

the paramg k, d) of the absorber layer (See the expression of 7,345 in the support

informatia).[**! Bigure 1b displays the calculated ideal complex refractive indices (n, k) that
satisty Eq the absorber layer thickness of d = 12, 16 and 20 nm, respectively. It can
be clearly t the ideal n and k can be effectively adjusted by changing the thickness of
the absor . The values of the ideal n and & gradually decrease when increasing the

thickness !from 12 to 20 nm. When the thickness d = 16 nm, the complex refractive indices

(n, k) of thmnickel (Ni) and tungsten (W) in the wavelength region from 500 nm to 700

nm are clo ideal (n, k). However, as shown in Figure 1¢ and Figure 1d, »n for Ni is
lower t ideal » and W has higher n value than the ideal » although the & values of both
Ni and ell with the ideal k. Guided by the calculated ideal n and &, we designed a

bilayer absorber consisting of 8 nm Ni and 8 nm W, which can be regarded as an effective
absorbing um that exhibits a better matching with the ideal n and k. The effective n and k&

of the bilal @ rber can be derived by a simplified analytical expression for the effective

permittﬂ of two ultrathin lossy films:

H . ot . 4 ty . @
: eff t, + ¢, 1 ty + ¢, 2
where #; and ¢ the thickness of lossy medium #1 and lossy medium #2, respectively. &;
and &, nt the permittivity of lossy medium #1 and lossy medium #2, respectively.!*
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Note that an alloy of two metals can also be used rather than bilayer structure, and in fact, is
expected to behave more like an effective medium. We summarize two guidelines to produce
reflective ¢ ilters with high color purity: high reflectivity at the wavelengths of the target
colors ca ed by locating the absorber layer at E(A.) = 0; suppressed reflection
H E— . . . . .

elsewhereschleved by using the effective medium comprised of two ultrathin lossy films to
obtain the gero meflectivity. The high-purity red and green reflective color filters can also be
achieved b general strategy presented above (See more details in Figures S1 and S2,

Supportingidforaiation).

Author Manus
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Figure 2. (3) A schematic view of the proposed high-color-purity RGB reflective color filters using
bilayer absorbers. Bwo ultrathin lossy films (lossy medium #1 and lossy medium #2) can be regarded
as an effective bing medium with the complex refractive index (n, k) and the total thickness d.

(b-d) C n of the simulated reflection spectra of RGB color filters employing single lossy
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medium #1, lossy medium #2 and the corresponding bilayer as the absorber layer. (e) The simulated
and measured reflection spectra of the proposed RGB color filters based on bilayer absorbers at
normal incmﬁmets show the optical images of fabricated RGB devices on silicon substrates
(Scale bar @ . (f) The calculated chromaticity coordinates corresponding to all the reflection

spectra ghopgigiigtre) in the CIE 1931 chromaticity diagram.

Figure S ematically depicts the proposed bilayer absorbers-based reflective color
filters featGnwaggdech color purity, high brightness and good angle-insensitivity. In the device
structure, %}ination of lossy medium #1 and lossy medium #2 can be regarded as an
effective medium with the effective complex refractive index of (#, k) and the total
thicknessﬁ;;ferent RGB color filters can be realized by adjusting the thicknesses of the
top and middle Ta,Os layers, and designing suitable effective absorbing media. The detailed
structure mation of each color is summarized in Table 1. It is worth noting that a much
thicker dielectriC layer (one wavelength optical thickness of A.) is chosen for the green color
filter design ate the second-order F-P cavity resonance mode, achieving narrower
reflecti better color purity. Besides, the thickness of the AR layer in the green

color filtegis fixed to the one-eighth wavelength optical thickness of A,, which is attributed

to the non-fgimimhreflection phase shift (i.e., not 0 or ) at the interface between the AR layer

O

and the ab ayer (See more details in Figure S3, Supporting information). In order to

verify the Qunction of effective absorbing medium design, we compared the simulated

q

reflecti

!

f color filters employing single lossy medium #1 (the red dashed curves),

lossy medium the blue dashed curves) and the corresponding bilayer absorbers (the black

Ul

solid curves) rmal incidence for all the three colors as illustrated in Figure 2b-d. The

propos color filters based on bilayer absorbers create the optical responses with the

A
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reflection peaks at the wavelengths of 688 nm, 538 nm and 420 nm and the reflection
intensities of 74%, 63% and 73%, respectively. More importantly, light absorption in the

complimeniﬁelength range of low reflection (500 ~ 700 nm for blue color filter, 400 ~ 600

nm for re , 400 ~ 500 nm and 600 ~ 700 nm for green color filter) are
signiﬁcgn@nced by using the effective medium absorbers for all three colors compared
with thosegsinggingle absorber layers. Figure 2e plots the reflection spectra (dashed lines) of
the fabricaQB color filters based on bilayer absorbers design measured at normal
incidence,an a good agreement with the simulated profiles (solid lines). The slight
discrepan@ to the thickness variation in the fabrication process. The optical images of
the fabricat les are inserted in Figure 2e, showing large-area blue, green and red color
filters witligi turation and brightness. The corresponding color coordinates are evaluated

from the and the measured reflection spectra and described on the CIE 1931

chromati am in Figure 2f. The bilayer absorber-based color filters exhibit much

improved co rity compared to the devices using only a single absorber layer. Moreover,
the color coordinates of both the simulated (red (0.640, 0.330), green (0.303, 0.600), and blue
(0.151, 0.062)) and measured (red (0.620, 0.313), green (0.307, 0.592), and blue (0.153,

0.062)) re@very close to the standard RGB (red (0.64, 0.33), green (0.3, 0.6), and blue
)

(0.15, 0.06 1zed in liquid crystal displays (LCDs). The detailed color coordinates of all

the spectrddare summarized in Table S1. It should be noted that the deposited Ta,Os is slightly

{h

lossy, s ness of the designed color filters can be further improved by replacing

TayOs by a lossleBs dielectric material. For example, highly pure green color filter with the

U

maximum r ity surpassing 80% have been experimentally achieved by using the

titanium

A

er (Cu) bilayer film as the absorber layer and adopting T10O; as the
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dielectric layer and the AR layer (See more details in Figure S4, Supporting information).
According to the reflection spectra comparisons in Figure S5 in the Supporting information,
the RGB co |ters using ultrathin effective medium absorbers also exhibit much higher
color puriale lossy medium-based color filters in the case of the other two absorber
layer th-ic ?es(d =12 and 20 nm for red and blue colors; d = 12 and 16 nm for green
colors). Theacomplex refractive indices of all the materials used for the simulations are
depicted im S6 (Supporting information). In addition, all the reflection spectra of RGB
color filte erg@xchanging the positions of lossy medium #1 and lossy medium #2 or
employing the cOiresponding effective absorbing media match very well with that of the

proposed Ety RGB color filters, further validating the applicability of effective

medium t the absorber design, as shown and discussed in Figure S7 (Supporting

infomatimefore, the effective absorbing medium design provides an additional

freedo the high purity RGB reflective colors by searching for suitable bilayer

absorbers to the ideal (n, k) of the absorber layer at a given thickness. In principle, the

presented guidelines can be used to design a wide range of thin-film structural color filters

with high @olor purity and brightness in the visible or other wavelength regions.

Q Top Ta,O; Medium #1 Medium #2  Middle Ta,O4
44 nm 8-nm W 8-nm Ge 130 nm
gﬁ 26 nm 14-nm Au 6-nm Ni 228 nm
% 68 nm 8-nm Ni 8-nm W 80 nm
Table 1. al configurations of the high-purity RGB reflective color filters. 100 nm thick Al is
employe{ﬂbottom reflection mirrors in all designs.
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Figure 3. (a)- e wavelength-dependent electric field distributions inside the whole structures of
the pro olor filters. (d)-(f) Calculated total phase shifts in the top and the middle Ta,0Os

layers as a function of the wavelength for these three devices. (g)-(i) Optical admittance diagrams of

the propos olor filters at the wavelengths of absorption peak. The distance from the final

admittancefp he air (1, 0) represents how high reflection is at normal incidence.

In order to gain further insight on the strong optical interference performance in this
multilayerillm siucture, we calculated the normalized intensity distributions of electric field
inside the ructures of the designed RGB colors as a function of the wavelength as

displayed e 3a-c. Taking the blue colored device for example, strong electric field in

the Ni/ 4@ er absorber appears at wavelength > 500 nm, directly resulting in the efficient
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light absorption beyond the blue color range. The electric field intensities in the Ni/W bilayer
film are very weak in the short wavelength range < 500 nm, ensuring minimum loss for blue
reflection. fore, the electric field distribution in the absorber layer as a function of the
waveleng ell with the optical response of the blue color filter in Figure 2e.

... W —— . ,
S1m11ar1y,§e enhanced electric field in the wavelength ranges of non-target colors can also
be obsewu absorber layers for the green and red color devices as highlighted by the
black dotte

s in Figure 3b and Figure 3c. The net phase shifts in the top and the middle

Ta,Os res ities at different wavelengths for these three devices are also calculated

S

and plotted in re 3d-f to reveal the resonant locations. Essentially, the cavity resonances

U

occur whe t phase shift is equal to a multiple of 2, where the net phase shift includes

1

two reflec es acquired upon reflection from both the top and bottom interfaces and

the propagati ase accumulated within the layer. As illustrated by the red solid curves in

d

Figure ental F-P cavity resonance modes are excited within the middle Ta;Os

dielectric la r the blue (@460 nm) and red (@621 nm) colors, while the second-order

W

F-P cavity resonance is excited at 568 nm for the green color to ensure narrower bandwidth

of the reﬂition sPectrum. Obviously, F-P cavity resonant wavelengths match very well with

the locati confined electric field inside the middle Ta,Os layers for these three
devices. As ayed by the black solid curves in Figure 3d, the AR resonance occurring
@635 he net phase shift of the top Ta,Os is equal to 0, corresponds exactly to the

reﬂectim Figure 2e for the blue color. The AR resonance is the direct reason for the
enhanced electri§1eld inside the absorber layer within the wavelength range highlighted in
Figure 3a, whagl®Suppresses the reflection at off-peak wavelengths. Figure S8 in the

Supportin ation compares the reflection spectra of the blue color filter with and
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without the top Ta,Os overlayer, validating the AR function of the top Ta,Os overlayer
outside the blue color range. For the green color shown in Figure 3e, two closely positioned

AR resonﬁé% nm and @ 464 nm) are excited within the top Ta,Os layer. These two

resonance gether to create a perfect absorption peak at 450 nm. For the red color
N :

shown in kigure 3f, the AR resonances occur @418 nm and @ 538 nm, matching very well

with the pwof two reflection valleys in the reflection spectrum. In order to further

validate th g absorption performance at off-peak wavelengths resulting from the AR

resonance ical admittance diagrams of the proposed RGB reflective color filters at

the wavelengEEsj absorption peak were plotted in Figure 3g-i. The optical admittance

Y = /¢ ginverse of the impedance, with ¢ and u being the permittivity and

permeabil ctively, and numerically equal to the material complex refractive index
because te permeability of typical materials remains unity at optical

frequenei he admittance of the entire structure starts from the silicon substrate and
rotates on_a@w@Wlar or spiral trajectory depending on the both the thickness and the optical

constant of the material. The distance between the termination admittance point of the layered

structure deittance of air (1, 0) determines the reflectivity by

O

R = (M)Z (3)

1+ (x+iy)

i -

where x Fd y ire the real and imaginary parts of the final admittance. Calculated

coordinatmﬁnal admittance at the corresponding wavelengths of absorption peak are

(1.14, -0.03%%0°95, 0.08) and (1.01, -0.12) for blue, green and red colors, respectively. These
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admittance points are very close to that of the air, resulting in the significantly suppressed

reflections of less than 1%, as can be seen from the calculated reflectivity values.
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Figure e simulated and (d)-(f) measured angle-resolved reflection spectra of the proposed
RGB reflective colors based on bilayer absorbers under unpolarized light incidence. (g) Photographic

images of hated samples taken at oblique incidence of 10°, 30°, 45° and 60°. The scale bars

are 1.0 cm

Tov e angular performance of the proposed RGB reflective color filters based
on ultr: r absorbers, we simulated and measured their angle-resolved reflection
spectra u larized light illumination, as shown in Figure 4a-c and Figure 4d-f,
respective i¥Clear that the simulation results are very consistent with the corresponding
experi sults for all the three colors, showing the relatively flat dispersion curves
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despite the slight blue shifts of the resonant wavelengths when the incident angle increases
from 0° to 60°. The photographs of the fabricated devices taken at different observation
angles were n in Figure 4g and the color change with the incident angle up to 60° was
also displ CIE 1931 chromaticity diagram in Figure S9 in the Supporting

. N ——

1nf0rmat1cs. Obviously, the stable color appearances and the closely located color
coordinatmerent incident angles prove the high angular tolerance up to +60° for blue
and red col0¥8Pue to the thicker Ta,0s dielectric layer used in the green color filter, its

angle-inv earance only can be maintained up to £45°. It should be noted that the

S

angle-indepen property of the DADM thin-film color filters proposed here can be further

U

improved b dielectric materials with even higher refractive index, such as ZnS (n ~

1

2.6), inste Os as the spacer layer, or adding additional phase compensating

overlayer

d

Conclus

In'summary, we present a general strategy for the material and layer thickness selection
to producgright and high-purity reflective colors in a classic asymmetric F-P cavity

structure cQg of an anti-reflection overlayer, an absorber layer, a spacer layer and a

reflective . Guided by the calculated complex refractive index of the absorber layer to

achieve ndar-ideal absorption, an effective absorbing medium comprised of two ultrathin

h

L

lossy fi ned to enhance the optical absorption over a broad wavelength range of

non-targeted coldis, thus significantly improving the color purity of the desired reflective

Ul

colors. To pr e power and simplicity of this strategy, we demonstrated in theory and

experim -purity RGB reflective color filters with good angular tolerance (blue and red

This article is protected by copyright. All rights reserved.



colors are up to £60°, green color is up to £45°) by exploiting W/Ge, Au/Ni and Ni/W bilayer

absorbers, respectively, to function as effective absorber media. Compared with previous

studies, the alized design principles and the proposed method of searching for suitable
effective iﬂ

rbers open up new avenues for achieving high-purity thin-film structural
N — . , o

colors witlymore materials selections. Moreover, the fabrication process of the whole

structure (wlves simple thin film deposition technologies, thereby enabling their great

potential to arge-scale applications in various areas.

us

Methods

N

Device Fabrijcation: All the designed RGB reflective color filters were fabricated by

using an elget eam (E-beam) evaporator and a sputtering system (LAB 18, Kurt J. Lesker

&

Comp silicon substrates at room temperature. Au, Ni and W films were deposited with

V]

DC sp at the rate of 8.6 A/s, 5.1 A/s and 3.6 A/s, respectively, while Ta,Os is
sputtered with RF sputtering at the rate of 0.5 A/s. All the sputtering processes were carried

out under

I

(Ar) pressure of 3 X 10 Torr. Al, Ge, Cu, Ti and TiO, films were

deposited @ e of 3 A/s when the pressure of the E-beam evaporator chamber was

prepumpedfdown to 4 X 10 Torr.

§

Si nd Measurements: The transfer matrix method was used to simulate the

{

reflection spectraiphase information, and normalized electric field distributions. The

G

reflection s nder unpolarized light incidence were calculated by taking the average of

the results nd TM polarizations. A thin-film measurement instrument (F20,

This article is protected by copyright. All rights reserved.



Filmetrics) was used to measure the reflection spectra of the proposed RGB color filters at

normal incidence. The measured angle-resolved reflection spectra are attained using a

spectroscopigsellipsometer (M-2000, J. A. Woollam). The same ellipsometer is applied to
extract th indices of all the materials used in the optical simulations.
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H

Q.

A gepgralstrategy for the material and layer thickness selection to produce high-purity
reflective SIOI‘S in a dielectric-absorber-dielectric-metal multilayered structure is presented.
The color mf RGB reflective colors can be significantly improved by designing

different € g€ absorbing bilayer media to enhance the optical absorption over a broad

Wavelengmof non-targeted colors.
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 lossy medium #1
@™ lossy medium #2

Al reflector
 Si substrate

lossy medium #1
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