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ABSTRACT

A smart window is a window that can change its optical properties by the
application of an electric field. We propose a new type of smart window, a grating
smart window, by exploiting the periodic structure of Al,O; and PEDOT, Poly(3,4-
ethylenedioxythiophene) in an electrochromic layer. This thesis is a technical
feasibility study of the grating smart window. We concentrate on the luminance and
color indexes from the grating smart window. Those can be evaluated by converting
from the light spectrum data. The commercial software GSolver is used to compute the
transmitted spectrum (in the range of 380-750 nm) from the grating smart window.
The spectra are converted through CIE XYZ colorimetry in order to find the color
indexes which hold luminance information. Three grating types are investigated, one
is single layer grating (A structure) and the others are double layer grating (B and C
structure). The observed results are compared to that from a normal smart window.
We found that when the PEDOT in the grating is in the transparent state (doped), the
colors in the field of view from the gratings are rather homogeneous, like the normal

one. In contrast, the dim state (neutral) shows various colors unlike the normal.
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CHAPTER I
INTRODUCTION

A smart window is one type of windows that can switch its transparency
from transparent state to darker or even opaque state upon the change of incident light
intensity. Normally, the smart window is installed on houses, offices, vehicles or
airplanes to reduce the glare of the sunlight to the personnel inside. Its application to a
motorcycle helmet is also being investigated. It seems to be a future window.

Now a day, the smart window that changing between transparent-to-dim
and transparent-to-diffuse are two main groups of smart window technology. For the
transparent-to-dim one, the window absorbs much of the incident light and makes it
appear dim. There are numerous ways to achieve such properties, e.g., by mean of
electrochromic [1]-[3], micro blind [4], suspended particle display [1]-[3]. The
transparent-to-diffuse one causes the light to scatter without absorbing, which cause
the window to appear translucent. Liquid crystal window is one example to achieve
this property [5]. There may be a new smart window type such as transparent-to-color.
It may be constructed by exploiting the diffraction from a grating structure. Among of
all current smart windows, the electrochromic type shows the most feasibility. It is
because it can fabricate the periodic structure and that grating period is low in range of
nanometer or micrometer [6]. It is enough to make the diffraction from the sunlight. A
material will can be called electrochromic if it can change the color by the application
of an electric field. However, some of them lack the transparent property which may
not good for smart window application. We need to select the electrochromic with
high transparent in one state and large absorbance in the other state. Additional
functions are also of interest.

The electrochromic smart window was realized since 1930 [7]. It took a
few decades before the first electrochromic window was made available commercially,
i.e., by Satyen Deb in 1969, by using tungsten trioxide (WO3) [8]. Some companies

have their scientists and inventors follow this line of materials to produce the
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switchable smart window since 1980. Other companies may have adopted the
conductive polymer in place of tungsten oxide. The first conductive polymer in this
line of smart window is poly(3, 4-ethylene- dioxythiophene) or PEDOT, which has
first been synthesized in Germany [9]. Nowadays, this conductive polymer has some
major advantages, i.e., (i) low power consumption (1-5 V) (ii) fast switching time, (iii)
low require power on switching, and (iv) much lower cost on organic materials
synthesis, but the disadvantage is short life time. The PEDOT and WO; are quite
similar in their optical properties. The backbone of PEDOT is high brightness different
between the transparent state (doped) and the dim state (neutral), and has faster
switching time compare to WO3. PEDOT has its switching time in millisecond [10],
and is rather easier to fabricate. Thus, these make the PEDOT very attractive choice.

However, PEDOT has only one color: blue. It lacks the variety in colors.
PEDOT coating on the pre-designed grating structure is one way to overcome this
shortage. A grating allows different colors (or wavelengths) from diffraction of
different angle and allow rainbow tab on the grating. It makes the smart window more
interesting. To make that, the material that used together with PEDOT should be the
material that has optical properties different to dyed state of PEDOT; neutral PEDOT.
However, if those properties are also different to bleach state of PEDOT; doped
PEDOT, the rainbow tab also appears. It make the grating smart window less interest
as transparent window, but it can avoid by find those properties similar to doped
PEDOT. In such the way, the light will not be diffracted much, and the color on the
grating smart window would show homogeneous when PEDOT is in bleach state.

Among of the possible materials that can be fabricated a grating, Al,O3 is
of the most interesting. It has similar optical properties like the doped PEDOT. Filling
in Al,O3 pores with PEDOT would enable us to have two dimensional grating; a
tetragonal array grating. Rui Xiao has elaborated this possibility [11]. Another
possible grating structure was proposed by R. Ganesan. It is fabricated the
conventional line-pattern grating from Al,O; through lithography technique [6].
Following this methodology, it is possible to construct the periodic of Al,O3 and
PEDOT to form a grating.

It is utterly important to know which color or rather light spectrum should
the grating smart window exhibit. Transmitted light spectrum from grating can be
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calculated by using rigorous physics of optics and algebra. Gsolver is one of such
examples. This program calculates grating problems by various numerical methods
such as algebraic eigenvalue. The transmitted spectrum can eventually be transformed

to the color via colorimetry, which corresponds to the human eye perception.

1.1 Objectives

We investigate the colors from grating smart window to find the feasibility
to make the new type of smart window. The color can be evaluated from the spectral
color that emerging from the grating smart window of PEDOT and Al,O3; when it
under the sunlight source (D65). We use GSolver to simulate that spectrum and it also
be transformed to color through colorimetry. This may help to find the appearance

color on the grating smart window.
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CHAPTER Il
LITERATURE REVIEWS

This chapter describes the relevant underlying theories of the grating smart
windows. First we describe the optical properties of constituents, PEDOT and Al,Os.
Then, the optical theory about thin film and grating are explained. Cooperating with
those theory and GSolver, the spectrum profile from the grating can be calculated.
Changing that spectrum to color, it is required in order to perceive appearance color of

the grating smart window.

2.1 PEDOT and Smart Window

2.1.1 Coloration of PEDOT
PEDOT coloration arises from the oxidation and reduction. The key is that
when the PEDOT is doped by the ion, its color will change. The neutral state of
PEDOT, or the reduced state has a deep blue color. When anion (An) is attached to
PEDOT, it change to colorless (bleach state). This process can be considered as
similar as electrolysis and cab be depicted as
PEDOT An’(colorless) + ¢ + Li" <> PEDOT(dyed) + Li"An’ (2.1)
where An is an anion, which can recombine with Li". Normally, lithium ion is chosen

because of its small size which will result in reduction of the color changing time.

2.1.2 Structure for Electrochromic smart window

To achieve coloration process described in previous section, the
electrochromic smart window is constructed from five different types of layers as
shown in Figure 2.1. They are listed below.

1. Electrochromic Film: Material which reversible switch its color through

the redox process. Its range is in nm-um.
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2. Electrolyte: A medium that allows the ions to move between ion
storage and electrochromic layer. Its range is in mm [12], [13].

3. lon Storage: This layer incorporates and releases the lithium ion used in
the coloring process in electrochromic layer

4. Transparent Conductor: There are two parts for this type of layer. One
is connected to the anode, and another one is connected to cathode. Its range is in nm.

5. Glass: There are also two layers of this type. They function as shields

for the system and are ranged in cm.

ELECTROCHROMIC f @ ¢
D

(8]
DEVICE " & &
&N
¢ &
& d
L &
O @
ﬁo" o &
& R 2]
& & P
< «\@ o
S
P pl
P =
rL —_——

.

Figure 2.1 The layer of smart window device [14].

To control the direction of redox process in Eq. ( 2.1 ), two layers of
electrodes are required. Controlling the movement of ions from ion storage to the
electrochromic film is the function of transparent conductor layers. Normally, indium-
tin-oxide (ITO) is used since it possesses high transparence and conductivity. Only
thin layer of ITO is sufficient for the current to flow in the smart window [12].

Ion storage layer is meant to store ions, such as lithium ion, used in color
changing process. The color of PEDOT is changed by redox reaction when the ions
move through ion storage layer, electrolyte layer and PEDOT layer. One important

property of the ion storage is that its optical properties remain the same when some
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ions are added or removed from the layer. In some cases, PEDOT can act as the ion
storage layer when used together with the tungsten trioxide. In the reduced state of
tungsten, it appears bleach which corresponds to the oxidized state of PEDOT. When
they are in the opposite state, they also appear the same deep blue color. Therefore,
when PEDOT is used together with WO; in the smart window, it can switch between
the bleach color and deep blue color. The blue color of that window will be darker
than when only one of them is used because it has 2 absorbed layers.

Electrolyte is the ion solution which takes part in redox reaction. Its high
conductivity will lead to more mechanically stabile smart window. The ion
conductivity is dominated by the ion movement. While the proton is the smallest ion,
it cannot reverse back to hydrogen through the redox process. Consequently, the
lithium ion is more appropriate. Moreover, lithium ion is more popular. Some of
PEDOT smart window's recipes did not require the ion storage. The electrolyte, such
as lithium tetrafluoroborate [15], can be connected directly to the transparent

conductor of an anode side.

2.1.3 Selection of Conductive Polymers

Apart from PEDOT, there are many polymers that possess electrochromic
property. Some of them have just two color states, and some have 3 color states as
shown in Figure 2.3. For example, PEDOT and PEDOP have two states which is
called doped (D) and neutral state (N), and the PEProDOP has three states of color.
The additional color state appears during the changing between doped state and neutral
state and is called intermediate state (I).

The conductive polymer that proper to smart window should hold ability
in light controlling. The one that give high brightness different between neutral and
doped state make the smart window become more worthy. The way to measure
brightness should be measured respect to the human eyes. Intensity measurement at
some specific wavelength may be a wrong idea. For example, the spectrum of
transmitted light after propagate through an absorbed material, A and B are shown in
Figure 2.2. At the wavelength 650nm, the transmittance from B is larger, but A also
becomes larger when the wavelength is 400nm. It is equivocal and cannot specify

whether A or B is more brightness. Hence, using some specific wavelength cannot
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distinguish one from another. The better way for measurement is using the luminance
which takes account of the whole light spectrum. It is the product from the
transformation the spectrum to XYZ color index via colorimerty. The luminance is
denoted by Y and it has unit in lumen. It corresponds to the brightness perception in

human eyes. The detail of this will be explained in section 2.5.
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Figure 2.2 Transmittance spectrum from A and B material. It hard to tail which one is

more brightness.

To compare luminance between doped and neutral state, we define the

contrast in Eq. ( 2.2).

Contrast = 100 — (% 100) (2.2)

doped
This quantity describe about the light controlling ability. If the contrast is very high, it
means that the luminance between 2 states of that smart window is large and it is
comfortable for smart window. For the most case, Yjopeq is always larger than
Yieutrar- Hence, the contrast value is in between 0 to 100.

A good smart window should give a high contrast. Barry [16] showed that
only three conductive polymers that possess high contrast value than others. They are
PEDOT, PProDOT-(CHj3), and PEDOP which have a contrast 92.0, 80.8 and 79.2

respectively. From those values, it is reasonable to use the PEDOT as electrochromic
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material in this study because it has the highest contrast value. Moreover, there are not
much report about the others conductive polymer except PEDOT. Even though
PProdop can give three colors instead two, but its performance is not impressive. All
of PProdop states are rather same luminance, 51.7 in doped state, 49.9 in neutral state,
and between these values is intermediate state. It mean that it has low contrast and not

good for smart window.

>< 9 9

o] 8] Q [}

e A S £
S /n 5" /n H H

PEDOT PProDOT-(CHa), PEDOP PProDOP
1 2 5 6

D N D N D N D I N

D=35.9,N=2.9 D=75.5,N=14.5 D=53.0,N=11.0 : %luminance

92.0 80.8 79.2 . contrast mu(l—%n

Figure 2.3 Depict the color, luminance and contrast both of doped state(D) and neutral
state(N) of conductivepolymer, i.e., PEDOT, PProDOT-(CHs),,PEDOP
and PProDOP [16].

2.1.4 PEDOT and WO;

Finally, we compare the properties of the selected conductive polymer
PEDOT with the current electrochromic material, the tungsten trioxide WO;. The
WOs is a good choice for the commercial because it is considered as the most
successful electrochromic material. Many researchers are developing the method to
optimize WOs; for window devices. However, PEDOT may take place of WO; soon
because of the following reasons.

e Contrast: Even though they are same color, but the light controlling

ability of PEDOT is better than WOs3
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e Switching speed: It should range in few seconds not minute. A smart
window of tungsten oxide has a switching time around minute and depends primarily
on its thickness [17]. Switching time of tungsten oxide can be reduced to 7-21 s by
changing its physical structure to nanowire [18]. However, the switching time of
PEDOT is in the order of millisecond [19]. Thus, PEDOT is much faster.

e Long life time: This is the most problematic for electrochromic
material. In commercials desire PEDOT has a long life time, but it has low circle life
stability is the major obstacle to their application [20]. It is expected to be longer in
near future.

e Flexibility: It is another option, but it is required for the display
application, PEDOT is basically flexible while the tungsten lack of this property [21].

From these desirable properties of electrochromic materials, PEDOT is a
promising candidate over WOs. In addition, some laboratories notice that the oxidized
state of tungsten oxide has a deep blue color while the PEDOT has the same color in a
reduced state. Their color is also the same when they are in the opposite state, so it
may be possible to apply PEDOT and tungsten trioxide together into a smart window

because the reduction and oxidation are simultaneous reaction.

2.2 Diffraction Grating

Diffraction grating can split and diffract light into several beams,
travelling in different direction. The grating is the periodic structure that construct
from different optical properties material such as open and opaque grating. This
grating is not let some incident light propagate through as shown in Figure 2.4. The
grating also can be made from two transparent materials which place in periodic and
called phase grating or transmission grating as shown in Figure 2.5. The diffraction
angle from those grating can be calculated from the same grating equation. From that
equation, the direction of diffraction depends on period of grating, wavelength,
incident angle and optical properties of surrounding materials. The grating equation
cannot tell about the intensity of the diffracted light and it rather complicate to
calculate because it also depends on the thickness and the optical properties of the

grating.
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Figure 2.4 Open-Opaque grating. Some rays are obstructed.

AN AN A AN A AN A A A

Figure 2.5 Transmission grating. All rays can propagate through.

By exploiting a grating structure to smart window, it may produce an art
window like shown in Figure 2.6. It show various color because each wavelength (or
color) is diffracted to different angle. It is the RVS transmission grating which is used
with telescope to observe the distant galaxies, but when it is placed in a room that has
white light, a mixed color can present on that RVS transmission grating [22]. Hence,
addition grating structure to a smart window may give the art window like present by

RVS grating.
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[ S

Figure 2.6 RVS transmission grating under a white light from florescent bulb.

2.2.1 The Optical Properties of PEDOT and Al,O3

There are many materials that can be used to form grating structure such as
Si0,, PMMA, Al,0Os. However, the one that had used with PEDOT is Al,Os. The idea
of grating smart window is its present various colors like Figure 2.6 when PEDOT is
in neutral state and be like normal window when PEDOT is in doped state. If the
complementary material that used to form grating structure with PEDOT has different
optical properties to neutral state (dye), then the smart window may show the art color
state. In contrast, if that material also has optical properties similar to doped state
(transparent), then the window may like a transparent window. The optical properties
that used for this propose are refractive index (7) and extinction coefficient (k). The n
and k£ of Al,Os;, which illustrated in Figure 2.7, are collected from the GSolver
database but it can compare to the SOPRA N&K (optical properties) database's Al,Os3
[23]. For PEDOT, they are collected from by J. Hwang [24], and further explanation is
given in chapter 3. In visible range (380-750nm), Al,O; has zero value of £ and has n
around 1.66. Its k value is closer to the value of doped state than neutral state, n value
also be such that. Therefore, it may proper to use Al,O3; with PEDOT to make grating

smart window.
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Figure 2.7 Refractive index (n) and extinction coefficient (k) of Al,O; and PEDOT in

neutral state and doped state in light spectrum.

2.3 The Light in Thin Film and Grating

To calculation the reflection and transmission intensity of any
configurations, the one significant parameter is the optical path. It depends on the
optical properties of the material that the light propagates through. It is also depend on
the propagation distance in material and from the angle. The optical path is use to find

the constructive and destructive interference that relate to the diffraction.

2.3.1 Optical Constants

All materials are dispersive; the optical properties are wavelength-
dependent. The optical properties are permittivity, dielectric constant, optical
conductivity, absorption coefficient, refractive index and extinction coefficient, but all
of these are not independent to each other. In physic, it prefers to use just the 2 of them
that are refractive index (n) and extinction coefficient (k). They give the information
about phase and damping of the light in matter respectively. The n and k are evaluated
from the complex relative permittivity & From application the Newton's second law to
the electric force in matter and the assumption that the polarization of the matter have
a vibration according to the Hook’s law, it reveals that the permittivity is the function

of the material natural frequency and plasma frequency. It also depends on the
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frequency of the driving force or electric wave, so n and k also depend on that
frequency. However, those frequencies is difficult to measure, therefore » and k are
measure in another way. It relates to measure the intensity of reflection I,
transmission I; and the incident.

I, (1-n)?+k*
I, (+n)’+k

(2.3)

A= log(i—") = 2kokz (2.4)

¢
R is a reflectance and A is an absorbance, ko or 2/, the wave number in vacuum
and z mean the optical path length. The same symbol of ky and & can make some
confusion. The first is a wave number while another is an extinction coefficient.

Sometime optical conductivity (o) and absorption coefficient (a) also be
used instead of n and k. The a can be written as a function of £ by apply the Beer's law
in Eq. (2.5).

1,=1,expoz) (2.5)

substitute this [ to Eq. ( 2.4 ), a become

% (26)
We can use Eq. (2.3) and Eq. (2.6) to find @, but to find o is more difficult. It is
derived from the definition of permittivity in complex form (&). From the

electromagnetic wave in matter, that complex permittivity can be written in formula:

Fze+ s (2.7)
w

To fine the refractive index, it need to give the definition first that is the ratio of wave

velocity in vacuum (c) and matter (v,,)

nEv_ (2.8)

m

and if the material is nonmagnetic substance, the velocity is a function of permittivity:

v =

1
" (2.9)
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then n is a square root of permittivity or n = /e. If € become complex, the refractive

index then is a complex, that is

n=n+ik (2.10)
after rearrange 712 to set € and compare the imaginary part with Eq. (2.7),
4
2 = 22 (2.11)
®

substitute k£ with Eq. ( 2.6 ) and w = 2mc/A theno:

_hac

=— 2.12
4r ( )

The equations of o and ¢ will be used in chapter 3 in order to change the optical

properties database of PEDOT that reported in a and ¢ to n and k form. It needs to

change for the simulation from GSolver.

2.3.2 Interference

Unlike the optical properties that is just a parameter, the interference is the
important theory in optic which is the basis of all optical theory like thin film theory or
diffraction theory. It occurs from the superposition between two or more electric wave.
It isn't just the summation of the amplitude, but it also concerns the phase of the waves

[25][26]. Consider the electric wave El, EZ,§3, ... gathering at some point, the

producing of these is E and called the superposition of wave

=

E251+52+E3+--- (2'13)
For convenient, let assume that there are two wave, F?l and Ez or plane wave,
propagate along the x axis in the same material

El — E’Olei(kx—wt+61)'gz — Eozei(k,x—wt+92) (2.14)

The phase term of the wave is the degree of exponential except i, and the scalar of Eis
the amplitude of wave. Actually, the human's device can't measure the electric field, it

can measure the irradiance (also known as the intensity) which given by

i =€V(E2)T (2.15)
(E 2). is the time average of the real part of electric field squared, or (E-E )z where T

mean the time period of wave. Then the irradiance which produced from El and Ez is
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I=ev((E, +Ey) - (i + Ex))r = ev(Ef + E3 + 2(EF - ED)r (2.16)
Let absent ev for comfortable writing. The time average of some function is the

integral over an interval T. Then

I = (E)r + (E3)r + 2(E7 - )y (217)
or I =1 + 1, + 115, I;; is defined as the interference term. After taking the time

average into account, each terms are

EZ EZ
%,Iz =%andl12 = Ey1Ey; cosd (2.18)

I;, can be written as a function of I;, I, and § which equal to (8; — 8,) is the phase

11=

difference between these two wave. Then, the irradiance is

I=1+1,+ 2L, cos 8 (2.19)
The maximum condition of the irradiance is obtained when cos § = 1, therefore § that
equal 0,+2m, +4m, ..., can be called the constructive interference condition. The
destructive interference will occur when cosé = 0 or 6 = +1m, +3m, +5m ... These
conditions and the Eq. ( 2.19 ) are the base theory which can be applied to the light
phenomena of thin film. In thin film optic, the phase difference § will play the
importance role to define which conditions give constructive or destructive

interference.

2.3.3 The Reflection and Refraction at the Surface

When the electromagnetic wave impinges on a surface between two
medium, it will be scattered. This result is come from the electron vibration of
disturbance molecule, caused by the alternate electric field. Those will radiate the
same frequency of electric field to all direction. It may be more ease if it is considered
as a secondary point source. If that surface is smooth, flat surface, the directions of
reflection and transmission will have just one direction because the scattered wavelets
cancel the others in all direction except the exclusive direction where its phase is
constructive. This non-evanescent direction is according to the law of reflection for
reflected wave and law of Transmission or Snell's law for transmitted wave.

For the thin film theory, intensity of refraction and transmission wave are

calculated from transmitted, reflected coefficients and the phase shift. The transmitted
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and reflected coefficient are relate to the optical properties of the medium and the
object which light propagated, while the phase shift is depend on the optical path
length. More layers make the calculation more complicate. Besides, the theories that
used to find those two in thin film theory are

1. The continuity condition state for the continuity of electric field at the
surface or interface.

2. The law of refraction and transmission:

Hl' = 91‘
n; sin@; = n; sin 6,
> = dB
3. Faraday’s law: VXE = -

4. Trradiance (or intensity) equation: I = ev(E2),

With these, all the problem about homogeneous thin film can be solved as have
written in many text book. However this book is not going to describe all formula
from that far it just gives a simple idea to solve the problem with the formula.

Usually, the electromagnetic direction in matter is always described with
two directions that are perpendicular to the plane of incident, and parallel to that plane.
They are s-polarization p-polarization respectively. Therefore, any equation of the
light in matter must concern the non-equality of the polarizations. For example, the
reflected and transmitted coefficients light of electric field that propagate from

medium i to medium t, are defined by

E; E,
r,=—r,r1r, =—H+
E 7 E,

t t (2.20)
t :ES :ﬂ
s i "p i
s Ep

Superscript 1, 1, t mean incident, reflected and transmitted ray respectively and index s,
p refer to polarizations. These values are always less or equal to 1. If the light fall on
to with incident angle 6; and propagate out with transmission angle &, together with

the continuity condition and Faraday's law, then each equation in Eq. ( 2.20 ) become
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n, cosd, —n, cosb,
=
N

n, cosd, +n, cosb,

n,cos, —n; cosd,

r,=
n, cosé, +n, coso,
(2.21)
. 2n, cos0,
* n, cosb, +n, cosb,
- 2n, coso,

" n,cosb, +n, cosb,

From Eq. ( 2.21 ), there is one special incident angle that is 8, = 0. At this angle, there
is no different between s and p polarization because r; = 1, and t; = t,,.

The equations from Eq. ( 2.20 ) to Eq. ( 2.21 ) are the case for light
incident just one interface. For the case of double surface, as shown in Figure 2.8, or a
single thin film, the light propagate through two interfaces and the calculation become
more complicated. The coefficients can be calculated by the superposition of the ray
that reflected (ray 1, 2, 3 in Figure 2.8) or transmitted (ray 5, 6) in parallel direction
which given by

_ s
r.o+r.e’

7 =Re 1s 2s _i5:|
_1+r1srzse

—io

_ s
ro+r e’
1 2

r =Re| 2—"2— }

r I+n,n,e
_ (2.22)
—is/2
t = Re tlstZSe
s 1+ —i5/2
L rls’/'ZSe a
B -is/2 ]
/R Lt ,e
p = RE -i5/2
1+7r.r.e

Subscript 1 and 2 refer to the first and second interface that light propagate through, 6
is the phase different between the ray that come along with that direction like phase
different of ray 1 and 2 in Figure 2.8. Usually, J is 2konydcos8; where d is the film
thickness but it also may be added with phase shift © if n; < ny > n; orn; > np <n,
the coefficients in Eq. ( 2.22 ) can be calculated like Eq. ( 2.19 ), for example 7, is

calculated from material n; and nyas shown in Figure 2.9.
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Figure 2.8 Light propagation through single thin film, where n, is film refractive index

and surrounded by material with the refractive index »; and n,, d is film

thickness.
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Figure 2.9 Double layer thin film which thickness d; and d, surrounded by materials

that have refractive index 7, and 7.

In this study, we assumed that the grating layer is just a thin film layer, and
then it can be approximate to the double layer of thin film (Figure 2.9). From the fact
that some of our materials have extinction coefficient, then the refractive index is
treated as complex value, for example 7; = n; + ik;. It is more complicated than the
single layer, but it uses the same idea. If the incident angle is zero, then 7y = 7, and it

can be written that
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1+ re — ntre”
=1 2  whenpr,=—"——2—— (2.23)
= -
1 o Y irre™®
+nne 273
or
-i5,
r, +re s
5,
e 1+ r2r3e_i§ (224)
r,tre 7 _s
1+7 A !
"1+ i,
ryre

which can be rewritten as

-5 ~i(6,-6 -is
rAne” +re 0 L e
r:

~i8,-8,) +I”27‘367[52 (2.25)

—i0
l+nrne™ +nne
In our study, some of our materials have complex refractive index, so r;, r; and r; in
Eq. (2.25) is a complex number.
n,—n n,—n n, —n
_ "0 1 1 2 _ "2 3
n= n="—>= (2.26)

N A 22T A N N A
n, +l’ll n, +l’lz n, +I’l3

The complex number Eq. ( 2.26 ) will be more convenient to Eq. ( 2.25 ) if it change

to exponential function by using Euler's formula.

r =|nle” (2.27)
-n) +(k,— k)’ k,—k k,+k

when |r1|2 _ (g nl)z + (ks 1)2 and S, :tan*I(M)—tan*I(L) (2.28)
(ny+n,)" +(ky+k) n, —n, n, +n,

The others, 7, and r;_ are just like ;. Then the phase different J; and J, are complex,
and they can be written as
0, =0 + 0y, = 2kynd, +i2kykd,
(2.29)
0, =0, +0,, =2kyn,d, +i2kk,d, +

where ky is the wavenumber in vacuum. The phase shift © need to add to J, because
the real part of our material is n; < n, < n; > ny. Accordingly, the coefficient » in Eq.
(2.25)1s
# +|r2
T 1+ nle ™ e BP0 L [n e B AT Ly [ o BB

|r1 |e 6751/ ei(ﬂzﬂslk) + |r3|e*(5|1+511)ei(ﬂ3*51R*52R) + |r1 ||r2 ||r3|efé‘z, ei(ﬂ1+ﬂ2+ﬂ3—52)

(2.30)

and the reflectance or R is equal r*.
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2.3.4 The Dispersion of Light by a Grating

Grating is the periodic structure which acknowledged as the device to
disperse or diffract the light. The famous theory that used to describe this phenomena
is the Huygen's Principle, which state that every unobstructed point of a wave front, at
a given instant, serves as a source of spherical secondary wavelets [25]. It is
extremely suitable to describe the diffraction from open-opaque grating, each
transparent channel act as a secondary point source (Figure 2.10). Each of them

generate the electric field E (r)e'("=t)

P T T

Figure 2.10 Secondary point source on an aperture [27].

If the grating has periodic in x direction, the intensity of the integral to the
wavelet of secondary point source (denote by white in Figure 2.11) along the x axis,
sum over each channel and change the electric field to the intensity; it will give

equation:

e

Where f = %sin 0 and a = %sin 0, N is number of secondary point source in one
channel, a is the period of grating, b is the width of groove, and k is wave number. The
graph of Eq. ( 2.31 ) also be plotted along & when a = 28 and N = 6 like shown in
Figure 2.12.
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Figure 2.11 Cross section of grating, a as a period and b as a width of grating.
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Figure 2.12 Multiple split pattern, I = (ﬂ) (M) when a = 2, N = 6.

4 sina

The peak that called principle maxima occur when sina equal 0, so a is the

number that number multiplied with n, 0,2m,+27+.... It can be written in a formula as
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k?asiné? =mnx where m=0,+1,£2,... (2.32)

Or asin@ = mm if the surrounding materials are vacuum and the incident angle is
zero. This is the famous equation, called grating equation. Even though there are small
peaks that called principle minima but its intensity is much weaker than that of the
principle maxima. Hence, the principle minima is ignored in our simulation

There is grating that not has an opaque material like the previous, but it is
the periodic from two different transparent materials. It is called transmission phase
grating [28] which quite ambiguous to apply the Huygen's Principle because each
point on grating can act as secondary point source. If we assume that it can work like
the previous cause which calculate just the point source in open channel along x axis,
but now, the point on two transparent materials also included. The point source inside
the grating may affect the wavelet of the surface point source, so the integral may be
take along 2 direction, x and z axis and it may become gross. The physicist doesn't
calculate this problem using Huygen's principle, but it can be solved by solution from

pseudo periodic field [29].

z Incidentwave
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Figure 2.13 A secondary point source for a transparent phase grating.

The pesudo-periodic field will be discussed briefly. It assume that the
periodic grating cause the amplitude of the diffracted wave be periodic. If the light
travel in plan xz with the incident angle # and grating is periodic in x, then the pesudo-

periodic field can be written as
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E‘(x+d,z) = E‘(x,z)e""""’ (2.33)
By using total field equation for periodic grating along x and y axis, Fourier series(to
write equation of periodic) and Helmholtz equation (wave equation for
electromagnetic wave), the grating equation for diffracted waves both reflected and
transmitted of arbitrary grating 2dimensional grating along x and y axis will be written
as
k,sin(@,,,)cos(g, ) =k, sin(d;)cos(g,) + 2dﬂ

X

, (2.34)
k, sin(@,,)sin(g, ) = k, sin(6,)sin(g,) + d—”m

y

The angles are described by two parameters, & and ¢ to cover angles in three

dimensions. 6;, @; are the incident angle, (84 ,, @4 ,) mean the diffracted angle of the
m order of diffraction, both reflected and transmitted ray. k; is wave number for
incident side but k; is wave number which reflected or transmitted ray. Just like
previous grating equation, these conditions stand for principle maxima or non-
evanescent wave. The grating equation from Huygen's Principle can determine only
one angle or it cover the light that travel in a plane, but the new grating equations
cover the light in three dimensions. It also cover two dimensional grating that have
periodicity in x and y axis. To use Eq. ( 2.34 ) for one dimensional grating as our
study, in such case, the grating is periodic in x direction and no longer have period in 'y
direction, then d,, — oo and term 2rwm/d,, is vanished. This grating equation just gives
about the diffracted angle and not concern the optical properties of the grating. The
optical properties for this equation are just surrounding materials, so if that equation
also held for the grating that coated by thin film.

There are some special cases of grating that called Grating waveguide
structure which very similar to our structure, it has a transparent grating layer and a
transparent wave guide layer. It gives an anomalous peak in very strict condition, and
it can make the transmittance or reflectance reach the extreme value, some case have
reach to 0 or 1. Calculation the position of peak through GSolver can compare to the

real, if the conditions are the same. It will be explained later in appendix A.
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2.3.5 The sunlight

The sunlight should be accounted to our configuration because the smart
window 1is surrounded by sunlight in general. The worse properties of sunlight are
short coherent and unpolarized light. They can destroy the interference from grating
and thin film, but there are some limits conditions of grating that may make diffraction
remain under the sunlight.

Coherent length is important to the thin film theory. It describes the length
of wave continuity, and it allows us to predict the phase of the wave at a given point.
For example, the superposition from two wave, one is known its phase, but the other is
not, then the result of this superposition become problem because the phase different is
unknown, and it makes the intensity equation, Eq. ( 2.19 ), cannot be calculated. It also
affects the thin film theory since the phase different is important to calculation. For

example, to calculate the reflectance, it uses the ray number 1,2,3 and further in Figure
2.8, the optical path length of them in reflecting angle @ are different by 2dngcos0;.

This value can be used to predict the constructive interference or destructive
interference, both of reflectance and transmittance, and it is helpful for thin film
technology. If the light has coherent length shorter than that value, that prediction may
become wrong or less effective. For this reason, the coherent length is very important
to thin film theory.

The diffraction from grating also has a problem with short coherent light.
In one dimensional grating problem likes Figure 2.14 with an approximately way, the
path different of ray 1,2,3 are used to calculate the condition of constructive
interference and destructive interference. Unlike the thin film, the optical path
different of each ray is different by n;a sin 8; — n;a sin 6;, but if the coherent length
lower than this value, the interference prediction may become wrong or less effective.

There has been a report of sunlight coherent length in vacuum; it is about
0.6pm [30]. This value is lower than DVD and CD gab period, those grating period are
0.72um and 1.52um respectively. However, the rainbow tab or diffraction pattern
appears on DVD and CD under the sunlight even though the period is longer than that
coherent. The pattern of DVD and CD are different; the color pattern on DVD seem to
sharper than CD. It may think that the DVD which has period close to sunlight

coherent length seems to have complete interference more than CD. Hence, it can be



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Physics) / 25

assumed that the shorter grating period can present the sharper color in color pattern

even though the period is longer than the coherent length of impinging light.

n;

ng

Figure 2.14 Light propagate through normal grating, where n; is refractive index of

incident side and n; is refractive index of transmit side.

2.4 Trail of the Color Representation on Grating

We already have known that there are various colors on grating. We could
calculate the diffraction angle of monochromatic light from grating but we lack the
way to represent that color. For instance, what color is that when the light is just
690nm? It is red, hard red or orange? And the problem are complicating if there are
many of monochromatic wave like spectrum. Imagine that we have grating and it
exposed by the same intensity of light from all direction. According to the grating
equation, there must have many monochromatic lights that diffracted to that same
point after grating. It seem hopeless if we mixed many light colors without apply some
theory. Fortunately, the ways to find the color have developed long time ago, since the
effort to distinguish and classify the color. A system for categorizing colors called
"Color order system". It has 3 major categories, but the one that appropriate to this
study is a pure physical approach, which consists of the CIE RGB and CIE XYZ
system (CIE is a contract form of International Commission on Illumination). It base
on human perception and the way to convert the spectrum to color like is illustrated in
Figure 2.15. It is called colorimetry or transform a spectrum to the color index (XYZ),
and it can transform to the form that acknowledged by a computer (RGB).

Consequently, we can represent the color on our grating.
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Figure 2.15 Color of the PEDOT calculated from spectrum.

2.5 Color Order System and Colorimetry

Color order system is a system for categorize colors [31]. There are many
established system such as Munsell, which established since 1981 and still be used.
This system uses 3 parameter of hue (tone color), value, and chroma (white sensation).
Munsell system does not related to the incoming spectrum into the eyes, so it is not
suitable to our study. There is another color system that base on the photo-respond to
the spectrum. The human photoreceptions consist of 3 types of cone cell and 1 rod
cell. These 4 signals from each receptor are reduced to 3 signals by nerve system,
called Opponent Process [32]. That may be the reason why the colors, such as RGB or
XYZ, need just 3 parameters for description.

The famous color order system that quite universal is CIE RGB and CIE
XYZ. Those color systems use the superposition of three primary colors or color
matching functions that is described in Figure 2.16- Figure 2.17, which have different
spectrum curve. The components of each primary color are called tristimulus value,
and the color indexes of the spectrum depend on how much each primary color
responds to that spectrum. Those three combinations can also match the color from a
monochromatic light source. In the other hand, if we can have the sources that can
emit the primary color spectrum, it will represent all human perception colors. This is

contrast to the RGB system that was derived since 1920, some of them have negative
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value and it is impossible to build the source like that. Consequently, the other derived
system need to be without negative value that is the XYZ.

It should be noted that RGB system and the color index RGB, which used
in now a day such as SRGB or Adobe RGB, are different. It is because the name of the

later one is founded from the real light sources that emit red, blue and green color,

while the RGB system is use the imaginary light sources.

Colour matching functions

- [ P o]
= o E-3 o

Tristimulus value

2
o

=3
o

~/

L 1
449 450 - 550 S 650 00 750
Wawelength (nmj)

gin

Figure 2.16 RGB color matching functions [33].

Later, in 1931, new primary colors with non-negative value were
established with a full name Color Matching Functions for the Standard Colorimetric

Observer. In short in called CIE 1931 XYZ(but let call CIE XYZ) and the thristimulus
values are denoted by X,Y and Z and defined by

X=K, f FDF(DAA
Y = Kmff(/l)f’(/l)d/’l (2.35)

Z=K, j F)ZA)dA

X(4),y(A) andz(A) are the color matching functions which official reported by CIE
Technical Committee [13], [34] and represented in Figure 2.17, which have unit less.

The integral take to the incoming spectrum f(4) over the light spectrum (in our study,
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we chose from 380 to 750nm). The spectrum f(4) is the intensity superposition from
monochromatic then it should have a unit in radiant flux per unit wavelength. The
constant K,,, is 683 lm/watt. Hence, a unit of X, Y and Z are Im or lumen. It is rather
specific for y(A) which particularly designed to match with the CIE photonic
luminous efficiency function(¥(A1)) then Y value is proportional to the luminous or
luminance of the object, while the value of Z is correspond to blue, and X is mixed
between red and blue as shown in Figure 2.17. Those primaries also are derived to

have same area; such property can be written as

Ii@@d&=!f@@dﬂ=f§@@d& (2.36)

400 500 600 700
A/nm

Figure 2.17 CIE XYZ color matching functions (1), y(4) andz(A) [13].

There is another form of XYZ to describe the object's color. It consist three parameters
as previous, one of them will represent luminance while two left will tell about tone
color. The luminance has already defined, it is Y value, while the color tone is defined

from x, y and z:

X R _z
“x+v+z) T Xx+v+z2 T X+v+2Z (237)

X

The properties of xyz are
x+y+z=1 (2.38)

and when x = y = z = 1/3, it will represent the pure white color. Those cannot go to

negative value since the XYZ cannot be negative. It is reasonable to use just x and y
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since z can be found through Eq. ( 2.38 ). Hence, all color tone of the object can be
plotted in two dimensional spaces (xy space as shown in Figure 2.18) and we called
that value as chromaticity (color of object without luminance or brightness). However,
just two degree of freedom of xy chromaticity value is not a real color of the object
because lacking brightness, but with addition Y to be Yxy will cover the real color and
it can transform back to XYZ. The separate description of the brightness and the

chromaticity is a good point of Yxy index.

00 0.1 02 03 04 0.5 06 07
X CIE1831

Figure 2.18 The xy color space, describing the chromaticity of the object.

Even though the human can find the all color they can see, but it a limit to
their device for displaying all color [35] if it not the primary colors. We can't reach
some colors by our device, for example by painting, printing or displaying. The color
space that can represent by a device is called gamut (Figure 2.19) which dependent on
the physical characteristic of that device. Normally the color space that apply in a
commercial LCD is sRGB and for high end is AdobeRGB 1998(larger gamut). A
normal printer can represent color in CMYK color space and hexachrome
(CMYKOQ). Note that, the primaries of SRGB and AdobeRGB are not the primaries
of RGB as described before, but they correspond to the light sources of red, green and
blue in the LCD or CRT monitor. To represent color between the display system and

printer system, they need to be transformed to XYZ first and then be transformed to
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the color index of the destination device. This is according to the discipline of the
International Commission on Illumination. Some problems of color representation can
arise between the LCD and printer. It because the boundary of gamut for the LCD
display and the printer are not the same as shown in Figure 2.19, some color can
display by LCD but the printer can't produce that color. This can be solved through
some approximations that make the out of gamut color move to inside gamut but it
also disturb all color of the picture. However, this approximated color may not make
normal people be annoying except for the expert of color like a photographer. Note
that, the color space in Figure 2.18 and Figure 2.19 are an approximated color because

the fact that there is not device that can represent all colors.

CIE 1931 2° Chromaticity Diagram

Adube RGB 98
7

Figure 2.19 Gamut regions show the color space for sSRGB, Adobe RGB, CMYK and

hexachrome [35].

There are two CIE standard observer that is CIE 1931(2°) and CIE 1964(10°), 2°
and 10° are the observation angle. These two have different matching function (but
different a little). Some paper recommended using CIE 1964(10°) for observing the
homogeneous sheet, but in this study, the grating has various colors depend on the
observation angle. Using the color matching for homogeneous may not proper to the
grating's color. So it may be appropriate to choose CIE 1931(2°) for the matching

functions.
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2.6 Encoding from XYZ to sRGB

This work is going to find the color from grating. After calculation the
spectrum at any point and changed to color index XYZ, then it need to transform to
sRGB color space for LCD representation. To avoid the difficult of the transformation,
it is easier to use the white light as the SRGB white source (called white point) and
fortunately it is D65 or the daylight color at the noon in Europe [13]. It is more
difficult if we study under the lamp, orange light; it require the some method that will
help to get rid of the orange color and it quite complicate. The XYZ from D65 need to
be normalized by apply the coefficient that make the Y equal 1.000, and it will make
X=0.9504 and Z = 1.089 automatically. Now, after the light from D65 diffracted by
grating and be changed to XYZ, it can be transformed to the sSRGB color space

through the matrix operation.

R 3.2406 —1.5372 -0.4986][X
Gs| =1-0.9689 1.8758  0.0415 ||V (2.39)
B 0.0557 —-0.2040 1.0570 1Lz
The color component transfer function is as below:
R = Rs x12.92, G = Gs x12.92, B = Bs x12.92 (2.40)
If Rs, Gs or Bs are greater than 0.0031308
R = 1.055 * (Rs)'/?5 — 0.055
G = 1.055 % (Gs)*/?> — 0.055 (2.41)

B = 1.055 * (Rs)'/?5 — 0.055

This is the encoding profile from International Color Consortium or ICC for the sSRGB
(Document: IEC 61966-2-1:1999). This RGB is in range 0-1. It is possible that some
values exceed 1 or can be negative. That value is come from the color that out of
sRGB gamut, for example x, y = (0.5, 0.2) as shown in Figure 2.19. It is no exact way
to deal with that problem color, we can approximate that color in many ways. Finding

the closest point to SRGB is the method that we use for such a problematic color.
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CHAPTER I
PREPARATION AND METHODS

This thesis simulates spectra from grating smart window and converts it to
color. We interest three grating type; some of them can be fabricated. Spectra from
those grating are simulated by GSolver. However, the optical properties of PEDOT are
not in the GSolver database, so it is requirement in order to simulate spectra. We
investigate the spectrum from all angles, so it needs to explain our configuration.
Those spectra will be transformed to XYZ or Yxy color index via colorimetry. To
describe what color on grating, we draw the field of view which represents the color in
two dimensions. The position of field of view relate to the transmitted angle of the

light from the grating smart window.

3.1 Grating Structure

The grating structure that used for this study consists of electrochromic
layer and ITO layer because these layers are small enough that the interference from
the sunlight can occur. Therefore, the calculation will use just those layers to find the
spectrum. Three types of gratings are used in this study (Figure 3.1), the grating layer
is 1-dimensional periodic of PEDOT and Al,O3. Each of them is quite familiar to each
other but for a grating, a little different structure is enough to produce a different
interference. It means that the color from these three grating may be different. The first
grating, structure A, is similarly designed and fabricated by Ganesas et al. [6] or a
single line grating of PEDOT and Al,Os. Structure B is just like A, but added the
bottom layer to ITO to form a double grating layer. This additional layer is similar to
the top layer and those PEDOT of the top and the bottom coincide to each another.
Structure C is just like structure B, but the coinciding of the top and bottom layer is
PEDOT and Al,O3. Structures B and C give more surface area than structure A when

PEDOT volume of A, B and C structures are equal. The larger surface produces faster
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switching time like occur in the nanorod PEDOT [36]. It is similar to B and C
structures,

Normally, above of the grating layer is the electrolyte solution, while
underneath the ITO layer is glass. Both of those will be treated as superstrate and
substrate, respectively. Those refractive indices are also used in calculation, and those
are not much disperse in light spectrum, so they and can be treated as constant
refractive index with 1.33 and 1.50 for the electrolyte and glass respectively. This
thing will apply to structure A, but for structures B and C, the substrate and superstrate

are the electrolyte solution.

PEDOT AlLO;
ITO
A
PEDOT AlLO;
ITO
PEDOT AlLO;
B
PEDOT AlLO;
ITO
AlLO; PEDOT
C

Figure 3.1 Cross section of A, B and C grating structures.

There are three parameters of grating structure that can be modified. These
are period of grating and thickness of grating layer and ITO layer. Those length are
limited because of the sunlight coherent length, those value should be lower than
720nm (from the DVD period that still occur the diffraction under the sunlight). The
grating period should be larger than 380nm, the diffraction from grating will not occur
if the period is lower than that value; it is the minimum limit of the period. Therefore,
the grating period can be anything in that limit, and 550nm is an interested period our

structure. Similarly, the constructive and destructive from the thin film would not
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occur if the optical path different is lower than that value. Therefore, the thickness
should be smaller as possible and we select 350nm and 100nm are the thickness of

grating layer and ITO layer respectively.

3.2 GSolver

GSolver program is used in order to find the transmission spectrum from
grating. It give numerical solution from Maxwell's equation for periodic grating
structure that surrounded by 2 homogeneous materials, substrate and superstrate. The
light intensity of each direction is obtained through Algebraic Eigenvalue model
which is the most recommend model by the program. Any grating structure can be
simulated from any material by the program, for example, a blazed grating. Some
material profile does not exist in the program database, but it can be added later such
as PEDOT. GSolver also provide the calculation in wavelength, but it should be match
with the material profile. For example, the calculation about Al,O3 must be in range of
its optical properties dispersion in GSolver database that is between 250-926nm. This
study use light spectrum or wavelength between 380 to 750nm (step every 5nm), so
Al,O3 is not a problem for this calculation, ITO does too (normally this GSolver
contain the refractive index dispersion from 250nm to 0.8-1.2nm). When this program
finishes the running, it will present the data like Figure 3.3. Those are reflectance and
transmittance of the given order of diffraction. The disadvantage of this program is
inconvenient to find the diffraction angle. We can input any incident angle in the
calculation but it is not automatically reported the diffraction angle with those
reflectance and transmittance in the result page. However, it can be calculated
separately in this program at the Angles-Calc tap (we found out that the program
calculates the angle of diffraction according to the Eq. (2.34)).
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Figure 3.3 The GSolver resulting window.

Even though GSolver use a numerical method such as Algebraic
Eigenvalue to find reflectance and transmittance, but it also agree with thin film theory
if it used to solve thin film problem. A single layer thin film is used to find this

coherent. The configuration is as show in Figure 2.8 when n; = 1.33, n; = 1.6,

n, = 2.0, d = 375nm and the incident angle is zero. The reflectance spectra from
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GSolver and Eq. (2.22) for the single layer thin with incident wavelength from 380 to

750nm are the same thing as shown in

0.05
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Reflectance

0.01

0
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Figure 3.4 The single thin film reflectance spectrum from single, evaluated from Eg.
(2.22)

0.04

0.03

Diffraction E ficiency
[=]
5

0.01

0.00
0.39 0.42 0.45 0438 0.51 0.54 0.57 0.60 063 0.66 0.69 0.72 0.75
Wavelength

Figure 3.5 The single thin film reflectance spectrum from single, evaluated by
GSolver. Diffraction efficiency is reflectance, and wavelength is in micron

unit.
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3.3 Refractive Index of PEDOT

GSolver the optical properties in n and k, but it does not contain PEDOT
optical profile like Al,O3 and ITO. However, that data can be collected from the J.
Hwang's paper [24]. It was reported with a graph with the conductivity (o) and the
absorption coefficient («) instead of n and k, so it need to change the o and « to » and &
by applying Eq. (2.6 ) and ( 2.12 ). The values of ¢ and « are collected from the graph
by using GetDat Graph Digitizer program to find the position data which illustrated in
Figure 3.6. The original paper report the dispersion in wave number unit or cm™, it
need to change to um for GSolver calculation. After changing the unit and using the

equation, it reveals the » and & profile of PEDOT like shown in Figure 3.7.
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Figure 3.6 Optical conductivity (¢;) and absorption coefficient () [24].
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Figure 3.7 The PEDOT optical properties n (above line) and £ (under line) that loaded
to GSolver. This wavelength unit is micron.

3.4 Scope of Incident Light

The grating is a tool to diffract light. It usually appears the rainbow tap on
the grating if the light imping on just one direction. However, it will be another if the
light falls on to grating from many directions with the same intensity. This situation
may occur to the grating when it is exposed by the light from the sky which are
covered by the white cloud, or the reflected light from the white wall. Those are like
the diffracted color on DVD grating that shown in Figure 3.8. The left in that figure is
the diffraction from the one incident angle which show rainbow tab while the right is
the diffraction from many reflected lights from the behind wall, impinging on the
DVD in many directions. The later has not the rain bow tab, but it seems to an abstract
paint color. The cause of this may come from the fact that many wavelength of light
can be diffracted to the same angle; the color of that direction is mixed.

For the DVD, the diffracted light is the reflected light from grating, while
our cause is transmitted light from our grating. So the observer of this study is in

opposite side to the incident light as shown the configuration in Figure 3.9
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Figure 3.8 Diffraction on DVD plate, from one incident angle (right) and from many

(left).
/ white light
large whitewall
] Field of view
Incident ray Diffracted ray
radiate bywall prrar

Eves

grating smart window

white light

Figure 3.9 The configuration of this study, All incident angles from the wall impinging
on grating structure and diffracted to the observer.
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3.5 Angles

Angles are used to define the direction of the incident ray and transmitted
ray. To define the angle in 3 dimension, it need 2 degree of freedom, that is 8 and @. If
the grating place on xy plane, 4 is the angle to tell how the ray is away from the z axis,
@ is the angle between the projected ray to the xy plane and the x axis as shown in
Figure 3.10.

k A z
4]
£~
y
7
=

Figure 3.10 Angles definition.

In the simulation, we need the spectrum to draw the color along all
transmitted angle, but GSolver cannot solve that directly. It cannot calculate the
spectrum from given transmitted angle, but it calculates from the incident angle.
Consequently, it need to find the incident angle from given transmitted angle and this
can be done by using grating equations in Eq. ( 2.34 ). For our configuration (periodic

along x axis), that equations is

2m, sin(8,) cos(g,) = 2;271,- sin(6;) cos(¢,) +2dﬂ
° ’ ' 3.1
om (3.1)

sin(a)sin(qﬁ,)=%sin@)sin(¢z)

Where index T and | refer to transmission and incident medium. With Eq. ( 3.1), the
incident angle (6;, @;) can be found from diffraction angle (6;, @;) and wavelength A,.

After arrangement to find (6;, @;), the new equations are
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d n,sing sing,
d_n,sing, cosé, +mA

¢, =tan _1(

_ (3.2)
d n,sing, cosg, + mA

d n, COSg,

9, =sin™(

Fortunately, GSolver allow formula script like in Microsolf Excel, this will make the
calculation more convenient. Finally, let denote that ( , ) refer to the pairs of angle, the

first value is 9, later is @.

3.6 Field of view

The field of view is color field that relate to the transmitted angle, and it
represent the image that perceived by an observer’s eyes. In the eyes, there is the lens
that can make the parallel light convert to the same point [25] as shown in Figure 3.11.
We exploit this to the transmitted light from our grating structure. Many
monochromatic lights that transmitted to the same angle would be converted to the
same point. This is the basis idea of the field of view, each point on field of view relate
to the transmitted angle and it should be draw as a circle. However, the radius of the
circle is a problem, how radius of the field of view should it be to make it resemble as
the real object if its picture is place before the eyes? From the fact that each point on
field of view relate to the angle, we think that the field of view should be place at the
position that make the points from the picture correspond to the angle that they

calculated from as shown in Figure 3.12, then that field of view picture will resemble

—

Lens Focal plane

Figure 3.11 The parallel ray from grating, converting to the same point after the lens.
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Field of view picture
Grating image

Figure 3.12 Resemble the color on grating via the field of view picture by moving it to
the right position.

the image from the grating. Therefore the size of field of view can be any as long as
we can move the picture to the right position. If it is larger radius, then the eyes just
move away longer from that picture. We denote the radius of field of view by D and
the angles coming from the transmitted angle (6;, @;). From those two, the field of
view can be written in the radial form as

r = Dtan,7 + ¢.¢ (3.3)
like described in Figure 3.13. We can plot this in Ghost Script program which provide
the radial drawing command. The pattern of diffraction from grating is symmetry, and
for 1 or 2 dimensional grating, they have 2 symmetry axes. Consequently, using just
1% quadrant for drawing is enough to span the whole image. The 1% quadrant is
divided to many section, each section correspond to the different transmitted angle as

shown in Figure 3.14. The color of each section calculate from the angle of the center
position of each section which be labeled in that figure.
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Figure 3.13 Radial coordinate of field of view.
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Figure 3.14 Relation between the section on field of view and the diffraction angle.
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CHAPTER IV
RESULTS

The color of grating smart window, derive from the transmitted spectrum
from 2 layers, grating (PEDOT and Al,Os) layer and ITO layer, between superstrate
n=1.3 and substrate n=1.5. The incident spectrum to our grating structure is the
sunlight spectrum, called D65, and fall on to grating in all direction. Those colors are

represented in field of view which used to resemble the real image from the grating.

4.1 Spectra

Before calculate the color, it need to find the spectrum which can be
calculated through GSolver. The transmitted angles of our calculation are 0 < 6, <
60 and 0 < @, < 90, both of them step every 15 degree. The spectrum of any
transmitted angles are come from zero-order (m=0) and first-order (m=1,-1) of
diffraction. There are the other diffraction orders, but its intensity cannot compare to
those two and can be neglected. In this study, the spectrum from zero-order is called
main spectrum and noise spectrum for the first-order. The separated spectrum is more
helpful in analysis than the merge spectrum. Some angles have only main spectrum
without noise spectrum because all the incident angle cannot diffracted to that
transmitted angle at that wavelength. For example, the diffraction angle (45,30), have
only main spectrum because the 8; from the grating equation, Eq. ( 3.2 ), is undefined
when m = 1 or -1. Only the following diffraction angles can have the noise spectrum,
i.e., (0°,0°), (15°,0°), (15°,15°), (15°,30°), (15°,45°), (30°,45°), (15°,60°), (30°,60°),
(15°,75°), (30°,75°), (15°,90°), (30°,90°) and (45°,90°). The spectrum from all
transmitted angles are calculated, but only (0°,0°), (30°,0°), (30°,45°) and (30°,90°)
are shown in this book for comparison. Those positions of those selected angle in the
field of view are represented by the circles as shown in Figure 4.1.
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The main and noise transmittance spectrum of structures A,B and C from
(0°,0°), (30°,0°), (30°,45°) and (30°,90°) diffraction angles are shown in Figure 4.2-
Figure 4.4 respectively. Each graph also compares the noise spectrum and the main
spectrum of neutral state and doped state. For the main spectrum, the doped state is
much higher than the neutral state, except it tail. The neutral state is higher around the
wavelength 400nm and 700nm. It seem that there is similarity in between the angle
when consider from the main spectrum. The spectrum from (0,0) and (30,90) are
similar to each another. It is also for (30,0) and (30,45) as well. The main spectrum is
always higher than zero unlike the noise spectrum. The noise spectrum also have
similarity in the angle (0,0) and (30,90) but not for the others angle. Considering the
whole spectrum results of each structure, spectra from A and B are similar in shape to
each another for both neutral and doped states. However, some angle is different in the
noise spectrum, the A seem to be higher than the B in the angle (30,45). The
comparison of each spectrum from those two structure at all observed angle farther
(which don't show in this book) also reveal that when the angle 6, = 60, their spectra
are look very different in the noise spectrum. It quite corresponds to the color result in
the field of view (compare between Figure 4.8 and Figure 4.9). Even though A and B
spectra curve is look very similar, but they are slightly different. The A spectrum is a
little lower than the B spectrum in the neutral state and it may lead color to be darker.
However, it can anticipate that those which have similar spectrum may represent
similar color. In contrast, structure C spectrum is obviously different from those two.
It also have similarity in between angles (0,0)-(30,90) and (30,0)-(30,45), also similar
but the spectrum from the pair (0,0)-(30,90) of structure C is similar to and (30,0)-
(30,45) of structures A and B. Hence structure C would have similar color to structures

A and B but the color alignment may be different from the others structure.
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8,= 0 15 30 45

60

Figure 4.1 Selected point for spectrum representation to the field of view.
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From the grating equation, it state that the wavelength that approximately
longer than the grating period is not diffracted. It may lead to confuse that why grating
with 550nm period can have noise spectrum, which come from the diffraction, of the
longer wavelength. It is because that noise spectra is calculated from the various
incident angles which can be diffracted to the transmitted angle like shown in Figure
4.5. 1t may think that the light see the period of grating be longer when it impinging at
the oblique angle. Therefore, the longer wavelength can have the transmittance

because it can be diffracted.

diffraction angle

Bird:'i

Incident angle

Figure 4.5 Depict many incident angles that can be diffracted to the same diffraction

(transmission) angle.

It is hard to comprehend the main and noise spectrum curve from our
structure. However, one can notice that the main spectra curve correspond to the
extinction coefficient (k) of PEDOT in both state, which shown in Figure 2.7. It is
because the extinction coefficient tell about how much the light is absorbed, higher k
value correspond low transmittance. For example, the neutral main spectra of
structures A and B in the angles (0,0) and (30,90) have the crest around 600 like the k
of neutral PEDOT. The spectra from those angles are also suspicious, why they are
similar even though those angles are different. The reason may come from the fact that
the period of those angles are not different to the incident light, Figure 4.6. However,
there is the different of the neutral main spectrum from (0,0) and (30,90), the intensity

from (30,90) seem to be lower. It is because the transmitted light from (30,90)
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propagate more distance in PEDOT and lead to more absorbed. In the other hand, the
neutral main spectrum from angle (30,0) and (30,45) are more complicate, their
intensity decrease farther than (0,0) and (30,90). This may be described by using the
intensity equation for grating (Eqg. ( 2.31 )). Besides the configuration parameter, the
intensity is also depend on the number of the slit or N, it proportional to NZ2.
Consequently, it is possible to think that the N of angle (30,0) and (30,45), somehow,
are lower than (0,0) and (30,90) angle. The intensity equation also state that the
spectrum of zero-order(main) always higher than the first-order(noise), and it is
according to the graph except the neutral spectrum of (30,0) and (30,45) angles.
Around 400-480nm of those angles, the noise spectrum shows little higher than the
main spectrum. It probably because the incident angles of the noise spectrum at that
wavelength are close to zero, which give N larger than the main spectrum.

Consequently, the intensity of noise spectrum becomes higher.

Incident ray

Figure 4.6 The incident ray (0,0) and (30,90) realize the same period length of grating

Even though Al,O3; and PEDOT in doped state are transparent, but the
grating from that materials still has the effect from the diffraction because they are not
completely similar in optical properties. Consequently, the noise spectrum still exists
but quite low because the optical properties of those materials are close together. The
tail of all noise spectra always decrease unlike the main spectrum. It is so because the
longer wavelength of noise spectrum propagates the high incident angle. It mean that it
propagate in PEDOT longer and be more absorbed. Some wavelength of noise

spectrum may drop to zero because it is not satisfy the grating equation (Eq.( 2.27)).
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Structure C is very extra ordinary because it switches the result and seems
that the normal grating equation cannot interpret the result from structure C. We
cannot understand why the spectrum from (0,0) of structure C is similar to (30) of
structure A. We try to use the rays that propagate through our grating structure as
shown Figure 4.7 to get some idea. From the figure, the ray that imping on structure A
at the angle (30,0) (ray2) and the ray form structure C at the angle (0,0)(ray3)
propagate through the materials with the same order. The ray 3 propagates from
Al,O3-ITO-PEDQOT that similar to the ray 2, while the ray 1 and 4 is from Al,O3-1TO-

Al,Os. This is just the guess idea but it seems to have a reason.

-= PEDOT = Al203 -= ITo

Figure 4.7 Depict the material that the ray propagates through. Al,O3-1TO-Al,O3 for
the ray 1 and 4 and Al,O3-1TO-PEDOT for the ray 2 and 3.

4.2 Field of View Color

All spectra of each direction are transformed to color through the
colorimetry method and the field of view will be drawn in first-quarter as written in
chapter 3. It will reveal what color on grating to the observer. The field of view from 3
structures is reported and include with normal structure. The normal structure that has
just PEDQOT in grating layer is used in order to comparison between the grating smart

window and traditional smart window.
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From all result, structures A,B,C and structures with their both state seem
that a longer radius color at the longest radius have deep or darker color compare to a
lower radius color. The longer radius proportion to the larger angle, the light will
propagate more distance and be more absorbed and become darker. All the color on
structure A, B and C are rather colorful when they are in neutral state. In the other
hand, the doped state seems to have a homogeneous color, but there is a dim dissimilar
color appears around the vertical axis. This nonhomogeneous color does not appear in
the normal structure. Among of grating structures, structure C seem to have rather
homogeneous than the others.

In neutral state, the color of from structure A as shown in Figure 4.8 is
rather homogeneous blue when 68, < 30°, while the farther angle gives various color
appearance, i.e., purple, brown and green. A Color of the angles that close to vertical
axis which @, is around 75°-90° is similar to blue color. The color appearance of
structure B is very similar to structure A. However they are different in the saturation
at the high degree 6, = 60. Structure B seems to have low saturation than structure A.
The cause of this is the higher of noise spectrum which can be noticed from (60,0) of
structure B, as shown in Figure, lead the brightness higher and the color become lose
the saturation. In contrast, the color appearance of structure C is different, the color
around the center is rather colorful than those two structure as shown in Figure 4.10.
The blue tone is along the (60,60)-(30,0) angle instead vertical axis and the overall
color is similar to structure B which lack of saturation. Hence, we can conclude that
double layer grating structure like B and C provide the less saturation color to the
smart window. However, amount of all structure, neutral from the normal structure
show the most saturate because it show the most dark color. The color of all fields of
view is evaluated for present by the normal LCD with SRGB gamut.

The printer, which have different gamut, may present the color different
from the LCD, but this different is just a little.
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Neutral State

Doped State

Figure 4.8 Field of view of structure A when period = 550 nm and grating thickness =

700 nm. The superstrate and substrate is 1.33 and 1.5 respectively.
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Neutral State

Doped State

Figure 4.9 Field of view of structure B when period = 550 nm and grating thickness

of top and bottom are 350 nm. The superstrate and substrate are 1.33.
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Neutral State

Doped State

Figure 4.10 Field of view of structure B when period = 550 nm and grating thickness

of top and bottom are 350 nm. The superstrate and substrate are 1.33.
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Neutral State

Doped State

Figure 4.11Field of view of normal structure(a structure without Al,O3). No period
length and the thickness of PEDOT layer = 350 nm. The refractive

indeices of superstrate and substrate are 1.33 and 1.5, respectively.
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4.3 Luminance and contrast

One factor that is important for the smart window is the brightness which
can be interpreted in luminance. A luminance value can be collected from the Y value
in XYZ color index. The ratio of the luminance between the neutral state and doped
can be acknowledged as light controlling ability. We call it as contrast which can be

defined as.

Contrast = 100(1 — ~neutrat

Ydoped
The contrast is set between 100 and 0. The highest value mean the light cannot
propagate out from the window in neutral state which is the best in light controlling
ability. On the other hand, the lowest value mean there is no different in transmitted
light between the neutral state and the doped state.

The luminance and contrast of field of view from Figure 4.8 - Figure 4.11
are represented in Figure 4.12 - Figure 4.14. The horizontal axis is the angle 8, and
each line on that figure refer to the angle @,. All luminance from that figures, both
neutral and doped, main and noise spectrum, show that they decrease when the angle
8, increase. It is correspond to darker color on the field of view with the same reason.
Among of the grating structure, structure A shows the highest in the average
luminance of each angle @,, structure B and structure C are lower respectively. To
explain the highest luminance from structure A, it probably is the effect from the
number of layer that the light propagate through. From the superstrate to the substrate,
the light propagates through structure A by 2 layers, but 3 layers when it is structure B.
More transition layer mean more reflected lights, and if they are in phase, it will make
the intensity higher. That corresponds to the lower transmittance, thus the luminance
of structure B is lower. The luminance is different in angle @, when 8, is equal. It is
similar to the different spectrum in the angles (30,0) and (30,45). The reason may
affect from the N number and the ray path of the noise spectrum. Dissimilar to the
neutral, the doped luminance show a little diversion. It is probably because a little
different between the doped PEDOT and Al,O3; optical properties. When the both
luminance from each state are transformed to the contrast, it quite opposite to the
luminance, the highest average contrast seem to be structure C, structure B and A are

lower respectively. It means that structure C gives the light controlling ability better
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than structures A and B. It means that C is the most comfortable to grating smart
window in the light controlling. However the normal structure is better in that ability
than all grating structures.

In our luminance and contrast result, their values when 6,; = 0 are the
same. It is so because we use the circular polarization which makes the light
independent to @; when 8,; = 0. When we use the linear polarization, we observe that
when 6, = 0 the transmittance is depend on @;. This cannot be described from the
classical grating theory, but it does so as it reported (Figure A.1 [37]) . It may be
similar to the different in s and p polarization of reflected as describe in chapter 2. In
contrast, the light from the sunlight does not depend on that angle. The sun is the
unpolarized light which have random the polarize direction while the circular
polarization is not. Those two are not equivalent but this study is just approximation.

Thus, we use the circular polarization in order to avoid that problem when 6,; = 0.
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Figure 4.12 Represent the luminance for neutral PEDOT in all observed angle for

structures A,B,C and normal.
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4.4 Discussion

We also attempt to describe the transmitted spectrum from our grating. We
concentrate in our structure A when the incident angle is zero, it correspond to angle
(0,0). To analyze with classical theory, we assume that the grating layer of structure A
is just homogeneous layer of PEDOT or Al203 like Figure 2.9. Therefore we can use
thin film theory for double thin film. Therefore, we derive the transmittance from the
Eq. ( 2.22 ) like the reflectance in Eg. ( 2.30 ). The problem is arise from the
coefficient t that should be lower than 1. The coefficient t5 is
t = 2N,

Niro + Napo,

The definition of t3 is the amplitude of the incident electric field in ITO (E/°) divided
by the transmitted electric field in Al,O3 (E:”203). The electric field E{”zo3is always
lower than E/"° because the energy distribution from the reflectance. Hence ts is lower
than 1. In our case, n;ro is larger than ny; o, it make t; greater than 1! It is so trouble

because it contrasts to our case. Hence, we use the reflectance, which always lower
than 1 in any case, to avoid this problem.

According from the relation 1=R+T+A, the slope of transmittance should
be inverse to the reflectance. It seems to be like that when compares the T from the
simulation to the classical calculation of neutral PEDOT as shown in Figure 4.15.
Especially, it rather agrees with that relation at the wavelength more than 500, but it
disagree for the lower wavelength. We also find the spectrum when the period of
grating structure is very small. That thing can be treated as the homogeneous material
from PEDOT and Al203. To find the optical properties in the case like that, we apply

the volume average to our materials to find the effective optical properties

Ny =%(A+ VA? +B?)
Ko :%(—A+ VA% +B?)
where

A = P(Nepor —Kpepor ) + (- F’)(nxzuzo3 - kf\lzos) '

B= 2nPEDOT kPEDOT P+ 2nAI203 kAI203 1-P),
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P is the porosity; it is 0.5 to our cause. The spectrum from the effective optical
properties is similar to the case of just PEDOT. The inverse of the slope between R
and T seem to start at 550 nm. Hence, we can describe the spectrum from the grating
by use the effective properties when the wavelength is greater than 550nm. Notice that
our grating period is also 550nm. It is probably because the light of higher wavelength
feels the grating layer as a homogeneous layer. However, the effective theory cannot
apple to the wavelength that lower than the period, it is disagree like shown in Figure
4.16
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Figure 4.15The transmittance from the simulation and the reflectance from thin film
theory when the top layer is neutral PEDOT.
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Figure 4.16 The transmittance from the simulation and the reflectance from thin film
theory when the top layer is effective medium from neutral PEDOT and
Al,O3
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CHAPTER V
CONCLUSIONS

This thesis has started with the simple hypothesis that the smart window
can be made from the grating structure, periodic from Al,O3; and the electrochromic
material, PEDOT. We studied this in order to find the feasibility to make the new type
of smart window. There are so many electrochromic materials, but PEDOT is selected
because it show the high light controlling ability and give high switching time between
its transparent state(neutral) and dim state(doped). We investigate by use using the
diffraction calculation from GSolver to simulate the transmitted spectrum from the
grating smart window. It can be converted to the color index and luminance. D65
sunlight spectrum is used as the incident light in order to simulate the transmission
diffraction under the sunlight. In order to find the color that the human can respond in
the eye, we use the idea of parallel transmitted light will convert to one point after the
eye lens. The diffracted lights from grating structure that transmitted to the same angle
are the parallel light in our case. The spectrum of any angle is made from the
monochromatic wavelength that diffracted to that angle. We can calculate the all angle
by the grating equation that covers the angle in three dimensions. That spectrum from
that will be transformed to XYZ color index by the CIE XYZ colorimetry in order to
represent the color.

Three grating structures, A; B and C, which quite similar to each other are
investigated. The results from those are also compared to a normal smart window
structure which has only PEDOT in the structure without AI203 in electrochromic
layer. The transmitted spectra are reported in form of the main spectrum (first-order of
diffraction) and the noise spectrum (zero-order of diffraction). The tail of the main
spectrum is according to the extinction coefficient. In contrast, the tail of the noise
spectrum always drops because those wavelengths come from the high incident angle;
they propagate longer distance in the structure. It corresponds to be more absorbed and

make the transmittance drop. The spectra from structures A and B are analogous; it
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corresponds to color similarity. For the color appearance on field of view when
PEDOT is in neutral state, structure A in neutral state look alike to structure B that the
blue color is near the center (angle (0,0)) and vertical axis while the others angle give
various color such as purple, brown and green. There are also various colors in neutral
state of structure C, but it is different in some way from the A and B. One also can
notice that the color from structures B and C in neutral state are less saturate than
structure A, so the double grating layer like structures B and C may not be a good
choice for smart window when concern its color. However, the colors of doped state of
all structures seem to be homogeneous like the normal structure. Accordingly, the
color on the doped state may show just one color like the normal smart window while
the neutral state gives various colors. Therefore, it may prove that the grating smart
window can be the application of window like the normal. The luminance that comes
from the Y value in XYZ color index is used in order to describe the brightness. For
luminance in neutral state and doped state, each structure show that A > B > C >
normal. In light controlling ability or the contrast, it is evaluated from luminance ratio
between the neutral state and the doped state. In that result, structure C is the highest
in amount of the grating structures, B and A are next respectively. Thus, we may have
two choices for the grating smart window that is saturated color but lack the contrast,
which is structure A, or the opposite that is structure C. However, for the contrast, the
grating structure cannot compare this ability to the normal.

By application the thin film theory to the grating smart window, it seems
that it can apply when the wavelength is larger than the grating period, 550nm. We
investigate this when the incident angle is zero. We think that the value may increase

for the oblique incident angle because the period becomes larger to the light.
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GRATING WAVEGUIDE STRUCTURE

There is some kind of grating structure that can make the reflectance or
transmittance reach near to the extreme values, 0 or 1. It is the structure that called a
grating waveguide structure. It can be made from the grating layer and the transparent
thin layer. Those two need to be stick together. An anomalous peak from the grating
waveguide is a sharp peak as shown in Figure A.l. It reaches an extreme value when
the resonance condition is fulfilled. A reflection filter [38] and a security marks [39]
are its application. Beside, Cunningham et al. have already accomplished to use it as a
biosensor [40]. When the bio molecule reacts with particular material that coat at
superstrate or substrate, it affects to those refractive indexes and causes the anomalous
peak shifting. The refractive index will change and cause shifting of anomalous peak.
In biosensor field, it proper to find the reflectance instead the transmittance because,
sometime, the substrate is the absorbed material. It makes the peak drop in its high and

the sensing ability may decrease.
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Figure A.1. Anomalous peak from transparent grating waveguide structure. Both p and

s polarizations have its own condition for that peak [37].

The 1D grating waveguide structure is illustrated by (Figure A.2). The
light imping in superstrate (I) which has refractive index n;. The light is diffracted by
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the grating layer (II), thickness dg and same refractive index as region III. The below
the grating layer (III) is a transparent homogeneous layer, called the waveguide layer
witch has thickness dy, and its refractive index Ny is greater than the others layers. The
light transmits to the substrate (IV), refractive index ny;. Some time, the layer II can be
waveguide and layer III is the grating. Such structure gives the high reflectance

spectrum, so it needs to find the anomalous drop instead

Incident light
Reflected light

I

grating II
waveguid II1
S‘leSlTﬂtﬁ zero order of diffraction I V

Figure A.2. Grating waveguide structure.

The mechanism of the resonant condition is very simple. When the light

propagated to the interface of air and grating, both of transmission and reflection can

. . . . . . A
be diffracted from grating according to equationsR: sinf,, = n;sinf; + :’—A,
1

. , MA
R: sinB, = n;sinf; + "y
n MA
T:sinf; = —Isinei +—, (A.1)
M=0,1+1,%2,..

Where A mean the grating period and M is the order of diffraction. In the waveguide
layer (III), the transmitted light from the first-order and others order except zero-order
will be totally reflected back to the grating layer (II). This is so because the higher
refractive index of that layer. That light will be diffracted again and some is reflected
back to the waveguide layer as shown in Figure A.2, and this process repeatedly

occurs. These reflected light lose some intensity by changing the medium. However,
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the other reflected light can compensate that lose if the optical path of those reflected
light are in phase. This is the anomalous reflectance peak. The anomalous drop occur

when those optical path are out of phase. There are 2 optical phase gain, first is the
optical path in the waveguide that is 4Tandfcosé?t. Notice that the angle is the

diffraction angle instead of the incident. The additional phase comes from additional
from the reflection from the region I and IV (2¢p5; and 2¢ps;y) to the region II.

Therefore the resonance condition is
41 L
Tnfdfcost% +2¢5 + 2¢5y = 2jm;j = 0,12, ... (A.2)

When the light is s polarization

_ —_1, |(Ansin@;+10)%2-n A? _ _1, |(Angsin@;+1)2-nZ,A* A3
bs1 = tan (\/n}AZ—(An,sineiHo)z)’ P23 = tan™( njerz—(AnlsinBiiAO)z) (A-3)

The condition of the peak is very strictly, so the peak is really sharp like a stick.

We also use GSolver to simulate the spectrum from the transparent
grating waveguide structure. It is agree with the resonance condition. However, this is
not comfortable to our grating structure that emphasize in luminance and color. Even
though the grating waveguide structure generate high peak but it is in very short
wavelength which may not disturb the whole color. Furthermore, the ITO layer and
the grating layer are an absorbed material. Hence the diffracted light may not

compensate like previous and it will make the peak drop dramatically.
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