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Structural coloration techniques have improved display science due to their high durability in terms of resistance

to bleaching and abrasion, and low energy consumption. Here, we propose and demonstrate an all-solid-state,

large-area, lithography-free color filter that can switch structural color based on a doped semiconductor.
Particularly, an indium-gallium-zinc-oxide (IGZO) thin film is used as a passive index-changing layer. The re-
fractive index of the IGZO layer is tuned by controlling the charge carrier concentration; a hydrogen plasma
treatment is used to control the conductivity of the IGZO layer. In this paper, we verify the color modulation
using finite difference time domain simulations and experiments. The IGZO-based color filter technology pro-
posed in this study will pave the way for charge-controlled tunable color filters displaying a wide gamut of colors

on demand. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.395749

1. INTRODUCTION

Structural coloration from metallic—dielectric nanostructures
and subwavelength-sized thin films has been considered as
an alternative to conventional color display technology [1-3].
Nanostructure-based coloration utilizes plasmonic [4,5] (in the
case of metals) or multipolar electric and magnetic resonances
(in the case of high index dielectrics [2]) in order to create
high-resolution (~100,000 dpi) [6] and vivid colors over a
large gamut (comparable to Adobe RGB and approaching
Rec2020) [7-9]. However, due to the lack of large-area nano-
patterning techniques, practical applications of such nanostruc-
ture-based color are limited [10]. On the other hand, multilayer
thin-film cavity-type structures, known as Fabry—Perot (FP)
devices, do not require any expensive and time-consuming
nanopatterning process. Therefore, they have an obvious ad-
vantage for making large-area devices that are also able to
produce comparable vibrant colors [11-14]. However, both
nanostructure- and thin-film-based coloration techniques have
a common issue, which is “on demand” color switching.
There are three common methods for tuning nanostructure-
and thin-film-based color filters: (1) mechanical deformation of
the nanostructures; (2) polarization control; and (3) adopting
phase change materials (PCMs), which have large differences in
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refractive indices in different phases [15]. A couple of examples
of mechanical deformation methods are structural colors real-
ized by nanoparticle arrays on flexible substrates that can be
tuned by stretching or shirking to change the color [16],
and using moisture (or liquid)-responsive materials, where
the optical resonance can be tuned by swelling or deswelling
the responsive layer [14,17,18]. The main problems of these
approaches are the mechanical durability and limited experi-
mental environment (such as a humidity-controlled chamber).
The second approach is polarization control, which can be
used for anisotropic nanostructures. Anisotropic structures
(or adopting multiple nanostructures in a unit cell) can be used
to tune the characteristics of scattered light by inducing differ-
ent electromagnetic modes according to the polarization of the
incident light [19-24]. The problem with this approach is that
the tuning range is limited (e.g., simple rectangular nanobar
shape) [21] to exhibit intensity modulation without significant
color change. Also, in the case of using multiple nanostructures
in a unit cell to broaden the tuning range [23], crosstalk be-
tween the scattered light from each structure can significantly
reduce the efficiency of the device. The third approach, using
PCMs, is being studied more actively. PCMs can also be
divided into several categories depending on the type of exter-
nal stimulus they react to: heat, chemical reaction, or external
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applied voltage. For example, VO, [25,26] and Ge,Sb,Tes
[27-30] are widely known PCMs that change crystallinity
due to joule heating. These materials are unsatisfactory for
use in color filter applications, as their refractive index values
change mostly in the near-infrared regime rather than the vis-
ible spectrum. Recently, a new PCM, Sb,S;, which has a wide
bandgap and a significant index difference in the visible regime,
has been reported [31]. These heat-reactive PCMs not only
require high temperatures to undergo phase transitions (VO,
changes phase at around 80°C, Ge,Sb,Tes at 160°C, and
higher than 200°C for Sb,S;), but also the refractive index shift
is not high enough to dramatically change the producible color.
Chemically reactive PCMs, such as magnesium [32,33] and
palladium [34], can be employed in dynamic color pixels,
but most of them exhibit a coloration on/off function with
a metal-insulator phase change, rather than color switching.
Several electrically tunable PCMs such as liquid crystal [35],
electrochromic materials [36,37], and indium tin oxide (ITO)
[38] have been introduced, but their refractive index change at
visible wavelengths is insufficient for use in structural color.

Recently, electrically tunable “solid-state” devices have been
actively investigated. Solid-state devices are more advantageous
than gas or liquid state devices because they quickly and reliably
change the index of a material. Until now, a solid-state device
was frequently implemented mainly by injecting ions in the
solid layer. For instance, a lithium ion can be injected into a
WOj3 layer [39] or a hydrogen ion into a GdO, layer [40]
to tune a refractive index. However, if the refractive index
can be changed by a charge carrier or exciton [41] rather than
by ion injection and ejection, it is expected that the optical
properties of a tunable device can be changed more quickly
and reliably with lower energy consumption.

Herein, as a proof of concept for a carrier-concentration-
controlled tunable device, we propose an all-solid-state color
filter that can switch structural color based on an indium-
gallium-zinc-oxide (IGZO) passive index-changing layer in a
metal—dielectric-IGZO-metal cavity structure. By controlling
the carrier concentration in the IGZO layer, the refractive
index in the visible regime can be controlled, and as a result,
the color filter operates over the wide visible spectrum. This
transmission-type color filter consists of four layers (Fig. 1), and
the top and bottom metal layers work as mirrors in the FP
resonator.
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Solid staté tunable color filter
Fig. 1. Schematic of the tunable all-solid-state color filter based on a
doped semiconductor. The top and bottom metal layers are silver (Ag),
the passive index-changing layer is IGZO, and the dielectric spacer
layer is silicon dioxide (SiO,).
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2. RESULTS AND DICUSSION

IGZO is a promising semiconductor material used widely
in thin-film transistors for flac panel display [42]. This oxide
material exhibits superior electric/optical properties such as
high carrier mobility, high transparency, and large-area uni-
formity. Applications of IGZO include high-resolution display
[43], sensors [44,45], and thin-film circuits [46]. Despite these
advantages, IGZO has yet to be used in photonic device
applications.

In solids, the electric polarization is modeled as permittivity,
which is affected by microscopic interactions between electric
fields and charged elements. This microscopic phenomenon is
related to the macroscopic parameters, refractive index, and ex-
tinction coefficient, which represent how light propagates in a
medium. Our main idea is to control the carrier concentration
in an optically transparent solid thin film. If the density or con-
ductivity is sufficiently modulated, the electric polarization and
plasma frequency are changed, which in turn modulates the
optical properties of the thin film. Because the refractive index
is controlled in a transparent medium, the effects of modula-
tion are valid in the wide visible spectrum (Fig. 2).

The electron density of IGZO is an essential factor to modu-
late the refractive index. A 40 nm thick transparent semi-
conductor thin film of IGZO was deposited, and its electron
density was controlled with a H, plasma treatment process.
Free electrons are generated with H, plasma because the in-
jected hydrogen atom forms O-H bonds with ionized oxygens
in IGZO as the following reaction [47]:
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Fig. 2. Working mechanism of tunable color filter. (a) Schematic of
tunable color filters. (b) The electron density and refractive index of
the IGZO layer are changed under the H, treatment process. The
thickness of the semiconducting layer can be a few tens of nanometers.
(c) Corresponding modulation of the refractive index and extinction
coefficient depending on the electron density. The low conductivity
film had an electron density of less than 10" cm3, and the high con-
ductivity film had an electron density of 8 x 101 cm™. Both samples
were made of identical materials, and only the electron density was
controlled.
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Hf +0* =OH +e. (1)

The modulation of the IGZO refractive index can be ex-

plained by the Tauc—Lorentz—Drude (TL-Drude) model.

The TL-Drude model was previously used to model optical

properties of oxide semiconductors such as ZnO and In,O;

[46]. The dielectric constant of the TL-Drude model is ex-
pressed as

€igzo = €L + €p = €1 + i€y, (2

where ey and €, represent the dielectric constants given by the
TL and Drude models, respectively. The dielectric constant of
the TL term describes the band-to-band energy absorption,
and the Drude term describes free-electron absorption.
Although the Drude model is commonly used to analyze met-
allic materials, it can be applied to doped IGZO, as H, plasma
treatment increases the electron density similar to metallic ma-
terials. The complex dielectric constant of the Drude model is

expressed as [48,49]

A
epa(B) = -5 "0 +DF2 : &)
D
Apll
epa(E) = ﬁ, (4)

where €p1(£) and €p,(E) are real and imaginary parts of €p,
respectively. Ap and I'p represent the amplitude and broaden-
ing parameters, respectively. Ap is expressed as

h262N>1/2

m* €€

Ap = enE}, E,=hw, = ( (5)

where E, is plasma energy, 7 is the Planck constant, o, is
plasma angular frequency, V is carrier concentration, ¢ is elec-
tron charge, and € is free-space permittivity.

The refractive index of IGZO can be obtained from the re-
lationship between the dielectric constant and refractive index:

2 2
VE T €5+ €
b

2

(6)

()

where €, €, are the real and imaginary parts of complex dielec-
tric constant, respectively. Based on Eq. (6), the refractive index
decreases because €; decreases while €, increases as a result of
the increasing electron density.

Ar bombardment during H, plasma treatment, however,
cannot be neglected, as it can break the oxygen bond and gen-
erate oxygen vacancies [50]. Oxygen vacancies act as deep-level
traps so that a highly doped IGZO film absorbs light with
energy lower than its bandgap. Figure 2(c) describes an increase
in extinction coefficient at lower energy than the bandgap.
Furthermore, the Ar bombardment can reduce the refractive
index by increasing the electron density of the IGZO film
due to oxygen vacancy.

The low conductive IGZO sample had an electron density
of less than 10'* cm™3, and the highly conductive film had an

electron density of 8 x 10! cm™>. Ellipsometry measurements
were performed to extract the optical properties. As shown in
Fig. 2, the refractive index varied by ~0.4 over the entire visible
spectrum, and the extinction coefficient also varied as the film
conductance changed. This result provides the basis for refrac-
tive index modulation in a solid thin film by varying the elec-
tron density. However, the electron density needs to be further
controlled by voltage to realize an electrically controlled active-
index thin film.

The color filter takes the shape of an FP resonator. The res-
onance conditions of an FP resonator are determined by the
constructive and destructive interference caused by specific
phase shift at the metal interfaces as the light reflects within
the resonator. For this reason, not only a very sharp resonance
peak can be obtained in the FP resonator, but also a high trans-
mittance can be obtained since the FP resonator does not rely
on the use of plasmons. The device consists of four layers, top
and bottom silver (Ag) layers with silicon dioxide (SiO,) and
IGZO layers in between. It is confirmed by finite difference
time domain (FDTD) simulations that the color is tuned
when the SiO, thickness and carrier concentration are changed
[Fig. 3(a)]. The refractive index of the IGZO layer was
modeled by the measured ellipsometry results [Fig. 2(c)].
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Fig. 3. FDTD simulation results. (a) Simulation result of FP type
transmission color filter. Top and bottom layers use Ag as a reflecting
mirror. IGZO and SiO, work as the dielectric spacing layer. IGZO is a
transparent oxide layer and by a H, treatment process, the charge con-
centration can be tuned. The transmitted colors are obtained by vary-
ing the thickness of the SiO, layer. (The thickness increases from
40 nm to 180 nm in 20 nm steps.) (b) Color tuning before and after
H, treatment. (c), (d) Simulated transmission spectra are presented
where the SiO, layer thickness is (c) 60 nm and (d) 80 nm. (e),
(f) Transmission spectrum plot as a function of wavelength and spacer
thickness (e) before and (f) after H, treatment.
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Fig. 4. Experimental results of centimeter-scale device. (a) Photo-
graph of fabricated devices. The top row is the devices before H; treat-
ment, and the bottom row is the carrier-injected devices. The increase
in carrier concentration can blue shift the wavelength peak of trans-
mitted light resulting in color change from green to blue, for example.
From left to right, the SiO, layer increases from 40 nm to 120 nm. By
increasing the thickness of the dielectric spacer, the wavelength is red
shifted. The experimental results are well matched to the simulation
results. Each sample size is 2 cm x 2 cm. (b) Measured transmission
spectrum from non-doped devices depending on the SiO, layer thick-
ness. (c) Color change map due to H, treatment. The dielectric layer
thickness of the sample moving from green to blue is 60 nm, and
the purple to brown is 120 nm. The white triangle represents
sRGB color space. (d) Measured transmission spectrum with SiO,
thickness of 120 nm.

As the thickness of SiO, increases, the resonance wavelength is
red shifted as the optical path length becomes longer. More
importantly, increasing carrier concentration of the IGZO layer
lowers the refractive index in the IGZO layer, which means that
the optical path length decreases, so blue shifting of the reso-
nance peak, i.e., tuning color, is possible. Figure 3(b) describes
the color tuning on the CIE 1931 color space chromaticity dia-
gram before and after the H, treatment, and the corresponding
calculated spectra are shown in Fig. 3(c), where the resonance
wavelength shift is around 60 nm. Figure 3(d) shows the result
when the SiO, layer is 80 nm thick. Furthermore, as shown
in Figs. 3(e) and 3(f), the transmission plot as a function of
wavelength and spacer thickness shows the tendency that
the resonance wavelength shift before and after H, treatment
becomes smaller as the SiO, thickness increases. Considering
the very thin accumulation layer thickness of the IGZO layer
compared to entire dielectric spacing layer (SiO, + IGZO),
the thicker the spacing layer becomes, the smaller the wave-
length shift is.

The color filter devices were fabricated by using an electron
beam evaporation method (for 30 nm thick Ag and SiO, layers)
and a sputtering method (for a 40 nm thick IGZO layer) at
high vacuum followed by a H, treatment process [Fig. 4(a)].
Five devices were made with increasing SiO, thicknesses from
40 nm to 120 nm in 20 nm steps, and the transmitted colors
were observed. Consistent with the simulation results, increas-
ing the dielectric layer thickness resulted in a red shift of the
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Fig. 5. Experimental results of micro-sized color printing. The de-
vice consists of four layers including top and bottom layers of Ag sur-
rounding IGZO and SiO, layers. The color pixels were fabricated by
an FIB process after the deposition of a 180 nm thick SiO, layer.
(@) Optical microscope images of 20 pm sized color pixels.
(b) Colorful pictures with 1 pm sized color pixels. Left: low doping
IGZO; right: high doping IGZO.

resonance wavelength, which was confirmed by spectral mea-
surement. The five samples in the top row of Fig. 4(a) are be-
fore the H, treatment, and in the bottom row are after the H,
treatment with SiO, layers, which increase in thickness from
40 nm to 120 nm (left to right). After the H, treatment, the
thickness of the IGZO layer was found to have a negligible
change, and thus the color change of the sample was due purely
to the change in the refractive index of the IGZO layer. Again,
consistent with the simulation results, the resonance wave-
length blue shifts as the refractive index decreases with the
H, treatment. As shown on the CIE 1931 chromaticity dia-
gram [Figs. 4(c) and 4(d)], the color difference between the
before and after H, treatment states is significant, due to
the change of refractive index [ARe(7) = 0.4]. The decreased
transmission of the measured transmission compared to the si-
mulated results is expected to be due to the surface quality of
the IGZO layer, which was affected by the H, treatment and
following Ar bombardment processes. In addition to this kind
of large-area color filter, micro-sized color printing is also
possible using electron beam lithography or a focused ion beam
(FIB) milling method (Fig. 5). Using an FIB process, 20 pm
sized color pixels were fabricated. According to the depth
variation controlled by milling time, various vivid colors can
be produced. Furthermore, colorful pictures with a 1 pm sized
pixel are also experimentally demonstrated. Each pixel of the
fabricated device has several tens of nanometers scale depth
and is very difficult to measure using a scanning electron micro-
scope, so the device is characterized using an atomic force
microscope (Fig. 6).
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Fig. 6. Atomic force microscope (AFM) image. To characterize the
fabricated micro-scale color pixel of a colorful picture, an AFM mea-
surement was conducted. The 1 pm x 1 pm sized pixel has different
depths depending on the encoded color information. (a) Top view of
AFM image. The depth is described as brightness value. (b) 3D AFM
image. (c) Cross-section depth information of red-dashed line in (a).
The y axis of the plot represents relative positions.

3. CONCLUSION

We have proposed an all-solid-state color filter that can switch
structural colors based on the doping level of IGZO, a material
used widely in thin-film transistors for flat panel displays. The
H, treatment changes the charge concentration of the IGZO
layer from 10' cm™ to 8 x 10" cm, resulting in a refractive
index difference of 0.4 over the entire visible region maintain-
ing a negligible extinction coefficient. We fabricated an FP-type
resonator structure containing an IGZO layer and verified dra-
matic color changes in the visible region through FDTD sim-
ulations and experiments. Although the device presented here is
in transmission mode, it can easily be used in reflection mode
to produce a subtractive color palette. IGZO has many advan-
tages in terms of promising use for electrically tunable photon-
ics devices such as good uniformity over a large area, sufficient
thickness for a charge accumulation layer, and significant index
modulation in the visible regime. Furthermore, once the charge
concentration of the IGZO layer can be controlled by an elec-
trical bias, IGZO-based devices are expected to be an important
platform for electrically tunable optical devices working at
visible wavelengths. Also, machine learning technology, which
has been actively studied in recent years, can be applied to
highly efficient color filter design that can realize more vivid
colors [51,52].

4. METHODS

A. Device Fabrication
The IGZO tunable color filters were fabricated on a fused
silica substrate. First, a 30 nm thick Ag thin film and different
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Fig. 7. Refractive index modulation. Measured refractive index
of IGZO film after different H, plasma treatment conditions.
Particularly, by changing the process temperature, the refractive index
can be modulated. In this study, the H, plasma treatment was per-
formed at 120°C by a plasma-enhanced chemical vapor deposition
chamber.

thicknesses of silica layers were deposited by electron beam
evaporation with rates of 0.2 nm/s and 1 nm/s, respectively.
Then, an IGZO layer (40 nm) was deposited by an RF sput-
tering system at room temperature. The composition of the
IGZO target was 1:1:1 (mole ratio) of In:Ga:Zn. The sput-
tering was performed under Ar atmosphere. After the sput-
tering, the film was annealed at 300°C for 2 h under O,
atmosphere. H, plasma treatment was then performed at
120°C by a plasma-enhanced chemical vapor deposition cham-
ber for 5 min with RF power of 200 W. Also, depending on the
H, plasma treatment, the refractive index could be modulated
(Fig. 7). FIB milling was used to produce the micro-sized color
pixel and corresponding color picture (FEI, Helios NanoLab
DualBeam). Particularly, in order to fabricate differently col-
ored pixels, the milling depth should be different for each pixel.
So we prepared five CAD files arranged in a rectangular array
with a spacing of 200 nm and a size of I pm x 1 pm to produce
five different colors. For the FIB process, first a 180 nm thick
SiO, layer was deposited, and by varying the ion milling time,
the final layer thickness was adjusted. After the milling process,
the IGZO and Ag layers were coated.

B. Optical Characterization

The optical measurements (transmittance) were performed us-
ing Fourier transform infrared spectroscopy (Bruker, Vertex 70)
with a microscope (Bruker, Hyperion 2000) in transmis-
sion mode.

C. Simulations

All simulations were done using the commercially available
FDTD package Lumerical Solutions. 2D simulation regions
were set up with periodic boundary conditions in the x direc-
tion and perfectly matched layers at the y boundaries. A plane
wave was injected in the backward y direction, and the trans-
mission was calculated 200 nm below the bottom Ag layer. The
values for the refractive index of SiO, and Ag were taken from
the material library, while the refractive index of IGZO was
modeled using the data measured using ellipsometry for films
of high- and low-doping samples.
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