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ABSTRACT

This thesis is concerned with the improvement of the contrast ratio of flexible
display devices, which are Sphere Supported Thin Film Electroluminescent (SSTFEL)
devices. A two-layer coating system was selected as anti-reflection (AR) coatings to be
deposited on the surface of SSTFEL devices to reduce the reflection of the ambient light
from the surface of devices based on the interference concept. This AR coating was
composed of an ITO layer and an ultra-thin gold layer. In order to maximize destructive
interference in the visible wavelength range, the optical properties, including refractive
index, transmittance and reflection of ITO films and ultra-thin gold films related to
sputtering conditions have been studied. The electrical conductance of these two films
has also been explored because these two layers work not only as AR coatings but also as
a conductive and transparent electrode of SSTFEL devices. AFM images show that the
surface morphology of ultra-thin gold films on Si substrates is similar to that on an ITO
layer and on polypropylene sheets. The measurements of specular and diffuse reflectance
of AR coatings on the propylene sheets and devices have been performed in detail.
Results show that AR coatings have better performance on the devices when the
thickness of ultra-thin gold layers and ITO layers are 3.43 to 4.01nm, and 42.5 to 45.0nm
respectively. Specular and diffuse reflectance of SSTFEL devices with AR coatings are
around 1.3% and 13.6% respectively, which is 6.3 times less than that of devices without
AR coatings. The contrast ratio of devices with AR coatings is up to 47.9:1 at the ambient

illumination level of 52.6Lux. At the ambient illumination level of 200 Lux, the contrast
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ratio of SSTFEL devices is 5 times higher than that of SSTFEL devices without AR
coatings.

During the research on the properties of ultra-thin gold films, it has been observed
that the ultra-thin gold film has unreported optical and electric properties when its
thickness is around 3nm. Its reflectance spectrum is similar to the reflectance spectrum of
the substrate, whether the substrate is a glass slide or a wafer of silicon, and follows the
reflectance spectrum of the substrates with an increase of several percent in visible
wavelength range. The conductance of the ultra-thin gold film decreases by exponential
decay as its thickness decreases for the conductance is based on tunneling effects.
Howeyver, the conductance suddenly increases while the thickness of the ultra-thin gold
layer is decreased at around 3 to 4 nm. This behavior has not been reported and

explained.
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Chapter 1 Introduction

1.1 Introduction

In a growing information society, individuals are linked to information through a
variety of hardware interfaces. More than 90 percent of information we acquire is visual.
The display as an output device bridges information between electronic devices and
human beings. In other words, it has an essential property, totally unlike other
information processing devices, to perform as a man-machine interface, interpreting
analog and digital information signals for us. Because of this unique feature, a display
needs to have some human-compatible characteristics to fully function as a man-machine
interface. In addition, technological and economical processes have been significant. For
example, the display was developed having a full color image, small thickness, light
weight, and the large viewing area

More than 100 years have passed since Braun invented the CRT as a display
device in 1897 [1.1]. Although drastic changes in the electronics world and display
technologies have been introduced based on various operating principles for these past
100 years, no other technology in this display field has existed for such a long time as the
CRT. CRTs established their status in the past as a high-performance and cost-effective
device, and were used for TVs and PC monitors. However, CRTs are confronting their
limit of performance due to the restriction of screen size. Although effort is still being
devoted to enlarging its viewing area and reducing depth, a move from bulky CRT
displays toward thinner, lighter, flat panel Liquid Crystal Displays (LCDs) and Plasma

displays (PDPs) has been underway in recent years. In the consumer market now, people



Yunxi Shi (2006) McMaster — Engineering Physics

are increasingly choosing the flat LCD and plasma TVs, not only for the space-saving

potential and the enhanced appearance but also for their high contrast and quality images.
However, while these display technologies are developing, research is starting on

larger displays as well as wall-sized or flexible displays for applications such as for

facilitating group work, interaction and teaching in the classroom and in other fields

1.2  Flexible Display Technologies

The move from CRTs to FPDs has resulted in significant space savings, and
enhanced mobility, as in the case of the laptop computer. A flexible display is expected to
have the next significant impact in the field of displays in which rigid glass sheets are no
longer required. Several flexible displays have been prototyped, such as reflective liquid
crystal displays [1.2,1.3], OLED displays [1.4,1.5] and sphere-supported thin-film
electroluminescence (SSTFEL) devices [1.6].

The reflective mode of liquid crystals can be utilized to make LCDs as flexible
displays. In the reflective mode, liquid crystals modulate reflectance of ambient light to
display images. Recently, color TFT-LCD and amorphous-silicon active-matrix panels
have been demonstrated on a plastic substrate [1.3]. However this kind of flexible display
does not always have enough brightness since they do not emit light.

Based on the self-luminous and plastic properties, OLED displays can be made on
flexible substrates with enough brightness to show good quality images. However, they
are very sensitive to moisture and oxygen and degrade if exposed to either. The challenge

now is to find new organic materials with less sensitivity to moisture and oxygen, or to
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develop a gas and vapor protected flexible substrate or flexible seal technologies for
displays.

Sphere-supported thin-film electroluminescence (SSTFEL) technology is a new
platform technology developed at McMaster University to fabricate a flexible display. It
has been demonstrated by a prototype display device in figurel.l [1.7]. The basic

structure of this device is shown in figure 1.2 [1.7]. On the top areas of BaTiOj; spheres

Figure 1.1 a prototype of the Sphere-supported thin-film electroluminescence device

are a sandwich structure composed of two Al,O3; layers and a thin-film oxide EL
phosphor (Zn,Sip sGeo s04:Mn) layer. Two electrodes are made by depositing a gold layer
on the backside and a transparent ITO (Indium-Tin Oxide) layer on the front-side of the
device to form a thin-film electroluminescence (TFEL) structure, which will be discussed

in detail in Chapter 2. Therefore, BaTiO; spheres embedded within a flexible
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polypropylene sheet become light-emitters and emit light under the application of an AC

voltage in the range of 120 to 200 volts (peak).

— Gold on polypropylene (~ 30 nm)
ITO (~ 100 nm)

ALO, (~50 nm)

- Phosphor (~700 nm)

Polypropylene Gold (~ 60 nm)

(~40 micron) BaTio,
(~ 58 micron)

Figure 1.2 The schematic SSTFEL structure diagram shows that numerous spheres

with a green phosphor on its top were embedded within a polypropylene sheet
to form a flexible device.

Unlike other flexible display technologies, the SSTFEL device based on TFEL
technology is a self-luminous display technology and has the advantage of not being

sensitive to humidity and air.

1.3  Enhanced Contrast Technologies of Display and This Work
All display screens have specular and diffuse reflections that can degrade image
contrast and affect image quality. They generally require a contrast enhancing

technology to improve visual performance.
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Anti-reflectance (AR) coatings are most widely used for enhancing the contrast of
displays. They can effectively reduce the specular and diffuse reflection of ambient light
on the surface or interfaces in a display system [1.8]. An important surface of a display
screen is the front surface in the optical system, the surface closest to the viewer. In CRT
displays and flat panel displays such as PDPs and FEDs, AR coatings are deposited on
the surface of the glass screen to reduce reflection of ambient light and to enhance the
contrast of images.

However, two other kinds of contrast enhancement technologies have been
demonstrated in order to reduce the reflection of ambient light from EL displays,
including OLED. In EL displays, light emitting material such as sulfide or oxide-based
materials in the inorganic EL display, and organic self-luminous materials in the OLED
are transparent. At the front of display devices, an ITO film is often deposited to work as
a conductive and transparent electrode, which allows transmission of the emitting light.
Therefore, ambient light not only reflects from the surface of the EL display but also can
pass though the ITO layer and light emitting materials. Then it reflects strongly from the
back metal electrode of devices. Both reflections degrade the contrast of displays.
Therefore, a black layer working as the back electrode of devices is very important to
enhance the contrast of EL displays. One kind of black cathode has been developed by
Xerox Corp. It is an absorbing and conducting cathode to be put on the backside of
organic layers. Another black cathode is a new generation of black metal conducting

layers developed by Luxell Inc. and applied on the backside of OLEDs to reduce the
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reflection of ambient light [1.9]. Both of these black cathodes are shown in figure 1.3

[1.10].

Lt b ge e DLER

(@) (b)
Figure 1.3 The diagrams of samples show the applications of the black
cathode (a) on the backside of the EL device patented by Xerox, and (b)
the black layer on the backside of the OLED device patented by Luxell.
Figure 1.4 shows the image of an SSTFEL device under normal illumination in an
office. Because an electrode layer on the device surface is composed of a 30nm gold

layer and an ITO layer with very high reflectance in visible wavelengths of about 40%

and 11% respectively, it obviously can be seen that this SSTFEL device has very high

Figure 1.4 The schematic diagram of SSTFEL device under the office illumination
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reflectance due to the direct reflection of this gold layer. Thus SSTFEL devices suffer
from low contrast under ambient illumination and need AR coatings to enhance contrast.
There are also two types of reflections while light is incident on the surface of
SSTFEL display devices: specular reflection and diffuse reflection. For SSTFEL devices,
surface reflection is complicated due to the special structure of the SSTFEL device

shown in figure 1.5. The surface of the SSTFEL device is composed of

P TO(~50nm)
AlLO,(35nm) —Green
g 2 P
polypropylene (25um) . (~h§53g§5

BT Sphere (53~60um)

Structure in detail

Part A regions Part B regions Side-View

Figure 1.5 Sf:hematic diagrams of SSTFEL devices in detail from top-view and side-
view.

two areas: the area of part A on the surface of the device is composed of a 30 nm gold

layer and an ITO layer deposited on the smooth surface of the polypropylene sheet with a

minor roughness and exhibiting predominately specular reflection as shown in figure

1.6(a); the other is area of part B, the spherical surface of BaTiO; spheres embedded

within the polypropylene sheet shown in figure 1.6(b). It is known that an ITO layer,
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Al;O3 layers and phosphor layer deposited on the top area of BaTiO; spheres are all
transparent, and the surface of BaTiOs spheres is white with high reflectance. Therefore,
the diffuse reflection from region B is very high under ambient illumination. The
challenge of this work is to develop AR coatings for reducing the ambient light reflection
including specular and diffuse reflections from the surface of SSTFEL devices in order to

enhance the contrast ratio of SSTFEL devices.

incident light 1 g . :
. . incident light reflected light

Al,O5layer

backside Au electro

(@ (b)
Figure 1.6 Schematic diagrams of specular (a) and diffuse (b) reflections from the surface
of the SSTFEL device including two part (A, B) areas
A two layer AR coating system, which is composed of an ITO film and an ultra-
thin gold film, were selected to make the AR coatings because such coatings can
effectively reduce both specular and diffuse reflections and are expected to work well on

both areas of the device surface.
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Chapter 2 Basic Concepts of Thin Film EL Display
and Anti-Reflection Coatings

Basic concepts relevant to the sphere-supported thin-film electroluminescent
(SSTFEL) devices and anti-reflection coatings are presented in this chapter, including the
basic theory of thin film EL, Fresnel equations, two-beam interference and contrast ratio

of SSTFEL devices.

2.1  Electroluminescence of SSTFEL Devices

Electroluminescence is the phenomenon by which electrical energy is converted
to luminous energy and was first observed in 1929 [2.1]. Today EL is classified into
inorganic EL and organic EL (discovered in 1987) [2.2]. Both kinds of EL have
application to a full-color flat panel display.

In a thin-film EL (TFEL) display, the light-emitting layer is only about 0.5um to
1.0um thickness and total device thickness is about 1-2um. Driving voltages are AC
voltage. The basic structure of TFELs consists of 5 layers shown in figure 2.1 (a) [2.3].
The middle layer is the phosphor layer, which is made mainly from sulfide-based
materials; however, oxide-based materials may also be used. Light is emitted from a
TFEL device when a voltage is applied on the device and the electric field across the thin
film stack reaches threshold strength of about 10° (V/cm). Under the application of the
voltage, electrons tunnel from interface states at the dielectric/phosphor interface, shown

in figure 2.1(b) [2.4], and then are accelerated by the high electric field of about 10°
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(V/em) in the phosphor layer. Once the electrons gain enough energy from the electric

field they can impact excite luminescent centers to emit light and ionize electrons

o
dielectric |z,
it
Insulator
phosphor z,
Insulator
Electrode SRR
dielectric
Substrate metal | |
(@) (®)

Figure 2.1 Schematic diagrams of basic device structure and principle of the EL

from atoms to create avalanche current. When electrons reach the opposite side of the
phosphor layer, they are trapped at interface states. They will be released again when the
applied voltage is reversed; then the same process is repeated in reverse.

The devices can be modeled [2.5] as a pair of back-to back Zener diodes

connected to two series capacitors as shown in figure 2.2: C; is an equivalent capacitor of

]
o

c —

[
Bt

Figure 2.2 Schematic diagram of the equivalent circuit of TFEL devices
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the dielectric layer; and Cp, is an equivalent capacitor of the phosphor layer. Under an
applied voltage ¥, to the device, the voltage applied to the phosphor layer, V), is

expressed as [2.6]

vV = 14 2.1)

and luminance (L) of devices[2.4]
4 (4,
Ly on = ;Tﬂ(gogf :z'— E,u(Ve=Va) (2.2)
i

&1, & are the related dielectric constant of dielectric layer and phosphor layer respectively,
and dj, d, are the thickness of dielectric layer and phosphor layer respectively. f is the
frequency of an AC applied voltage, and 7 is the luminous efficiency of the phosphor
layer.

From the above two equations, there are two methods by which the luminance of
the device may be improved under a constant modulation voltage (V,-¥). One way is to
maximize the thickness of the phosphor layer relative to the dielectric layer and use the
dielectric layer with a high dielectric constant, such as BaTiO; with & ~2000-4000. The

other important method is to increase the luminous efficiency of the phosphor layer, 7.

2.2  Fresnel Equations [2.7, 2.9]
Fresnel equations express the ratio of both reflected and transmitted E-field
amplitudes to the incident E-field amplitude when light is incident on the surface or the

interface of dielectric materials. Let us assume a ray of light incident at point P on an

11
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interface on the xz-plane. Figure 2.3 [2.7] shows the resulting reflected and refracted rays.

The plane of incidence is xy-plane.

Figure 2.3 Defining diagram of incident (k;), reflected (k), and transmitted (k) rays at a
XZ-plane interface when the electric field is the transverse electric (TE) mode

The incident light is assumed a plane harmonic wave expressed as

E, = E—:oer(i F-at) (2.3)

The reflected and transmitted waves in figure 2.3 can be expressed, respectively, as

r _ i(k,sF~a,t)
E, =E,e 2.4)

r

i(k, vF-w,1)

E = Eqe @2.5)

In the interface plane xz, where all three waves exist simultaneously, their

relationship cannot depend on the arbitrary choice of a boundary point 7 or a time ¢, and

12
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should be fixed. The phases of the three waves, which depend on r and ¢ , must

themselves be equal:

k,-F-ot)=(k, -7 -o,t)=(k,F -, (2.6)
This equation yields
0, =0, =0, 2.7)
and k,-F=k F=k F (2.8)

where k=n,w/c, and k=nw/c. The first two terms and last two terms of Eq.(2.8) become
law of reflection: 6,=0, 2.9
and Snell’s law of refraction:  #,sing, = n, sing, (2.10)
With the help of boundary conditions arising out of Maxwell’s equations, the
requirement of these boundary conditions for the electric fields of transverse electric (TE)
mode:
E +E, =E, @.11)
In the case of the corresponding magnetic fields,
B, cos@, — B, cosf, = B, cos0, (2.12)
When we parallel their development for the transverse magnetic (7M) mode, we
have
B, +B, =B, (2.13)
—E,cos 0, + E,cos 0, = —E, cos 0, (2.14)

For non-magnetic material, the magnetic field in the above equations can be expressed in

13
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terms of electric field through the relation
B=2E, (m=nyn) (2.15)
c

The reflection coefficient »=E,/E and transmission coefficient t=E/E are obtained
from simplifying Eq.(2.9) through (2.15)

E, n cosf, —n,cosb,

TE: r=—L 2.16
E, n,cosf, +n,cosb, (2.16)
™ r=£= n, cosd, —n, cosb, @17
E, n,cos@, +n cosd,
B p=Lo__ 2mcos6, (2.18)
E, n cos, +n,cos0,
M p=fio_ 2mCost 2.19)
E, n,cos6, +n, cosb,

Equations (2.17) through (2.19) are the Fresnel equations, which express the ratio of both
reflected and transmitted E-field amplitudes to the incident E-field amplitude by
reflection and transmission coefficients. The reflectance and transmittance, respectively,
for TE and TM modes of light incident on the surface of the dielectric material are
Ry=ry; Tup=1-Ry (2.20)
R, =rh; T =1-Ry (2.21)
When the reflecting surface is metallic, the Fresnel equations continue to be valid,
but the index of homogeneous dielectric materials with conductivity zero will be replaced

by the complex index of the metal. The complex index of the metal is a composite of two

14
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parts: one is a real part, the other is an imaginary part, and is associated with its

conductivity and energy absorbance.

The complex index, in general, is expressed as

Therefore, Fresnel equations become

1 =ng, +in, (2.22)
B r=Lr_1mC0S0, =P, 080, 2.23)
E, 7 cos6, +n,cosé,
i r=Ee Tacosf Fcosh, (2.24)
E, #,cos6, +7 cosb,
rp:  r=fio__ 2Mmcosh (2.25)
E, 7 cosd, +7,cosb,
e p=Bio_ 2heosb (2.26)
E, 7,cos6, +7 cosb,

2.3  Basic Theory of Anti-Reflection Coating [2.8]

Anti-reflection coatings are used to reduce the surface reflectance of optical

components and the reflectance of an interface between two media with different

refractive indices. The ideal AR coating is a set of very thin homogeneous layers with

refractive indices increasing in small steps from the low index medium to the high-index

medium. This coating is of no practical value because there are limits to choices of

materials, which can be deposited as hard and environmentally stable coatings. Single-

layers and multi-layers have been utilized as a substitute method to make AR coatings.

15
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2.3.1 Single-Layer Anti-Reflection Coating.
A single-layer AR coating optical system is shown in figure 2.4 [2.8]. The

reflectance of this system the normal incidence is expressed as [2.8]

2 2 2 2N ol 2
_n (ny—n,)" cos” & +(nyn, —n;)sin” &

= 2.27
n?(ny +n,)’ cos® 8 + (nyn, +nl)sin® & (2.27)

where ng, n;, and n; express the index of air, a dielectric layer and a substrate respectively.

d is the optical path difference of the film given by

2
5= f—(nld,) (2.28)
Reiim/air
/ ‘Rfilm?/glass

‘..‘T

Figure 2.4 Schematic diagrams of a single-layer AR coating system, and light rays
transmitted and reflected by this film when multiple reflections are
neglected.

When the thickness of the film is a quarter wavelength, d;=4/4, where A is the light

wavelength in the film, then 6 = /2, and

2 2
nyng —n
R= (———-7) (2.29)

16
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It is obvious that a perfectly non-reflecting film can be made with a coating of /4

and refractive index m, =./nyn, . When n, <./nyn, or m >.mn, , the reflectance

cannot be zero even if the thickness of the film is equal to quarter-wavelength. When the
substrate is glass with 7#;=1.52, the ideal index for a nonreflecting coating is n;=1.23,

which is shown in figure 2.5. Therefore, there are two ways to tune the reflectance. One

gk

61 02 03 04 05 08 07 08 09 10
Path difference Awavelength

Figure 2.5 Reflectance from a single film layer versus normalized path difference.

The dashed line represents the uncoated glass substrate of index ns=1.52
way is to modify the film thickness. When the thickness of the film is equal to a quarter-
wavelength in optical path difference, the phase difference between two reflected light
beams shown in figure 2.4 is 180 degrees and the maximum destructive interference
between two beams could occur. Reflectance R will be a minimum. Another way to tune
the reflectance is to change the index of the film to modify the amplitudes of the electric

field of two reflected light beams. When the electric field amplitudes of two reflected

17
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light beams is equal but reverse, both of them cancel out resulting in a reflectance of R of

zero.
If the index of the film does not match the value of 4/n,#, , a thin metallic film can

be utilized to compensate by depositing it on the top of the film or in the film/substrate
interface [2.10]. This method has been used in this work and will be described in the

following section in detail.

24  Contrast Ratio of Displays

Display screens can often be modeled to consist of three parts: the front, middle
and back parts shown in figure 2.6 [1.8]. Each part comprises the components that are
located in front, within and behind the display. (77, Ry, 41), (T2 R, A2), and (T3, R3, A3)
represent a transmittance (7), reflectance (R) and absorption (4) related to each part
respectively. Here, T R, and A take into account possible factors, such as the size of pixel
apertures, specular or diffuse reflection, and scattering.

The luminance contrast ratio of a display is defined to be the ratio of the total
luminance of the light from the “on” pixel to the total luminance of the light from the

“off” pixels [1.8].

L er—on L " +Lre eci
C = Zpizeton _ ZELo oAlect (2.30)

Lplxel—oﬁ' LEI-oﬁ‘ + Lreﬂect

In the above expression, Lpier.on €xpresses the luminance of light output from the
device with the pixel “on”. For the SSTFEL device, it is the sum of Lg;.on and Lygpec,

L1 on is luminance of light from pixels of the device under the application of an AC

18
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Ambient Reflectance Emitted
Light Ambient Light Image Light

\/‘/‘/

Front—\< / 11, Ry
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Middle N / d I3, R;

Back \\/ . T3, Rs

A. Emissive mode

Ambient Reflectance Transmitted
Tioht Ambient nght Image Light

\/ /‘ /
Front \Z j T1, R;

/

Middle \( / / T>. R»
4

N/
Back \/ / T3, R;

/ Illuminator
B. Transmissive mode

Arr{bient Reflectance
nght Ambient Light Reflected
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Back \/ T3, Rs

C. Reflective mode

Figure 2.6 Schematic structures of simplified displays. (A) expresses
emissive displays including CRTs, PDPs, FEDs, and TFELSs; (B) for
the case of transmissive LCDs; and (C) for reflective LCDs
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voltage and expressed in repression (2.2), and Lygecs is the reflection luminance of
ambient light from the surface of SSTFEL devices, which is a product of the reflectance
of devices and the illuminance of ambient light, R*Lmpiens; Lpixer-of €Xpresses luminance
of light output from the device at the pixel “off” while the AC voltage on it is off. It is
the sum of Lg; o5 and Lrefeer. LEr-of is €qual to zero due to no light emitted from pixels of
the device without the application of the AC voltage. To replace Lyepec; With R*Lambiens,
and Lg; ., with the expression (2.2) in expression (2.30), it becomes

1 4 d,
){;fgogx (7)Ep,th Ve =V )} +1

ambient i

=
C = (2.31)

L

It is clear that to remove the reflection from the surface and interface is a very
effective way to enhance the contrast of displays because this reflection determines the
influence of the ambient light on the contrast. R is inversely proportional to contrast ratio

of EL devices such as SSTFEL devices. Table 2.1 lists some of the optical coatings used

Table 2.1. Optical coatings for contrast enhancement [1.8].

Display . Non-emissive | Non-emissive
types Emissive o )
Transmissive Reflective
Reduce R; AR coating AR coating AR coating
AR coating ) .
Reduce R, . AR coating AR coating
Black coating
AR or . AR or
Reduce R;3 . AR coating .
Black coating Black coating

AR: anti-reflectance
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for this purpose. The other way is to increase 7 of the device. Another important method
is to increase the contrast ratio of the device.

It can be seen that contrast ratio is also a parameter relevant to the ambient
illuminance level of measurement conditions for EL display devices.

In this work, a two layer AR coating system was selected for improving the
contrast ratio of SSTFEL device. It is composed of an ITO layer and ultra-thin gold layer,
and deposited on the surface of SSTFEL devices which is shown in figure 2.7(a) and (b)

to represent two areas (A, B) of the surface of devices as well as shown in figure 1.5

diffuse reflection

reflected beams
beams

incident light R1

incident light

thick
Au layer

‘." Au eletrod

(a) (b)

Figure 2.7 Schematic diagrams of specular and diffuse reflections from the surface of the
SSTFEL device with AR coatings including two part areas

For this AR coating on the area of part A, which is shown in figure 1.5 as well as
in figure 2.7(a), the ITO layer works as a phase tuner to make a phase difference between
two reflective light beams (R/, R2) shown in figure 2.7(a) nearly equal to 180 degrees.
The ultra-thin gold layer is utilized to adjust the intensity of reflectance light R/ to match

closely the intensity of R2 in order to reduce reflectance. On the area of part B, which is
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shown in figure 1.5 as well as figure 2.7(b) here, the ultra-thin gold layer, the ITO layer,
two AlyOj; layers and the phosphor layers form an optical system. The thickness of the
ultra-thin gold layer, the ITO layer and Al;O3 layers could be optimized to reduce the
diffuse reflectance light from top areas of BaTiOs spheres. It has been reported in [2.11]
that the ultra-thin gold layer and the ITO layer can work as AR coatings to reduce
specular reflection effectively and enhance the contrast ratio of the electroluminescent

device made on planar BaTiOs chips.
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Chapter 3. The Fabrication Processes of SSTFEL Devices

The fabrication processes of SSTFEL devices and AR coatings are discussed here.
During the process, it was found that the efficiency of the green phosphor material on the
top area of BaTiO; spheres was affected by the sintering temperature of BaTiO; spheres

and reached up to 1.48 Im/W when BaTiO; spheres were sintered at 970 C.

3.1 The Structure of SSTFEL Devices in Detail

The structure of SSTFEL devices with AR coatings is schematically shown in
figure 31 Thousands of tiny BaTiOs; spheres (diameter about S0 pm) of high-
permittivity dielectrics (e,=1000-6000) [3 1] are embedded within a polypropylene sheet
to form a flexible display device as shown in figure 3 1 On the top area of BaTiO3
spheres, green-emitting oxide phosphor (Zn;SipsGey 504.Mn) with thickness of
500~700nm was deposited by RF magnetron sputtering, which has shown high
luminance and luminous efficiency [3.2, 3.3] Two 35nm Al,Oj; layers are sputtered to

Ultra-thin Au Layer(3.5nm) ITO(~50nm)

Apadony Shecphor
polypropylene (25um) (~50§nm)

Figure 3 1 A schematic structure diagram of the Sphere-Supported Thin-Film
Electroluminescent Device
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sandwich this phosphor layer in order to provide charge-injection interfaces [1.7, 2.3, 3.4].
A 45-50nm ITO layer is deposited on the top area of the device to form a conductive and
transparent electrode for light to leave from the green oxide phosphor under the
application of an AC voltage. Under the ITO layer is a 30nm gold layer for improving the
stability of the conductivity of the ITO layer. Because the ITO layer on the polypropylene
sheet is easily cracked to result in a big jump in resistance [3.5, 3.6] due to the strain from
the bent polypropylene sheet when the polypropylene sheet bends. The AR coatings are
composed of an ITO layer and an ultra-thin gold layer that is sputtered directly on the
surface of the ITO layer to enhance the contrast ratio of SSTFEL devices. The backside
electrode of devices is another gold layer with thickness of 30-60nm, which is not visible

to the viewer of display.

3.2  The Fabrication Processes of SSTFEL Devices
3.2.1 Sintering and Patterning BaTiO; Spheres

BaTiO; spheres used in this work as supporters of deposited phosphors are
commercially available from TPL Inc. They are made from BaTiOj; fine particles with the
size of 50nm by spraying drying technology at lower temperature. These BaTiO; fine
particles could be produced via an aqueous, low temperature process, which results in
BaTiOs; spheres having cubic structure with lower-permittivity dielectrics and hydroxyl
defects observed by infrared spectroscopy for BaTiOs; [3.7]. However, a thermal
treatment above 600°C can remove the hydroxyl group. The defects were also liberated

with heat treatment in air by sintering at over 800°C [3.8]. The cubic phase of BaTiO;
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spheres changes to the tetragonal phase with high permittivity dielectrics [3.9] after
sintering at over 920°C [3.10].

The BaTiO; spheres were first selected with the diameter from 63 to 75 pm by
meshs, and then were sintered in a furnace within the air atmosphere. A curve in figure
3.2 shows this sintering process. BaTiO; spheres were treated at 500°'C for 30 minutes in
order to remove some residual organic chemical materials adhered on the surface of
BaTiO; fine particles in the BaTiO; spheres; they were then continually sintered at 970°C

for 2 hours in order to remove the the hydroxyl group and the defects.

1000 —

Sintering temperature via time
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Figure 3.2 a temperature curve of the BaTiOj; sphere sintering process.

After sintering, the BaTiO; spheres become strong enough to be used as
supporters and their crystal structure changes to tetragonal phase with a high permittivity
dielectric constant of about 4000 [3.10]. The diameter of BaTiOs spheres also shrinks in

the sintering process. Table 3.1 shows shrinkage information of BaTiO; spheres at
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different sintering temperatures. It is obvious seen that the shrinkage of BaTiO3 sphere
diameter is larger at high temperature than that at low temperature. More than 30% of
BaTiO; spheres still have diameter of 63-75um after sintering in the temperature range
from 720°C to 920°C. However this ratio is less than 20% after sintering at temperatures
from 1020°C up to 1170°C. Two groups of shrinkage data at the same sintering conditions
of 970°C for 2 hours show that the shrinkage ratio of BaTiO;3 sphere diameters is not well
predicted even if the sintering conditions are the same. This result indicates that BaTiO;
spheres are not uniform in green density of BaTiOj; fine particles, although the sizes of
BaTiO; fine particles are very tiny, about 50nm. The sintering process can make BaTiO;
spheres strong. It was also found that sintering temperature also strongly affects the

luminous efficiency of green phosphor sputtered on the top area of BaTiO;3 spheres.

Table 3.1: Shrinkage of BaTiO3 sphere diameter after sintering at high temperature

Diameter] <45um 45-53um | 53-63um | 63-75um
720@2hrs|  21% 13% 25% 41%
820@2hrs|  26% 14% 26% 34%
920@2brs 3% 5% 49% 43%

(1)970@2hrs|  15% 9% 45% 31%
(2)970@2hrs]  29% 19% 36% 16%
1020@2hrs]  23% 15% 48% 15%
1070@2hrs|  25% 29% 41% 5%
1170@2hrsf  23% 35% 36% 6%
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Luminous efficiency of the green phosphors reaches up to 1.48 Im/W when BaTiO;
spheres were sintered at the temperature of 970°C, and the increment of the luminous
efficiency of the green phosphors improves the contrast ratio of the SSTFEL as shown in
expression (2.31)

After the sintering process, the more spherically symmetric spheres with the
diameter range of 53~63um were selected, then patterned on a high-purity Al,O; plate
with a special array containing cells which consist of a matrix of dents to hold the BaTiO3

spheres. Figure 3.3 shows this 5x5 matrix of dents with patterned BaTiO3 spheres. Dents

Figure 3.3 Al,O; plate with special arrays of containing cells. Each cell has a matrix of
dents with 5x5 pattern. BaTiO3 spheres were patterned inside dents

on the Al,O; plate have the depth of 20um with the diameter of 56um, and
interval distance of 15um between them. They were pre-coated with tiny powders of
Polyethylene Glycol 400, and then BaTiO; spheres were put into the dents. They were
weakly adhered into the dents after the Al,O; plate was heated up to 110°C and then
cooled quickly down to room temperature. The sticking force was strong enough to keep

spheres stationary during the subsequent sputtering and annealing processes.
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3.2.2 Sputtering and Annealing Green Phosphors

After BaTiO; spheres were patterned on the Al,Os plate, a sandwich AlO3/Green
phosphor/Al;03; was deposited on the top area of the BaTiO; spheres by RF magnetron
sputtering. Before depositing materials on the top area of BaTiOj3 spheres, an Al,O5 target
and an oxide green EL phosphor target comprising Zn;SipsGeosOs:Mn were pre-
bombarded at 6mTorr of Ar and O, mixed ambience with the flow ratio of 24.5 sccm and
14.5 sccm respectively for 5 minutes in order to clean impurities absorbed on the surface
of té}gets. While sputtering the ALO; layer' and the green phosphor layer, Ar and O,
flowed into the chamber at the flow ratio of 24.5 sccm and 14.5 sccm respectively to
maintain the ratio of 1.7:1 [3.10]. The pressure of the chamber was maintained at 6 mTorr.
BaTiO; spheres and the Al,O; plate were kept at 250°C for sputtered materials to adhere
to the surface of spheres well. Under the RF power of 600W, the Al,O; layer and the
green phosphor layer were deposited for 5 minutes and 40 minutes respectively to make
the Al,O; layer of 35nm and the green phosphor layer of 600nm.

After phosphor was sputtered on the top area of BaTiO; spheres, the annealing
process is needed for crystallizing the phosphor layer. BaTiOj; spheres, still sitting on the
AL, O; plate, were annealed at 800°C for 12 hours with an oxygen pressure of 4x10™Torr
[3.10]. As a result of the series of process described above, BaTiOs spheres become green

light emitters.

3.2.3 Embedding Process

In order to make devices flexible, BaTiO3 spheres, as light emitters, were
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embedded within a thin and flexible polypropylene sheet with the thickness of only
25um. The embedding process is separated into two steps.

First, a 30nm gold layer was deposited on a polypropylene sheet that was used to
pick up the BaTiO; spheres. The polypropylene sheet was adhered on a silicone
elastomer layer of a sheet that is composed of hard polyester backing sheet and a soft
silicone elastomer layer, which is called Gel-Pak film, made by Gel-Pak, Inc. This Gel-
Pak and polypropylene stack was pressed on BaTiO3; spheres covered Al,O3 plate and
heated in N, up to 200°C [3 10]. BaTiOs spheres penetrate the polypropylene sheet by
vertically pressing the sandwich under the pressure of 0.12N/cm?[3 10], and then quickly
cooling it because the polypropylene sheet was melted at 200°C. The processing and
result are schematically shown in Figure 3.4 (a) and (b), respectively While cooling to

room temperature, the BaTiO3 spheres were embedded tightly within this thin

Applied pressure

Gel-Pak film

Sticky elastic layer
of Gel-Pak Film

Polypropylene film

BT spheres
coated with

green phosphor film Al,O5 plate

(a)

(b)
Figure 3.4 Schematic diagrams of the embedding process (a) and resultant (b) in first step.
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polypropylene sheet. However, BaTiO3 spheres were not symmetrically located in the
polypropylene sheet as shown in figure 3.4(b).

The second step is to push the thin polypropylene sheet into the middle of BaTiO;
spheres. The device was sandwiched between two Gel-Pak films shown in figure 3.5(a),
heated up to 173°C, and then quickly cooled down to room temperature under a pressure
of 2.21N/cm? [3 10] on this sandwich structure. A basic structure of flexible display
devices is shown in figure 3.5(b). Because the adhesive layer of Gel-Pak film is elastic
and deforms under pressure, it can effectively protect the top and bottom area of spheres
from being covered with a polymer sheet. Moreover, the polypropylene sheet with

embedded spheres could be easily peeled off from this adhesive layer without any

damage.
Applied pressure
Gel-Pak film
Sticky elastic layer
of Gel-Pak Film
BT spheres
coated with

green phosphor film Gel-Pak film

Figure 3.5 Schematic diagrams of embedding processes (a) and
resultant (b) in the second step.

30



Yunxi Shi (2006) McMaster — Engineering Physics

3.2.4 Sputtering AR Coating and Electrodes

A transparent ITO electrode layer with thickness about 450nm was deposited on
the top area of the device. The ITO target was an In,03:SnO; (90:10wt%) ceramic target.
It was also pre-sputtered 5 minutes before the ITO layer was deposited on the surface of

devices. Typical sputtering conditions are shown in Table 3.2. The RF power must be

Table 3.2 Sputtering conditions of ITO film

Sputtering Parameters Value
Chamber pressure (mTorr) 0.5
RF Power (W) 30
Ar Flow (sccm) 7.0
Substrate Temperature Room temperature

lower than 30W. If RF power was set at 45W, the atoms of the target had more kinetic
energy to impact on the surface of devices, which resulting in the increase of the
temperature of the devices during the 4-minute sputtering process. As a result, the
polypropylene sheet of devices cracked and wrinkled as show in figure 3.6. The
transparent ITO electrode layer deposited on the surface of SSTFEL devices also works
as a dielectric layer of AR coatings on the SSTFEL device. This AR coating is a
composite of this ITO layer and an ultra-thin gold layer with thicknesses of 45nm and
3.5nm respectively. The ultra-thin gold layer was sputtered on the surface of the ITO

layer by Edwards Sputter Coater S150B. The sputtering was performed at a ratio of about
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Figure 3.6 The image shows that the high RF power can crack and wrinkle the
polypropylene sheet of devices by heating sample during the ITO deposited process
18nm/min in 0.18 Torr argon ambient with RF power of 30W on a 99.99% gold target

a7.

Another gold layer with the thickness of 60nm was sputtered on the backside of
the device as the backside electrode of the device as shown in figure 1.2. However, the
stickiness between this gold layer and the polypropylene sheet is not good. A sandwich
structure of the electrode composed of ITO layers and sandwiched gold ultra-thin layers
was developed to improve the stickiness between the electrode and the polypropylene
sheet. The ITO film was deposited on the backside of the polypropylene sheet, for
enhancing the stickiness between the backside electrode and the polypropylene sheet.

Based on the optimization of sintering temperature of BaTiO; spheres and AR
coating technology, a SSTFEL display device with high efficiency about 1.48Lm/W was
fabricated and is shown in figure 3.7. Two vertical bright strips on the device surface do
not have AR coatings for the 3.5nm gold layer is not present on the bright strips, and their

reflectance is very high. Dark areas have been deposited the 3.5nm ultra-thin gold layer
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to form AR coatings on this areas. It can be seen that AR coatings obviously reduce the

reflection of ambient light from the surface of the SSTFEL device.

Figure 3.7 An image shows the SSTFEL device with AR coating under office
illumination.
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Chapter 4 Experimental (I) and Discussion

(Depositions and characterizations of the ITO film and the ultra-thin gold film)

An ITO layer and an ultra-thin gold layer deposited on the surface of the SSTFEL
device not only work as a transparent and conductive electrode but also as layers of AR
coatings in this work. The thickness of the ultra-thin gold layer and the ITO layer should
be optimized to reduce the reflectance of the ambient light from the surface of SSTFEL
devices. As reported in [4.1, 4.2, 4.3, 4.4], optical and electric properties of ITO films are
particularly sensitive to the deposition conditions. Refractive index, transmittance and
sheet resistance of the ITO films with thickness ranging from 30 to 60 nm have been
measured and reported in this chapter. The optical and electric properties of the ultra-thin
gold films also have been studied. AFM technology was used to explore the surface
morphology of ultra-thin gold layer on Si substrates and on polypropylene sheets.
Experimental results show that the ultra-thin gold film has unexpected electric property

when its thickness is around 3nm.

4.1 ITO Optical and Electrical Characteristics

Because the chamber pressure and RF power directly affect the index, and the
transparence and the sheet resistance of the ITO layer, it is necessary to optimize the
sputtering conditions for lower sheet resistance and higher transparence of the ITO layer.
On the other hand, controlling the thickness of the ITO layer is also very important to

make it as a layer in AR coatings. Therefore, ITO layers were deposited on Si substrates
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for their index and thickness to be measured with PZ2000 ellipsometry. Before ITO films
were deposited on the surface of Si substrates, Si substrates were etched for 40 seconds in
the HF and H,O mixed solution of 1:40 (wt%) to remove a naturalized SiO, film on the
surface of Si substrates. Then ITO films were sputtered on the fresh surface of Si

substrates.

4.1.1 The Thickness of ITO Films Relevant to Deposition Conditions

Several groups of ITO layers sputtered on Si substrates were measured and Figure
4.1 shows measurement results of their thickness related to sputtering times under
deposition conditions with the same chamber pressure of 0.5mTorr, the same Ar flow
ratio of 7.0sccm, but different RF powers of 30W (a), 45W (b) and 60W (c). Whether the
RF power is 30W, 45W or 60W, the thickness of the ITO layer always linearly increases

with the increment of the sputtering time. The higher the RF power, the faster the

i 600: A —— Linear Fit(a) for RF Power 30W
- 1 ® ---- Linear Fit(b) for RF Power 45W
< 14004
i’;’ ; m ——Linear Fit(c) for RF Power 60W
& 12004
o ] )
% 1000
g so0.
£ 6004
400~
200
0 I v | M I v ] ¥ 1 ¢ L] v { d R}
100 200 300 400 500 600 700 800
sputtering time (second)

Figure 4.1 Thickness of ITO films via the sputtering times under different RF Powers
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deposition rate of the ITO film. The deposition ratios are (1.03+0.05) A/sec for 30W,
(1.60+0.04) A/sec for 45W and (2.12+0.08) A/sec for 60W, respectively.

The deposition rate of ITO films relevant to RF power is shown in figure 4.2. It
increases linearly from (0.85+0.05) A/sec to (2.20+0.08) A/sec as RF power increases

from 20W to 60W while other deposition conditions are kept unchanged.

2.5
2.0 -
1.5 <

1.0 4

Deposition rate of ITO (A/sec)

0.5 ~

] v ¥ M I

T T T T M T T T
10 20 30 40 50 60 70

RF Power (W)

Figure 4.2 Deposition rates of ITO films via the RF Powers

Figure 4.3 shows the deposition rate of ITO films relevant to the chamber
pressure. It can be seen that the deposition rate of ITO films increases up to about 1.32A
/sec as the chamber pressure increases from 0.3mTorr to 0.6mTorr, then decreases as the
chamber pressure increases moreover from 0.8mTorr.

In the lower chamber pressure, the density of ionized Ar" located near the surface
of the ITO target is less than that in higher chamber pressure, which results in the atoms

bombed out of the ITO target less and target’s atoms arriving on the surface of the
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Figure 4.3 Deposition rates of ITO films via the chamber pressures

substrate less. Thus the deposition rate of ITO films on the substrate is lower at the lower
chamber pressure. Under the high chamber pressure, the density of ionized Ar' is much
higher and results in the atoms bombed out of the ITO target much more. Thus, there are
more target’s atoms towards to the surface of substrate to increases the deposition rate.
However, as high chamber pressure increases moreover, some of these atoms are
diffused away by the ionized Ar* with higher density near the surface of the target and
cannot reach the surface of the substrate, which causes the deposition rate of ITO films to

decrease as the chamber pressure increases from 0.8 to 0.9 mTorr as shown in figure.4.3.

4.1.2 Electric Properties of ITO Films Relevant to Deposition Conditions.
The sheet resistance of ITO films decreases as the thickness of ITO films
increases while the sputtering conditions remain unchanged. The measurement results of

ITO sheet resistance via different RF powers and chamber pressures are shown in
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figure 4.4 and 4.5. Because the Ry is a parameter related to the ITO thickness, a
parameter R *diro is introduced as a unit of the vertical axis for comparing the
conductive property of ITO films. R; and djp are the sheet resistance and the thickness
of ITO films respectively. R7*diro can been seen as resistivity of ITO films. It can be

seen that the resistivity of ITO films have a lower value in the region of RF power 25-

45W, while the resistivity of ITO films are higher when the RF power is lower than 25W

and higher than 50W to 60W.
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Figure 4.4 Resistivity of ITO films are relevant to RF power under sputtering conditions
with chamber pressure of 0.5mTorr and Ar flow ratio of 7.0sccm

The resistivity of ITO films shown in figure 4.5 almost keeps a constant value for
the chamber pressure from 0.3mTorr to 0.6 mTorr. Then, its value increases as the
chamber pressure increases and rises quickly as the chamber pressure is larger than

0.7mTorr.
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Figure 4.5 Resistivity of ITO films are relevant to the chamber pressure under

sputtering conditions with RF power of 30W and Ar flow ratio of 7.0sccm

4.1.3 Refractive Index of ITO Films Relevant to Deposition Conditions

The refractive index and transmittance of ITO film are important parameters for
the design of AR coatings, and conductive and transparent electrode layer. Figure 4.6,
figure 4.7 and figure 4.8 show the refractive index of ITO films via deposition conditions
of the sputtering time, RF power and the chamber pressure. It can be seen in figure 4.6
that the index of ITO films does not keep a constant for the thickness of ITO films from
300 A to 1000 A whether the RF power is 30W, 45W or 60W. For the RF power of 45W
and 60W, the change of ITO index is large in the thickness range of ITO films less than
500 A. The index of the ITO film increases as thickness increases, then goes towards a
constant value when the thickness of ITO films is over 500 or 600. But for the RF power

of 30W, the index difference of ITO films is not larger than 0.03 as the thickness of ITO
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films varies in the region from 300A to 700 A. Therefore, it can be reasonably decided
that the index of ITO films may be approximated by an average value of 1.97 under the

deposition conditions with the chamber pressure of 0.5mTorr and RF power of 30W

2 05
®m [ndex of ITO films under RF power 30W
g 1 ® |Index of ITO films under RF power 45W
= #* Index of ITO films under RF power 60W
O 200+
E ®oe
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° ] - e
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i L
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Thickness of ITO film (A)
Figure 4.6 Index of ITO films fabricated via thickness under different RF powers but the
same chamber pressure of 0.5mTorr

Data in the figure 4.7 show the relationships between the index of ITO films and
RF power under deposition conditions with the chamber pressure of 0.5mTorr and
sputtering time of 360 seconds. The index of ITO films decreases quickly at first as the
RF power increases from 20W to 30W, then increases slowly as the RF power increases
from 30W to 60W

To maintain RF power of 30W and change the chamber pressure, it can be seen n
figure 4.8 that the index of ITO films almost remains a constant in the region of the
chamber pressure from 0.3mTorr to 0.5mTorr, and increases as the chamber pressure

increases from 0.6 mTorr
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Figure 4.7 Index of ITO films is relevant to the RF power under sputtering conditions
with the chamber pressure of 0.5mTorr and Ar flow ratio of 7.0sccm
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Figure 4.8 Index of ITO films is relevant to the chamber pressure under sputtering
conditions with RF power of 30W and Ar flow ratio of 7.0sccm
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4.1.4 Transmittance of ITO Films Relevant to Deposition Conditions
The transmittance spectra of ITO films were measured by Cary 50 Probe UV-
Visible Spectrophotometer ITO films were deposited on glass slide substrates with

different sputtering conditions. As shown 1n figure 4.9, the transmittances of ITO film
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Figure 4.9 Transmittance spectra of ITO films with different RF power, but the same
chamber pressure of 0.5mTorr

decrease as the deposition time increases, and also as the thickness of ITO films increases.

The decrease of transmittances of ITO film is shown by the whole spectral curve moving

down in visible wavelength range, but the shape of curves almost does not change. The

transmittance is larger than 75% in the region from 400nm to 700nm and larger than 80%

at the wavelength up to 450nm if the sputtering time is less than 6 minutes.

In figure 4.10, it can be seen that the transmittance of the ITO film decreases as

the chamber pressure increases. However, the thickness of the ITO film also increases
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when the chamber pressure increases from 0.3mTorr to 0.6mTorr As we knew, the

thicker the ITO film, the lower the ITO transmittance. The small change of ITO
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Figure 4.10 Transmittance spectra of ITO films deposited under different chamber
pressures, but at the same RF power of 30 W and the same sputtering time
of 6 minutes.

transmittance indicates that the chamber pressure has little effect on the transmittance of

ITO films while it increases from 0.3mTorr to 0.6mTorr. However, the chamber pressure

significantly affects the transmittance of the ITO film when it is as high as 0.7mTorr. The

transmittance of the ITO film deposited at the chamber pressure of 0.7mTorr is smaller
than that of the ITO film deposited at the chamber pressure at 0.6mTorr, but the thickness
of the ITO film deposited at the chamber pressure of 0.7mTorr is less than the thickness

of the ITO film deposited at the chamber pressure of 0.6mTorr as shown in figure 4.10.

Similarly, the RF power affects the transmittance of ITO films when ITO films

were deposited under the higher RF power As RF power is 90W, the transmittance
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spectrum of the ITO film shown in figure 4.11 is totally different from other
transmittance spectra obtained at lower RF powers. Not only does the shape of this
spectrum curve change, but also it is much lower than that deposited at lower RF powers
in the wavelength ranging from 500nm to 700nm, although, it is higher at the short

wavelength region below 450nm.
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Figure 4.11 Transmittance spectra of ITO films deposited under different chamber
pressures, but the same RF power of 30 W and the same sputtering time of 6

minutes
Other transmittance spectra of ITO films are similar in the shape of spectrum
curve while RF power is lower than 60W Two curves obtained at the same RF power of
30W are very close, which indicates that the repeatability of the sputtering process is very
good for ITO transmittance. On the other hand, transmittance of an ITO film deposited
under RF power of 30W is higher than that of an ITO film deposited at RF power of 35W,

although the differences of deposition rate between them are small, as shown in figure 4.2.
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Finally, considering electric and optical properties and relevant deposition
conditions, the deposition conditions with RF power of 30W, the chamber pressure of
0.5mTorr and Ar flow ratio of 0.7sccm are best to sputter ITO films as a conductive and
transparent film for SSTFEL devices. ITO film deposited for 6 minutes under such
conditions has transmittance larger than 75% at short wavelength 400nm and over 80% at
the wavelength ranging from 450nm to 800nm, high conductive and lower sheet
resistance of 131.246.1(0hms per square) at the and the index about 1.97 while its

thickness is (425129)A.

42  Characteristics of Ultra-Thin Gold Film

Various growth techniques and morphology of an ultra-thin metal layer including
gold, silver, copper and aluminum have been reported [4.5, 4.6, 4.7, 4.8]. They were
utilized in the fabrication of filters, AR coatings [2.11] and gas sensors [4.7]. In this work,
ultra-thin gold layers were sputtered on the substrates at room temperature by using an
S150B Sputter Coater. All sputtering conditions except sputtering time were kept
unchanged for all samples. The chamber pressure was kept at 0.18Torr with Argon
atmosphere, sputtering current of 20mA and voltage of 1.2kV. AFM was used to measure

the thickness of ultra-thin gold films and explore their morphology.

4.2.1 Surface Morphology of ultra-thin gold films
The results of AFM measurements over a scanning area of 500nm x 500nm and

lum x 1pum on ultra-thin gold films deposited on the Si substrate are shown in this

45



Yunxi Shi (2006) McMaster — Engineering Physics

section. Before sputtering, Si substrates were cleaned at first, and then treated in HF:H,0
mixed solution with 1:40 (wt%) for 40 seconds to remove a naturalized SiO; film on the
surface of Si substrates.

There are five group of images in figure 4.12 from page 49 to 53, which represent
a series of ultra-thin gold films deposited ranging from 5 second (5”) to 40 second (40").
In each group, there are three AFM images viewed from different angles. The fourth
image is the thickness measurement of this ultra-thin gold film. The step in the fourth
image was scratched for the thickness measurement by moving a pointed end of a
tweezers on the surface of the ultra-thin gold film.

In figure 4.12(a), with sputtering time of 5 seconds, the thickness of ultra-thin
gold film is 2.98+0.15nm. It can be seen that the ultra-thin gold film is composed of tiny
islands distributing densely and separately on the surface of the Si substrate, which agrees
with the literature [4.9]. As the sputtering time increases to 8 seconds, the thickness of
ultra-thin film is 3.84+0.19nm, and tiny gold islands become bigger and contact with
each other as shown in figure 4.12 (b). These islands are still clearly distinguishable
while the sputtering time increases up to 18 seconds, resulting in a thickness of ultra-thin
gold film of about 6.55+ 0.33nm, several tiny islands connect with each other to form an
island chain as shown in figure 4.12(c). The morphology of the ultra-thin gold film
obviously shows that the film is composed of island chains forming separate regions, not
islands. The separate regions disappear in figure 4.12 (d) when the sputtering time
increases up to 25 seconds and the island chains grow bigger. However, the boundary

among island chains can still be identified. Therefore, the gold film is not a continuous
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film. In figure 4.12(e), it is obviously seen that there are many bright points on the
surface of gold island chains from the top-view of AFM image. They are new tiny
isolated islands forming on the top of island chains, which can be also seen in previous
reports [4.9, and 4.10]. It is similar to existing growth models such as the Volmer-Weber
model [4.11, 4.12]. It could be assumed that a new layer begins to form over the islands
chains before these islands chains form a continuous film, and this type of layer, which is
composed of numerous island chains, stacks one by one to form a continuous film in the
macroscopic structure.

The thickness of ultra-thin gold films versus the sputtering times is shown in

figure 4.13. It is linear as expected, and the sputtering rate is 0.29£0.01 (nm/sec).

g B 19 4% &6 %6 48 %8 46 48
sputtering time (second)

Figure 4.13 Thickness of Ultra-thin gold film via the sputtering times

The morphology of ultra-thin gold films deposited on the surface of ITO/Si
substrates and ITO/Au/polypropylene sheets was scanned by AFM over an area of 500nm
X 500nm, which are shown in figure 4.14 from page 54 to 56. Although the surface of the

ITO layer shown in figure 4.14(a) is not as smooth as the surface of Si substrates, shown
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in the dark color area in side-view images of figure 4.12, the morphology of the ultra-thin
gold film on the surface of ITO layers is still similar to that of the ultra-thin gold film
sputtered on the Si substrates. As the sputtering time increases from 7 seconds to 35
seconds, the ultra-thin gold film at first is composed of tiny isolated gold islands
distributed densely on the surface of ITO layers shown in figure 4.14(a), and these islands
become bigger in figure 4.14(b) as the sputtering time reaches 10 seconds; then the
islands connect together to form island chains when sputtering time increases to 15
seconds shown in figure 4.14(c). Because dimensions of X, Y and Z axes in figure 4.14
are 500nm x 500nm in X and Y axis, and 5nm in Z axis different from that in figure 4.12,
which are 1lym x 1pm and 15nm respectively, thus the morphology of ultra-thin gold
films in figure 4.14 looks different from that in figure 4.12. However, bright points on the
surface of gold islands are also seen in figure 4.12(e). It can be assumed that the
formation of a continuous thick gold film involves stacking by layers, which are
composed of island chains.

While an ultra-thin gold film was sputtered on the surface of ITO films on the
polypropylene sheet, its morphology is similar to that on Si substrates or on ITO/Si
substrates. After annealing at 200°C, the smooth surface of the polypropylene sheet
becomes wavelike. The wavelike morphology does not change when an ITO film was
sputtered on its surface at room temperature. After an ultra-thin gold layer was sputtered
on the top of the ITO layer with 7 seconds, tiny gold islands distributed on this wavelike
surface as on the surface of Si substrates, which is shown in figure 4.14 (f). The

morphology of the ultra-thin gold layer does not change.

48



Yunxi Shi (2006) McMaster — Engineering Physics

Au(5")/Si sub.

Z 15.00 nm/div
x 0.200pm /div

Au(5")/Si substrate
Z 15.00 nm/div
% 0.200)ym/div

top-view

side-view 1.0%1.0 (u?)
0.8
1.0 jm 1.0x1.0 (un?) 5.0 o
Au(5")/Si substrate
i Stepheight
i o
Au(5") /Si substrate Hakghb 2.
1.0 — 15.0mm "'
7.5mm
(=]
o
TI ‘ ¥ ¥ ] i (] j
oom 'O A& o025 A o050 &4 0,75 4 1.0mm

Step height
2.986 nm

(@)

49



Yunxi Shi (2006) McMaster — Engineering Physics

Au(8")/Si substrate
2 15.00 nm/div
x 100,000 nm/div

Au(8")/Si substrate
2 15.00 nm/div
x 100.000 nm/div

200
side-view top-view
500X 500 (nm?) 500X 500 (nm?)

Au(8")/Si substrate
Stepheight
Au(8")/Si substrate nm
Z 15.00 nm/div b
X 100,000 nm/div Height =
500 m15.0nm
o= f
7.5nm
=
5=
[} 1 1
IS, 200 300t  4c0 4
o . e
Step height
3.839 nm
top-view .
500X 500 (nm?)
0
500

(b)

50



Yunxi Shi (2006)

McMaster — Engineering Physics

Au(18") /Si substrate
% 15.00 nm/div
x 0,200pm /div

side-view
1.0x1.0 (md)

Au(18")/Si substrate Height
1.00

top-view

1.0%1.0 (m?)

1.00 pm

Au(18") /Si substrate

Z 15.00 nm/div
x 0.200pm/div

top-view -
1.0x1.0 ()

Au(18") /Si substrate

i Stepheight
o
o=
Lal

Pt N A A p SN

o= ﬁ
=
&=
LW e T

0 0.25 0.50 0.75 1.00}m

Step height
6554 nm

©)

51



Yunxi Shi (2006) McMaster — Engineering Physics

Au(25") /Si substrate
Z 15.00 nm/div
% 0.200 pm/div

Au(25") /Si substrate
Z 15.00 nm/div
x 0.200mm /div

side-view top-view

1.0%1.0 () 1.0%1.0 ()
Au(25") /Si substrate

nm Stepheight
o
Au(25") /Si substrate 3"
Height 1
1.00
15.0mm

o //

0.75 7.5
%

| )
o A obs A o'0 A o5 A 1.00m
#
030 0.0nm i
Step height
0.25 8.146 nm
top-view
1.0%1.0 (um?)

0 0.25 0.50 0.75 1.00 pm

(d)

52



Yunxi Shi (2006) McMaster — Engineering Physics

Au(40")/Si substrate Au(40")/Si substrate
2 15.00 nm/div
x 0.200 pm/div

Height

top-view
1.0%x1.0 {um?)
side-view
1.0x1.0 Gmd)

Au(40")/Si substrate

o Stepheight
o
°'-
T e e SRS VROV
o
(=]
%
Lol | y ' 1 1 |
o A 1'oo 4200 30 aloo® s.00mm

Step height
13.670 nm

(e)
Figure 4.12 The images of AFM scanned over 1x1pm? on ultra-thin gold films sputtered
on Si substrates ranging from 5 seconds (or 5")(a), 8 seconds (or 8")(b) to 40 seconds (or
40") (f). Each group has four images. Three of them are images viewed from different
angles. One in the right-bottom is the measurement result of thickness of the relevant
ultra-thin gold films.
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Figure 4.14 the images of AFM scanned over 500x500nm’ of ultra-thin gold films

sputtered on the surface of ITO layer on Si substrates ranging from 7 seconds (or 7") (a),
10 seconds (10”) (b), 15 seconds (15") (c) to 35 seconds (35”) (e). (f) is the image of
ultra-thin gold films sputtered on the surface of ITO layer on a polypropylene sheet. Each
group has two images viewed from top and side views.
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4.2.2 Electric Properties of Ultra-Thin Gold Films

In the structure of SSTFEL devices, the top electrode is composed of three layers
on the surface of polypropylene sheets as shown in figure 3.1. Three layers are a thick
gold layer (30nm), an ITO layer and an ultra-thin gold layer. In the part A region of
device surface shown in figure 2.7(a), as well as in figure 1.5, the conductivity is mainly
determined by the thickness of the gold film. Its sheet resistance is much lower than the
sheet resistance of the ITO layer and the ultra-thin gold layer. However, on the top of
BaTiO; spheres as shown in figure 2.7(b), as well as part B region in figure 1.5, the
electrode is only composed of two layers, which are the ITO layer and the ultra-thin gold
layer. Measured results show that these two layers contribute the conductivity of this
electrode.

Tables 4.1 and Table 4.2 are the results of the sheet resistance measured with a 4-
point probe on two group samples. In these samples, ITO films were first deposited on
glass substrates under sputtering conditions of RF power of 30W, chamber pressure of
0.5mTorr and sputtering time of 6 minutes; then ultra-thin gold films were sputtered from
3 seconds to 60 seconds on the top of ITO films. Before sputtering ultra-thin gold films,
the sheet resistances of ITO films on each glass substrate were measured. The total sheet
resistances of two layers were measured quickly after ultra-thin gold films were sputtered
for the ultra-thin gold film is very active in atmosphere. As shown in figure 4.15 and
Table 4.1, data of the first group indicates that the conductance of the ultra-thin gold
layer dominates the conductance of the composite AR coatings when the sputtering time

of the ultra-thin gold layer is more than 20 seconds. However, the ultra-thin gold layer
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Table 4.1° Sample voltages measured with 4-point probe and relevant calculated resistance (ohms/per square) for group 1.

Sample Sput’.cerlng Vi@V) | v2@V) | v3(mV) | V(average) (mV)| Rg(Q/00) Ruo (Q/0)
Number # time
050825-1 ITO 6 30" 233. 6 233.7 232.5 233.3 £5.7 105.7 £ 3.0

Au 4" 216.7 219.5 220.00 218.7 £ 5.1 99.1 £ 2.7 1590.4 + 698. 8
050825-2 ITO 6’ 30" 257.9 255.3] 255.1] 256.1 £6.7 116.0 + 3.4

Au 7" 237.20 234.00 235.7 235.6 £ 6.2 106.7 * 3.2 1335.7 * 458. 7
050825-3 ITO 6' 30" 254. 0 2563.60 255.5 254.4 £ 6.20 115.2 £ 3.2

Au 107 236. 8 233.2) 233.8 234.6 £ 6.5 106.3 % 3.3 1367.6 + 482. 3
050825-4 ITO 6’ 30" 245. 9 247.3  247.4 246.9 £ 5.9 111.8 £3.1

Au 15" 133. 7 131.8  132.0 132.5 £ 4.00 60.0 £ 2.0 129.6 * 6. 6
050825-5 ITO 6’ 30" 260. 5 257.4  257.9 258.6 £ 6.8 117.1 + 3.5

Au 20" 58. 4 58. 5 58. 4 58.4 + 1.5 26.3 £ 0.8 34.2 £ 0.9
050825-6 ITO 6 30" 244. 1 245. 1  244. 4 244.5 £ 5.6/ 110.8 + 3.0

Au 30" 28.00 28.00 27.8 27.9+1.1 12,7 £0.5 14.3 + 0. 4
0508257 ITO 6’ 30" 255.2) 256.6 257.9  256.6 £ 6.4 116.2 £ 3.3

Au 45" 18. 2 18.0 17.9 18.0 +£ 0.9 8.2 +0.4 8.8+£0.3
050825-8 ITO 6’ 30" 257.3 261.7] 261.1 260.0 £7.2 117.8 £ 3.7

Au 60" 15.1 15.1 15.0 15.1 £ 0.8 6.8+ 0.4 7.3 £ 0.2

*: Voltages of samples are measured by a 4-point probe measurement system at the current of 10.00mA. Every sample
was measured twice when ITO on a glass slide and au ultra-thin gold layer on ITO/Glass and displayed in two rows
respectively. Rayn is equivalent sheet resistance of the ultra-thin gold layer.
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Table 4.2° Sample voltages measured by 4-point probe and relevant calculated resistance (ohms/per square) for group 2.

Sample | Sputtering | ., V2 V3 V4 V5 V (average) Ry (Q/0) Rug (Q/00)
Number# time
051110-1 | 110 6 (V) | 0.328] 0.327] 0.325] 0.321] 0.328] 0.326 % 0.008 | 147.6 + 4.2

Au 3" (mV) | 316.4| 315.4| 315.8| 314.9| 315.7| 315.6 + 4.0| 143.0 + 2.7 | 4585. 1 + 3923.3
051110-g | 1O 6D | 0.330] 0.330| 0.329| 0.329| 0.330 0.330 + 0.006 | 149.3 + 3.4

Au 5" (mV) | 307.3| 307.5| 307.4| 307.4| 307.8| 307.4 +3.5| 139.3 + 2.5| 2075.1 % 756. 4
0511103 | 110 &) | 0.322] 0.322] 0.325| 0.324| 0.325| 0.324 + 0.007 | 146.6 * 3.8

Au 7" (mV) | 304.5| 305.2| 306.0| 305.7| 307.3| 305.7 +4.3| 138.5 + 2.7 | 2509. 4 + 1171. 2
0511104 | 10 6'0) | 0.321] 0.318] 0.322| 0.323] 0.323| 0.321  0.007| 145.6 % 3.8

Au 9” (mV) | 300.1] 298.1| 299.8| 300.4| 300.2| 299.7 +4.1| 135.8 + 2.7 | 2012.8 + 772.6

IT0 6’ (V) | 0.310] 0.310| 0.310| 0.309| 0.309| 0.310 + 0.006 | 140.3 + 2.0
0511105 1= 11" (av) | 268.2 | 268.7 | 268.5 | 267.5 | 267.5 | 268.0 3.5 | 12L.4 = 2.3| 905.5 < 162.3
0511106 | 110 6 () | 0.325] 0.325] 0.325| 0.326] 0.33] 0.326 + 0.007 | 147.8 £ 3.8

Au 14" (mV) | 229.0| 225.8| 225.3| 226.7| 226.6| 226.6 +3.9| 102.7 + 2.3|  336.6 * 26.3
0511107 | 110 6 () | 0.352] 0.352] 0.349 [ 0.349] 0.349 | 0.350  0.008 | 158.6 & 4.2

Au 17" (@V) | 17L.1] 17L.1| 170.5| 170.0| 169.7| 170.4 +2.3| 77.2 + 1.5 150.5 * 6.2
051110-g | 110 & () | 0.336] 0.338| 0.338 | 0.336| 0.339 | 0.337 £ 0.006 | 152.8 3.5

Au 25" (uV) | 107.2| 105.8| 105.8| 105.7| 105.6| 106.0 + 2.0| 48.0 + 1.1 70.0 + 2.2

*: Voltages of samples are measured by a 4-point probe measurement system at the current of 10.00mA. Every sample was measured

twice when ITO on a glass slide and au ultra-thin gold layer on ITO/Glass and displayed in two rows respectively. Rayn is equivalent
sheet resistance of the ultra-thin gold layer.
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almost does not contribute to the conductance of the composite AR coatings if the

sputtering time of the ultra-thin gold layer is less than 10 seconds.
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Figure 4.15 Sheet resistance of ultra-thin films with sputtering time ranging from 3
second to 60 second. Below tick labels of bottom axis are the sputtering
time of ultra-thin gold films, and upper tick labels of bottom axis are the
thickness of ultra-thin gold films related to the sputtering time. The scale is
shown in the top axis.

For the sputtering time of more than 20 seconds, as well as the stage I region,

sheet resistance of ultra-thin gold films are 34.2+1.2Q/0 for 20 seconds, 14.310.4Q/0 for

30 seconds and 7.210.2Q/01 for 60 seconds. The sheet resistance of the ultra-thin gold

film is inversely related to the sputtering time, as well as thickness, for the thickness of

ultra-thin gold films is linear with the sputtering time as shown in figure 4.13. The sheet

resistance of the ultra-thin gold film abides by the ohmic law and the formula of R=p/d4,
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provided that the thickness of ultra-thin gold layer is more than 6.5510.33nm or
sputtering time of 18 seconds. When the thickness of ultra-thin gold films is larger than
6.55+0.33nm, ultra-thin gold films are composed of long island chains as shown in figure
4.12(c), (d) and (e), which results in ultra-thin gold films having the electric properties of
continuous films.

However, when the thickness of the ultra-thin gold film is less than 6.55+0.33nm,
and sputtering time from 7 seconds to 15 seconds, the electrical conduction mechanism is
the non-ohmic conduction shown in stage II due to the discontinuity of ultra-thin gold
films. Ultra-thin gold films are composed of tiny isolated islands as shown in the AFM
images of figure 4.12(a) and (b). Based on the model of the conductance by tunneling
effects, and the calculation by superposition of electron wave functions between islands
[4.5, 4.13, 4.14, 4.15], the conductance is a function of the temperature and distance
between islands. Isolated islands diminish as the sputtering time decreases and as the
thickness of ultra-thin gold films decreases; as the isolated islands diminish, the
conductance exponentially decays from a carrier transfer mechanism of tunneling or
thermionic emission related to the diminishing of isolated islands. Studies of ultra-thin
gold films focused on non-ohmic conduction are reported only on gold films thicker than
Snm.

In stage III, a point of inflection was observed for the first time in measurement
results of two group samples. It is interesting that the conduction behavior becomes better
as the thickness of ultra-thin gold films decreases from stage II. However it is supposed

to be worse as expected from the mode of tunneling effects and thermionic emission. It is

61



Yunxi Shi (2006) McMaster — Engineering Physics

also difficult to explain this result based on the interface effects between the surface of
ITO films and tiny gold islands (gold QDs). It might be assumed that electron wave
functions are limited too weakly by isolated gold QDs as the size of gold QDs diminishes,
and expand outside the space of isolated gold QDs much more. However, the space
interval between isolated gold QDs does not enlarge as shown in figure 4.12(a) due to
high density of isolated gold QDs distributed on the surface of ITO films. Therefore, the
superposition of electron wave functions between isolated gold QDs in this case enhances
and results in tunneling effects enhancement. The conductance of the ultra-thin gold layer
becomes better and results in the anomalous effect of its sheet resistance when the
thickness of it is around 3nm. As the thickness of the ultra-thin gold film decreases, the
separation between gold QDs increases as the size of isolated gold QDs diminishes; then
the superposition of electron wave functions between isolated gold QDs might be
weakened. Its conductance becomes bad and its sheet resistance increases quickly again,

as shown in figure 4.15.

4.2.3 Optical Features of Ultra-Thin Gold Films

The reflection spectra of ultra-thin gold films on Si substrates and glass slide
substrates were measured by SUB 2000 Fiber Spectrum of Ocean Optics Inc. The
measurement results are shown in figure 4.16 and figure 4.17. It can been seen from
figure 4.16 and figure 4.17 that the reflection from the surfaces of the ultra-thin gold
films increases with the increase of sputtering time of ultra-thin gold films, as well as the

increase of the thickness of ultra-thin gold films. As the sputtering time increases, and as
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Figure 4.16 Reflection spectra of ultra-thin gold films on S1 substrates with sputtered time
ranging from 5 second (5") to 5 minutes (5'). In-site is reflection spectrum of
bulk gold with polished surfaces.
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Figure 4.17 Reflection spectra of ultra-thin gold films on glass slide substrates with

sputtered time ranging from 5 seconds to 5 minutes
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the thickness of the ultra-thin gold films increases, the reflection at long wavelength
range increases faster than that at short wavelength range. If the gold film is sputtered for
5 minutes as shown in figure 4.16, its reflection spectrum is similar to the reflection
spectrum of bulk gold with a polished surface.

However, with a sputtering time of 5 seconds, the reflection spectrum of the ultra-
thin gold film is similar to the reflection spectrum of the substrate whether the substrate is
the Si substrate or the glass substrate, following the reflection spectrum of the substrate
but increasing by several percent. Therefore, by changing the thickness of ultra-thin gold
film, as well as its sputtering time, we can adjust the reflectance from its substrate. It
provides a new way of looking for high refractive index materials in the design and
fabrication of multi-layer AR coatings.

The transmittance spectra of ultra-thin gold films on the glass slide substrates are
shown in figure 4.18, which were measured with a Cary 50 probe UV-visible
spectrophotometer. To compare transmittance spectra of ultra-thin gold films on glass
substrates in figure 4.16 with relevant reflection spectra in figure 4.17, it can be easily
seen that the reflection is lower where the transmittance is higher, and higher where the
transmittance is lower for ultra-thin gold films with sputtering time longer than 12 second.
For a concave valley in the reflection spectrum, there is a convex peak in the
transmittance spectrum located at the same wavelength region around 500nm.

It is noticed in the reflection spectrum of the ultra-thin gold film with sputtering
time S seconds in figure 4.17 that its reflectance spectrum is convex at the wavelength

region around 575nm, and its transmittance shows a dent at this region of around 575nm
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in figure 4.18. This phenomenon happens for the ultra-thin gold film of (2.98+0.15) nm
with the sputtering time of 5 seconds. It 1s totally different from the reflection and
transmittance spectral curves of ultra-thin gold films with the thickness thicker than
(2.9840 15) nm. The sheet resistance of the ultra-thin gold film with the thickness around
(2.9840 15) nm shows an electric resistance related to this thickness of the ultra-thin gold
film in figure 4.15 The image in figure 4.12 (a) shows that the ultra-thin gold film with

the thickness of approximately 3nm is composed of tiny gold particles with high density
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Figure 4.18 Transmittance spectra of ultra-thin gold films on glass slide substrates with
sputtering time ranging from 5 seconds to 5 minutes

Finally, it can be seen that the transmittance of ultra-thin gold films in the visible

region is higher than 70% while the sputtering time 1s less than 8 seconds.
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Chapter 5 Experimental (IT) and Discussion
(AR coating and contrast of SSTFEL devices)

This chapter presents the measurement results of specular and diffuse reflections
of the AR coatings on the polypropylene sheets and SSTFEL devices. Also, the contrast

ratio of SSTFEL devices with AR coatings is discussed.

5.1 AR Coatings on Polypropylene Sheets

Polypropylene sheets with thickness of 0.9mil used in the study were purchased
from Copol International Ltd. A 30nm thick gold layer was deposited on one side of the
polypropylene sheet by magnetron sputtering for 2 minutes. After the two annealing
processes as well as two embedding processes described in Chapter 3, the ITO film of
100nm was deposited on the top of samples to simulate the part A area of the surface of
SSTFEL devices shown in figure 2.7 (a). Figure 5.1 shows the specular reflectance
spectra of two samples. They were measured by USB2000 Fiber Optic Spectrometer.

Reflectance, shown as a red curve, is over 18% in the whole visible wavelength,
and over 25% in green and red region, which results from high reflectance of the 30nm
gold layer on the polypropylene sheets. The black curve is the specular reflection
spectrum of a sample without an ITO layer. It is like the reflection spectrum of bulk gold
with a polished surface shown in the in-site of figure 5.1.

After two layers of AR coatings were sputtered on the top of polypropylene sheets

with the 30nm thick gold layer, the reflectance of samples drops down quickly. These
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Figure 51 Specular reflectance spectra of samples with a ITO film of 100nm on

Au2'/pp and without a ITO film on Au2'/pp. The in-site is the reflectance

of bulk gold with a polished surface [5 1]
measured specular reflectance spectra of samples are shown in Figure 5.2 from page 70
to 73, which are organized in groups based on the sputtering time of ITO layers.
Comparing the red spectral curve in figure 5 1 with other spectral curves in figure 5.3(d),
it can be seen that the specular reflection of samples with AR coatings obviously drops
down 1n the whole visible wavelength range when the proper thickness of AR coating
layers was selected. Compared with those in figure 5.2 respectively, it can be found
easily that minimum reflectance moves from shorter wavelength to longer wavelength as
the sputtering time of ITO films increases, as well as thickness of ITO films increases.
Because the increase of ITO thickness results in optical path light passing in the ITO
layer elongating, destructive interference happens in the longer wavelength for thicker
ITO films.

At the long wavelength region in figure 5.2(a) and (g), it also can be found that
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the ultra-thin gold layer in AR coatings is an adjusting layer of lightwave amplitudes to
match amplitude of both reflection beam R/ and R2 shown in figure 2.7(a), to allow
maximum destructive interference between R/ and R2. Rl and R2 are, respectively, the
light beams reflected from the surface of the ultra-thin gold layer and the interface
between the ITO layer and the bottom thicker gold layer on polypropylene sheets.

At the long wavelength region, when the ultra-thin gold layer is thinner as
sputtering time is as short as 4 seconds, R/ is weaker and most of the incident light passes
through it with high transmittance. Although incident light was absorbed by the ITO layer
and the ultra-thin gold layer, loss is less in the case of the ultra-thin gold layer. R2 is
strong due to the high reflection from the bottom thick gold layer as a black curve shows
in figure 5.1. Therefore, two beams cannot cancel even if they are completely out of
phase, which results from the difference between RI and R2. Thus the reflection is still
strong in this longer wavelength region, and it is can be seen in every group of figure 5.2.

As the thickness of the ultra-thin gold layer increases, R2 decreases and RI
increases. The difference between them surges between large and small from figure 5.2(f).
The reflectance spectrum of samples is high at sputtering of 4 seconds; drops at 7 seconds,
and reaches the minimum at 9 and 11 seconds. Then reflectance rises further while
sputtering time increases from 27 to 46 seconds.

In the short wavelength region, this phenomenon also can be observed in figure
5.2(b). The reflectance spectra of samples are high for sputtering times of 4 and 7
seconds; drop at 9 seconds, and reach to minimum at 11 and 27 seconds. Then reflectance

rises while sputtering time increases from 30 to 46 seconds.

68



Yunxi Shi (2006) McMaster — Engineering Physics

Compared with all reflection spectra in figure 5.2, it can be found that AR
coatings have better performance when they are composed of ultra-thin gold layers with
sputtering time ranging from 7 to 11 seconds and ITO layers ranging from 5'30" to 6'30",
Related thickness of ultra-thin gold layer ranges from (3.4410.27) nm to (4.59+0.29) nm,
and thickness of ITO layer ranges from (395128) A to (455+30) A. These reflectance
spectra are present in figure 5.3 from page 74 to 75 based on the sputtering time of ultra-
thin gold layers. Finally, the spectrum curves with low reflectance in figure 5.3 were
selected and shown in figure 5.4 in page 76. Areas included by these selected spectra in
the visible wavelength from 410nm to 700nm were calculated by the integrate function in
the Calculus item of Origin Software and results are present in the Table 5.1. The
wavelength region from 400nm to 410nm was discarded in the calculation due to the
measurement noise.

Table 5.1 Integration areas of specular reflection spectra ranging from
410 to 700nm for lower spectra of samples in figure 5.4

Sample sputtering time of Integration

number | related AR coating layers | areas(nm)
2-7 Au 7"/1ITO 5'30" 1466.87
7-7 Au 7"/ITO ¢’ 1647.81
3-7 Au 7"/1TO 6'30" 1431.54
7-2 Au 9"/ITO 6 1375.19
3-2 Au 9"/ITO 6'30" 1568.10
4-2 Au 9"/1TO 7'30" 1535.91
3-1 Au 11"/1TO 6'30" 1308.69
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While the AR coating with constituent layers of Au 11"/ ITO 6'30" has lowest
integration areas, the AR coating has best performance in reducing the specular
reflectance and with high transmittance while its constituent layers are Au 7"/ ITO 6'30"
and Au 9"/ ITO 6', as well as the thickness of Au (3.4440.27) nm/ITO (455+29) A and
(4.0140.29) nm/ITO (425+29) A. Their specular reflectances n visible wavelength range

are 4.9% and 4.7% respectively
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Figure 5.2 Specular reflectance spectra of samples with different thickness of AR coating

layers on Au2'/pp, organized based on the sputtering time of ITO layers
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Figure 5.3 Specular reflectance spectra of samples with different thickness of AR coating

layers on Au2'/pp, organized based on the sputtering time of ultra-thin gold
layers
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Figure 5.4 Lower reflectance spectra of samples in figure 5.3 with different thickness of
AR coating layers on Au2'/pp.

After annealing at 200°C for several seconds, the smooth surface of the
polypropylene sheet became wavelike. Its surface morphology was shown in figure
4.14(f). Therefore, there 1s a small part of diffuse reflection from the surface of samples
under ambient incident light. Diffuse reflection spectra of these samples were also
measured in an office by USB 2000 Fiber Spectrometer under ambient light of about
300Lux. Ambient illumination of the office was measured by Luminance Meter LS-100
of Minolta Camera Co. Ltd.

The measurement results are shown in figures 5.5 from page 79 to 82, which are
organized in a group based on the sputtering time of ITO layers, too. To compare among

these spectra as it was done 1n the case of specular reflection spectra, some spectra of
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samples with better performance are organized in figure 5.6 from page 82 to 84 based on
the sputtering time of ultra-thin gold layers. When the sputtering time of the ultra-thin
gold layer is from 7 to 11 seconds and the sputtering time of the ITO layer is from 530"
to 630", the AR coatings exhibit better performance of decreasing the diffuse reflection
than other AR coatings with different sputtering times of constituent layer. Spectra with
lower reflectance in figure 5.6 are selected and displayed in figure 5.7 at page 84.

Finally the lower spectra in figure 5.7 were smoothened by the adjacent averaging,
a function in the Origin software. Then areas included by these selected spectra in the
visible wavelength range from 425nm to 700nm were calculated and results shown in
Table 5.2. The wavelength region from 400nm to 425nm was neglected in the calculation
due to the measurement noise.

Table 5.2 shows that AR coatings with the ultra-thin layer formed by 11 seconds
of sputtering time not only have lower integration areas than others when the sputtering
time of the ultra-thin layer is 7 and 9 seconds, but also have the lowest integration area
among them, which is 1821.73 (nm) with constituent layers of Au 11"/ ITO 6'. However,

considering the high transmittance of AR coatings needed, Au 7"/ ITO ¢, Au 7"/ ITO

630", Au 9"/ ITO 5'30” and Au 9"/ ITO €', as well as Au (3.44nm)/ITO (425A), Au
(3.44nm)/ITO (455A), Au (4.01nm)/ITO (395A), Au (4.01nm)/ITO (425A) are also good
constituent layers for AR coatings to have good performance. The average reflectance of

these samples in the visible wavelength range is around 8 to 12%.
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Table 5.2 Integration areas of diffuse reflection spectra ranging from 425
to 700nm for lower spectra of samples in figure 5.7.

Sample Sputtering time of Integration

number related AR coating layers areas(nm)
2-7 Au 7"/1TO 5'30" 3672.57
7-7 Au 7"/1TO 6' 2930.66
3-7 Au 7"/1TO 6'30" 3196.23
2-2 Au 9"/1TO 530" 2241.42
7-2 Au 9"/ITO ¢’ 3292.15
32 Au 9"/1TO 6'30” 3326.92
2-1 Au 11"/1TO 5'30” 2647.70
7-1 Au 11"/ITO ¢ 1821.73
3-1 Au 11"/1TO 6'30” 2231.59

In summary, considering high transmittance of AR coatings to be necessary and

low specular reflections and low diffuse reflections as needed, AR coatings have better

performance on polypropylene sheets when the sputtering time of ultra-thin gold layers

ranges from 7 to 9 seconds and sputtering time of ITO layers ranges from 6’ to 6'30", as

well as the thickness of ultra-thin gold layers ranges from (3.44+0.28) nm to (4.01+0.29)

nm and thickness of ITO layers range from (425+29) A to (455£30) A. The average

reflectance of specular and diffuse reflection in the visible wavelength range are about

5% and 12% respectively for AR coatings on the polypropylene sheets.
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Figure 5.5 Diffuse reflectance spectra of samples with different thickness of AR coating
layers on Au2'/pp, organized based on the sputtering time of ITO layers.

R% of diffused reflectance

80 —

g

80 <. -

-4

(different coating layers on Au2'/pp)
i ; Au 4"/IT04'30"
| | P S AUENVITEISI30® . ¢ L T e
¥ ; Au 4"/ITO6' :
| ______ A4 HTO6 30" 4 T e :
I ; Au 4"/ITO7'30" ;
5 Au 4"/ITO8'30"
""""" 1 p— Au 4"1ITO10'
| ' ass :
i

AP N

r T ' T I T I
500 550 600
wavelength (nm)

(a)

82



Yunxi Shi (2006)

McMaster — Engineering Physics

Au 7"/ITO
Au 7"1TO

Au 7"/ITO
Au 7°/ITO
Au7"N1TO

] ]

(different coating layers on Au2'/pp)

......................................

4'30"
5'30"

6'30"
7'30"
8'30"

.................................

R% diffusive reflectance

T
500

450

400

T T T
550 600 650

wavelength (nm)

(b)

R% of diffused reflectance

......................................

| 1 AT A M-

(different coating layers on Au2'/pp)
Au 9"/ITO4'30"

Au 9"/ITO5'30"

Au 9"ITO6'

Au 9"/1ITO6'30"

Au 9"/ITO7'30"

Au 9"/1ITO8'30"

Au 9"ITO10'

.......................................................................

..................................................

T

T T
450 500

T T

T T
550 600

wavelength (nm)

(©

83



Yunxi Shi (2006) McMaster — Engineering Physics

(different coating layers on Au2'/pp)
Au 11"/1ITO4'30"

Au 11"/1ITO5'30"

Au 11"/1ITO6’

Au 11"/1TO6'30"

Au 11"/ITO7'30"

Au 11"/ITO8'30"

Au 11"1TO10'

a
o

R% of diffused reflectance
H
o

T " L] ]
500 550 600
wavelength (nm)

G

Figure 5.6 Diffuse reflectance spectra of samples with different thickness of AR
coating layers on Au2'/pp, organized based on the sputtering time of

T ¥ T
400 450

ultra-thin gold layers.
30
(different coating layers on Au2'/pp)
7 Au 7°/ITO 5'30"
Au 9*ITO 5'30~ L kR G

—— Au 11"/ITO 5'30"
—Au 7"/ITo 6'
Au 9"/ITo 6'
Au 11"/ITo 6'
Au 7"/ITo 6'30"
Au 9"/ITo 6'30" y
Au 11"/ITo 6'30" ol e Y N S

R% of diffused reflectance
pr
L

10 i g ‘ i » """ """" Y- e

T

0 . i v T v T T T

400 450 500 550 600
wavelength (nm)

Figure 5.7 Lower reflectance spectra of samples in figure 5.6 with different thickness

of AR coating layers on Au2'/pp.

T T
650 700

84



Yunxi Shi (2006) McMaster — Engineering Physics

5.2 AR Coatings on SSTFEL Devices

After the AR coatings were applied on the surface of SSTFEL devices, the
specular and diffuse reflectance of the devices are 3 or 5 times lower than that of devices
without AR coatings. Figures 5.8 and 5.9 show these measurement results. The diffuse
reflection is always larger than the specular reflection because the surface of devices is
highly packed with spheres with diameter of 50um. Integration areas of specular
reflection spectra ranging from 410 to 700nm in figure 5.8 for SSTFEL devices with or
without AR coating are displayed in Table 5.3, which were calculated in the same way
used in Chapter 5.1. Integration areas of diffuse reflection spectra ranging from 425 to
700nm in figure 5.9 for the same SSTFEL devices with or without AR coating are shown
in Table 5.4.

Table 5.3 Integration areas of specular reflection spectra ranging from410 to 700nm in
figure 5.8 for SSTFEL devices with different AR coating layers

Sample Sputtering time of Integrated
number | related AR coating layers | areas(nm)
S42¢ Au 7"/1TO 5'40" 572.23
S43d Au 7"/1TO 6 371.11
S43c Au 11"/1TO 540" 551.15
S42d Au 11"/1TO ¢ 493.73
S42d Au 23"/1TO 540" 664.36
S42b Au 23"/1TO 6’ 668.98

S2 Without AR coating 2374.29
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Table 5.4 Integration areas of diffuse reflection spectra ranging from 425 to 700nm in
figure 5.9 for SSTFEL devices with different AR coating layers

Sample sputtering time of Integrated
number | related AR coating layers areas(nm)
S42c Au 7"/1TO 5'40" 7020.42
S43d Au 7"/1TO 6 3750.31
S43c Au 11"/1TO 5'40" 4343.69
S42d Au 11"/1TO €' 2884.59
S42d Au 23"/1TO 5'40" 5406.81
S42b Au 23"/1TO 6’ 5342.39

S11 Without AR coating 23363.14

Comparing the data in Tables 5.3 and 5.4 and considering the high transmittance
of AR coatings to be necessary, AR coatings have better performance to reduce specular
and diffuse reflection of SSTFEL devices while the sputtering time of the ultra-thin gold
layer is 7 seconds, and 6minutes for the ITO layer, as well as the thickness of (3.44+0.28)
nm and (425+30)A respectively. The average reflectance of specular and diffuse

reflections in visible wavelengths is 1.3% and 13.6% respectively.
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Figure 5.8 Specular reflectance spectra of SSTFEL devices with or without AR coatings.
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Figure 5.9 Diffuse reflectance spectra of SSTFEL devices with or without AR coatings.
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53  Contrast of SSTFEL Devices with AR Coatings

The contrast ratio of SSTFEL devices with or without the AR coatings was
measured and compared in the different illumination conditions by a method of Full
On/Off, a widely used measurement method in the video display industry. According to
the Full On/Off method, the ratio of the light output white image (full on) and light

output of an all black (full off) is expressed as the same expression (2.30) as

L . L., +L
contrast ratio = —L&zon . Hoon | refled G

pixel-off LEL-oﬁ’ + Lreﬂect

While the SSTFEL device was applied from a pulse voltage with the zero-to-peak
of 250(V) and frequency of 745Hz, Lpieron and Lpyeroy were measured as “Pixel
ON/OFF” by Luminance Meter LS-100 of Minolta Camera Co. Ltd. under different
illumination conditions. Measurement results are presented in the Table 5.5.

The measurement results of SSTFEL devices with or without AR coatings under
different ambient illumination conditions are presented in Table 5.5. The contrast ratio of
SSTFEL devices with AR coatings is (15.4 £0.9):1 at the ambient illumination level of
(200.0+7.2) lux, and increases up to (47.9+2.0):1 as the ambient illumination level
decreases to (52.6x1.6) lux.. Whether the ambient illumination level is high or low, the
contrast ration of SSTFEL devices with AR coatings is always higher than the contrast
ration of SSTFEL devices without AR coatings. At the ambient illumination level of 200
Lux, the contrast ratio of SSTFEL devices with AR coatings is 5 times higher than that of
SSTFEL devices without AR coatings. However the contrast ratio of SSTFEL devices

with AR coatings is only 3 times higher than that of SSTFEL devices without AR
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coatings at the ambient illumination level of 52.6 Lux, not 5 times as was expected.. The
measurement error results from the measured reflection of ambient light being lower
while sample S7 without AR coatings is off. During the sputtering process of ITO layers
on the SSTFEL devices, the polypropylene sheets of devices were heated and became
non-planar. The measurement results would be affected, although it was made as planar
as possible during measurement. Therefore the contrast ratio of sample S7 was higher

than its real value, had a perfectly planar sample been available.

Table 5.5 Contrast of SSTFEL devices with or without AR coating system under
different luminance conditions

Sample Pixel L(average) SSTFEL Device
Number state (cd/m?) Contrast
Ambient illumination | 200.0+7.1 Lux
. Pixel 9.3+1.
SS.TFEL dev1f:es S41 1xel on 79.3+1.3 (15.4+ 0.4):1
(with AR coating) Pixel off 5.13 +0.11
SSTFEL devices S7 Pixel on 1235 + 1 5 (3 O+ 0 1).1
(without AR coating) Pixeloff | 41.4%1.5 R
Ambient illumination | 52.6+1.6 Lux
SSTFEL devices s41 Pixel on 70.3+0.8 (47 ot 1 0)1
(with AR coating) Pixeloff | 1.47+0.03 R
SSTFEL deViCCS S7 Pixel on 870 + 11 (15 8+ 0 3)1
(without AR coating) Pixeloff | 5.51+0.08 R
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Chapter 6 Setup of Model for AR coatings on Polypropylene Sheets,

Simulation Results and Discussion

6.1 Model for the Reflectance Simulation of AR Coatings on Polypropylene

Sheets
The structure of AR coatings on polypropylene sheets is shown in figure 6.1. The

thickness of an ultra-thin gold layer on the top of ITO layer is around from 3 to 5 nm, and
the thickness of an ITO layer is around 45nm. A thick gold layer with the thickness of
around 36nm is sputtered by S150B Sputter Coater for 120 second on the polypropylene
sheets.

When the sputtering time is limited to several seconds, the ultra-thin gold layers
will be less than Snm thick, too thin to be regarded as a solid optical film. According to
the reflectance spectra of ultra-thin gold layers on Si substrates and glass substrates

shown in the figures 4.16 and 4.17, it can be assumed that the surface of AR coatings

incident light reflected beams
I, Irs

ultra-thin
Au layer

Figure 6.1 A schematic diagram of the model for AR coatings on polypropylene sheets
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with the ultra-thin gold layer is regarded as a complex surface with the following
properties:
1. Reflectance is equal to the sum of the reflectance of material below the
ultra-thin gold layer and reflectance increment after the ultra-thin gold
layer is sputtered on it. Thus its reflectance can be expressed in this
work as
R =Ry +AR 4y oniro 6.1)
2. There is no phase change of the light wave in the internal reflection
from this complex surface due to the ultra-thin gold layer composed of

dense tiny islands with high resistance. Internal reflectance coefficient
K can be expressed as

r=yR 6.2)
where R; is the reflectance of this complex surface. For the external
reflection, the reflectance coefficient is

= —r . (6.3)
If the incident light is expressed as Ege'”, the intensity of incident light
and a reflected beam are expressed as

o = (Epe'™)x (Ee™) = E; (6.4)
Iy =(hEe™)x(nEe™)

= ’i’i‘Eg =R, (6.5)
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where (E,e')" and (r,E,e’™)’ are the conjugates of (E,e'”),
(r,E,e’™ ) respectively.

3. The phase change of the light wave can be neglected due to the low
thickness of the ultra-thin gold layer. The intensity of incident light
passing the ultra-thin gold layer is

1, =Ee”)x(t,Ee™)
=t EX =TI, (6.6)
where ¢, is the transmittance coefficient of the ultra-thin gold layer,

and t, =¢, . Thus #, can be expressed as

f=y1 6.7)
where T is transmittance of the ultra-thin gold layer shown in the

figure 6.1.

Reflectance coefficient of the ITO/Au interface is assumed and expressed as

ry = Rye™ 6.8)
where R is reflectance of the ITO/Au interface shown in figure 6.1, and A is the phase

change of the ITO/Au interface shown in figure 6.1. It cannot be assumed that A is still
even if the thick gold layer is a continuous film physically with thickness of 36nm.
However optical properties of this thick gold layer are different from that of bulk gold for
two reasons: Firstly, its reflectance spectrum is different from that of bulk gold as shown
in figure 5.1, and it is not opaque in the visible wavelength range as is bulk gold.

Secondly, the surface of this thick gold layer on polypropylene sheets does not look like a
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smooth mirror due to the annealing processes. Therefore A will be treated as a parameter
in the simulation.
When the light passes the ITO layer, its intensity decreases further and can be

expressed as

I = (6 (1 Eye")e ™ ) x (8, (1 Eye" ™ )e ™)’

=ttt E

1o =T,TE} 6.9)

where & is the phase change of the light wave resulting from passing through the ITO

layer, and ¢, is the transmittance coefficient of the ITO layer and ¢, =¢, . Thus, ¢, can be

expressed as

t, = \[772 (6.10)
where T is the transmittance of the ITO layer shown in the figure 6.1.

The transmittance spectra of gold layers in figure 4.18 shows that the
transmittance of a thick gold layer is lower than 30 percent in most of the range of visible
wavelengths when its sputtering time is 90 seconds. For a gold layer with a sputtering
time of 120 seconds, its transmittance will be less than 30 percent in the visible
wavelength range. Therefore, we can neglect approximately the effect of the reflected

light from the interface behind this thick gold layer in simulation.

6.2  The Reflectance of the AR Coating on Polypropylene Sheets
Because it is difficult to measure indexes of two gold layers, the multiple-beam

interference method is selected to calculate the reflectance of AR coatings on a thick gold

94



Yunxi Shi (2006) McMaster — Engineering Physics

layer by considering the superposition of the reflected beams shown in the figure 6.2. The
phase difference between successive beams due to passing an ITO layer at close to

normal incident angle is given as
é‘=2=l=£r—*n,md,m 6.11)
A
here n;p and diro are the refractive index and thickness of an ITO layer respectively If

the incident light is expressed as E,e'® , the successive reflected beams can be

expressed by appropriately modifying both the amplitude and phase of the initial wave.

(1) (2) (3) (4) (5) (6)

ultra-thin gold layer

tEo  4RHE, GiTHE, tHEHE, tiETE,

Figure 6.2 Schematic diagram of AR coating on thick gold layer with the thickness of
360nm.

Referring to figure 6.2, there are
E, = (rnE;)e"™
ok 2,2 i(wt-6)
E, = (tt;rE,)e’ iy

SRS i(01-26)
E,= ('t r'nE;)e"”

1
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E, = (2% 1 E )73
By = (¢ r 'n By )e @4
E, = (tlztlzo r25r1'4E0 )ei(wt—Sé')
and so on, where r; is the reflectance coefficient of the interface between the ITO layer

and the thick gold layer. Nth such reflected wave can be written as
E, = (tlzti(N-l)er—lrllN—ZEo)ei(wt—(N—l)é‘) 6.12)

a form that holds for all but E,. Therefore, the resulting £z may be written as

Ex=)Y E, (6.13)
N=

L
- int E: 2,2(N-1)_ N-1_1N-2 i(wt-(N-1)J)
N=2

0
_ iot 2,2 ~id 2(N-2) ,N-2_1N=-2 _~-i(N-2)8
Ep,=Ese [rl +tt,me " X sz(tz rn e ]

The summation is now in the form of a geometric series,

Zw: V2 =1+ x4+ x4+ x7 + v 3 (6.15)
N =2
where
x=trne™ (6.16)
Since |x|<l1, the series converges to the sum S=1/(1-x). Thus
E,= Eoe"‘"l:r, + %] 6.17)

The reflectance of AR coatings is
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. 2

ER ER ié

titlre”
— o)

R= (6.18)

= ‘(rl +

2 2 ’
o 1-tyr,re

After replacing , # and r, by formulas (6.2), (6.3) and (6.10), and replacing

t,and¢, by (6.7) and (6.9) respectively, (6.18) is simplified to,

N T>T,R, + 2T\ T} R,R, + 2T,T, /| R,R, cos( & + A)
1+ T7R R, + 2T, /R R, cos( S + A)

R=R, (6.19)

where T; and T are the transmittance of the ultra-thin gold layer and the ITO layer
respectively. R; is the reflectance defined in expression (6.1). R; is the reflectance of the

thick gold layer on the polypropylene sheet.

6.3  Extracting Transmittance Spectra of The Ultra-Thin Gold Layer and The
ITO Layer from Experimental Results

Transmittance spectra of ITO films and ultra-thin gold films were measured by
Cary 50 Probe UV Visible Spectrophotometer after they were deposited on glass
substrate, which are shown in figures 4.10 and 4.18. During measurement, the same glass
substrate was measured as a reference sample. The measurement transmittance of the

ITO film on the glass is given by

T, —r (6.20)

where I.rand I; are the intensity of incident light after passing a reference sample and

samples with an ITO film respectively. Both of them are shown in figure 6.3(a) and (b).
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In the figure 6.3, Iy is the intensity of incident light. The reflection of light from the two

sides of the glass can be assumed to be the same and labeled R, in figure 6.3(a).

reference sample sample with ITO layer
(glass slide) on glass slide

@ ITO film | (b)

Figure 6.3 The schematic diagrams of the transmittance measurement of ITO films
deposited on glass slides by Cary 50 Probe UV Visible Spectrophotometer

Considering reflections of surfaces and interfaces in measurement, expression
(6.20) can be expressed approximately as

T ~IO(1—RITO—Rg)
ITO _ measured Io (1 e Rg)

(6.21)

where R;ro simply expresses the reflectance of the ITO layer on the glass. It includes two

parts; one is the reflection from the ITO surface, the other is the reflection from the
interface between the ITO layer and the glass.

Because R,=0.04, 1/(1-R,)~1+R, . Expression (6.21) can be approximately

simplified as

]}m_meammd &= (1 i RITO & Rg ) X (l + 2Rg)

~1-Rpypp +R, (6.22)
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On the other hand, the transmittance of the ITO film can be expressed as

I,(1-R
A et VS (623)
10
Thus T2 = ]}TO_masured i Rg (6'24)

Therefore the transmittance of the ITO film is equal to the difference between
direct measured transmittance of the ITO layer on the glass and the reflectance of the

glass surface.

Similarly the transmittance of ITO films, the transmittance of the ultra-thin gold

film shown in figure 6.4 can be expressed as

71 == TAu_measured i Rg (6-25)
reference sample Sample with ulfra-thin gold layer
(glass slide) on a glass slide

@ ultra-thin gold ﬁlm (b)

Figure 6.4 The schematic diagrams of the transmittance measurement of ultra-thin gold
films on glass slides by Cary 50 Probe UV Visible Spectrophotometer

6.4  Extracting Reflectance Spectra of The Complex Surface and Interface

Between ITO Layer and Thick Gold Layer from Experimental Results

Due to ITO films with the thickness like that of glass slides unavailable, it is

difficult to directly measure the reflectance of ultra-thin gold layers on the ITO film
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without the interference effect. And it is impossible to directly measure the reflectance of
the interface between ITO layer and thick gold layer shown in figure 6.5(b).

Based on the experimental results shown in figures 4.16 and 4.17, the reflectance
spectrum of the ultra-thin gold film whether on the Si substrate or on the glass substrate is
similar to the reflectance spectrum of the substrate, and following the reflectance
spectrum of the substrate but increasing by several percent. It is reasonable to assume
approximately that the reflectance spectrum of the ultra-thin gold film on the ITO film,
the complex surface in the model, is also equal to the sum of the ITO reflectance
spectrum and several percent increment. It is expressed as

R =Ry +AR,, .. 1o (6.26)
where Riro is the reflectance of the ITO film and AR4yn-110 is the reflectance increment
after the ultra-thin gold layer is sputtered on the ITO film. For simplifying the reflectance
simulation of AR coatings, AR syon-17o is replaced by AR 4y-on-Glass approximately for the
index of glass slide substrate being closer to the index of ITO layer. Thus R; in
expression (6.26) is expressed as

R = Rpp + AR, o ot 6.27)

For simplification in the reflectance simulation of AR coatings, it is assumed

approximately that the index of the ITO film deposited under sputtering conditions in this

work is constant in the visible wavelength range. Rro in the normal incident situation is

2
Rio =(——-——"a" '""'0] (6:28)

nair + nITO

where n,, is the index of air and #,;, is the index of the ITO layer with 1.97 in this work.
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So R; can be expressed as

2
Rl = ARAu-—on—gIass L (M) (6'29)
n air * nITO

AR 44-0n-Glass €an be obtained from experimental data shown in figure 4.17
The reflectance of ITO/Au interface, Riro.u, is replaced by the reflectance of the
Air/Au interface, Rir44, Shown in figures 6.5(a) and (b). Thus the reflectance coefficient

of the ITO/Au interface in expression (6.8) can be expressed as
r2 5 \I RZe-iA = \l Rair Au e-iA (630)

L, : inciedent light reflected b
incident light = reflected beam 'f'c'e en‘ ¥ ? g

(a) (®)

Figure 6.5 The schematic diagrams of interface reflections between the air and a thick
gold layer (a); and between the ITO layer and the thick gold layer (b).

where A is the phase change of ITO/Au interface shown in figure 6.5(b). Rairay is the
reflectance of air/Au interface shown in figure 6.5(a) and its measurement result is shown

in figure 5.1.

6.5  Calculating reflectance of AR coatings on Polypropylene Sheets
Based on assuming the phase change of the reflected light on the surface of AR

coatings be zero in the model, the smaller the thickness of the ultra-thin gold layer, the
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better the approximation of this model to calculate the reflectance of AR coatings. The
reflectance simulation was applied on the AR coatings composed of different ITO layers
and ultra-thin gold layers with sputtering times of 5 seconds and 12 seconds. Simulation
results of AR coating reflectance are shown in figures 6.6 and 6.7 from page 103 to 110.
Because the transmittance of ITO layers with sputtering times of 5’, 6’ and 6’30” have
only been measured, the transmittance of ITO layers with sputtering times of 4'30” and
5'30" were approximately replaced by the experimental data of the ITO layer with
sputtering time of 5’. The transmittance of ITO layers with sputtering times of 7’30,
830" and 10" were approximately replaced by the experimental data of the ITO layer
with sputtering time of 630" in the calculation.

To compare each group of reflectance spectra in figure 6.6 with one group in
figure 6.6(h), which is the experimental results of AR coatings composed of ultra-thin
gold layers with sputtering times of 4 seconds and the same thickness of different ITO
layers, it can be seen clearly that spectral curves in figure 6.6(¢) have similar relative
position and variation in visible wavelengths to those of spectral curves in figure 6.6(h).
Similarly in figure 6.7, the spectral curves in figure 6.7(d) have similar relative position
and variation in visible wavelengths to those of spectral curves in figure 6.7(h). The
simulation results show that the phase change of A is around #/2.5. Although, the
simulation reflectance of AR coatings does not match exactly with the measurement
value of the reflectance of AR coatings due to the approximate calculation in the
simulation and the effect of diffused reflection from the thick gold layer, the match of the

spectral variation trends at two end ranges of visible wavelengths and their similarity in
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detail at the mid range of visible wavelengths show that the model and assumptions for

simulating reflectance of AR coatings on polypropylene sheets can predict the basic

features of experimental curves.
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Figure 6.6 The simulation results of specular reflectance of AR coatings composed of
ultra-thin gold layer with sputtering time of 5 seconds and different ITO layers are shown
from (a) to (g) as the parameter of A is changed from 0 to w. (h) is the measurement
results of AR coatings composed of ultra-thin gold layer with sputtering time of 4
seconds and different ITO layers
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Figure 6.7 The simulation results of specular reflectance of AR coatings composed of
ultra-thin gold layer with sputtering time of 12 seconds and different ITO layers are
shown from (a) to (g) as the parameter of A is changed from 0 to w. (h) is the
measurement results of AR coatings composed of ultra-thin gold layer with sputtering
time of 11 seconds and different ITO layers
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Chapter 7 Conclusion and Future Work

7.1  Conclusion

This thesis has not only developed an antireflection coating for the SSTFEL
device, but also optimized its to increase contrast ratio of the device high up to 49:1 at
ambient illumination level of 52.6 Lux, which is at least 3 times higher than that of
SSTFEL devices without AR coatings.

The AR coating is composed of an ultra-thin gold layer and an ITO layer. During
research, the index, transmittance spectrum and sheet resistance of ITO films related to
sputtering conditions have been studied. At the deposition conditions of RF power of
30W, chamber pressure of 0.5mTorr and Ar flow ratio of 7.0sccm, ITO films have high
transmittance over 75% in visible wavelength and good conductivity with sheet
resistance of 131.2+6.1(ohms per square). The refractive index is 1.97. It was found that
the polypropylene sheets were crinkled and wrinkled during the deposition process of
ITO layers at the RF power of 45W.

The ultra-thin gold layer plays is an adjusting layer of reflecting intensity in AR
coatings. Its transmittance and reflectance spectra are important in the AR coatings and
have been measured. Results from the measurement of its reflectance spectra show that
its reflectance spectrum is totally different from bulk gold when its thickness is less than
10 nm. It then appears the reflectance spectrum of substrates moving up several percent.
However, as its thickness increases over to 30nm, its reflectance spectrum is some similar

to that of bulk gold.
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AFM technology was also utilized to image the surface morphology of ultra-thin
gold layers and measure the thickness of ultra-thin gold layers. AFM images suggest that
the surface morphology of ultra-thin gold films are similar whether on Si substrates, on
polypropylene sheets or on the surface of ITO films. Therefore the measured sputtering
speed of the ultra-thin gold film on the Si substrate by AFM technology can be used to
evaluate the thickness of the ultra-thin gold layer sputtered on polypropylene sheets under
the same sputtering conditions.

In order to maximize the destructive interference of ambient light in visible
wavelengths, a number of samples were made by depositing AR coatings on
polypropylene sheets and SSTFEL devices, which were composed of different
thicknesses of ITO layers and ultra-thin gold layers. Specular and diffuse reflection
spectra of samples have been measured and compared. Areas under spectral curves of
reflection with good performance AR coatings were integrated over visible wavelengths
from 410 or 425 to 700nm. Considering the high transmittance of AR coatings needed,
results show that AR coatings have best performance in reducing the surface reflection of
samples as the thickness of ultra-thin gold layers ranges from 3.4 to 4.0nm and thickness
of ITO layers ranges from 424 to 450A.

Sheet resistance of two groups of ultra-thin gold layers sputtered on the top of
ITO layers show that the conductivity of the ultra-thin gold layer become better as
thickness of the ultra-thin gold film decreases to a certain value. However it is supposed

to be worse according the theory of tunneling effects that has been reported. This

112



Yunxi Shi (2006) McMaster — Engineering Physics

phenomenon is difficult explain by the interface effects between tiny gold islands and the

ITO layer, or by systematic errors of measurement. It is worth exploring further.

7.2  Recommendations for Future Work

At first, although results of two groups of samples of ultra-thin gold films show
the anomalous behavior in the relationship between sheet resistance and thickness,
extensive research on it in detail is attractive to gain a physical understanding of the
nano-structure material.

Based on the optical and electric properties of ultra-thin gold films and a growth
model at room temperature, it is very interesting to extend the research for its
applications in optical filters, AR coatings in visible wavelength range and infrared
wavelength range.

As shown in the AFM images of ultra-thin gold films with thickness of around
3nm, it can be assumed that this gold nano-film is composed of gold quantum dots (QDs)
with high density on the surface of Si substrates, polypropylene sheets and ITO films for
its sputtered process kept at room temperature. This growth model might hint that it is
worth trying to grow the III-V semiconductor QDs at lower temperature than usual
growth temperature for high density QDs.

Because of bad adhesive ability of polymer with metals, it was found that the
backside electrode of SSTFEL devices, which was a gold layer deposited on a
polypropylene sheet, did not adhere on the backside of the polypropylene sheet well. A

new structure has been proposed to improve the adhesive property between the electrode
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and the polypropylene sheet. It is a sandwich structure of ITO layers and gold layers.
Based on the initial experimental result, an improvement of the adhesive between the
electrode and the polypropylene sheet was observed. It would be interesting to extend

research and development on this structure.
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Appendix A:

Experimental Setup of Reflectivity Measurement System

and Reflection Spectra Measurement

Reflection spectrum measurement is one of the most common optical
measurement techniques. In general, there are two kinds of reflection from the surface:
one is specular reflection; the other is diffuse reflection.

The measurement of specular reflectance spectra of samples were all performed
in a dark room, but diffuse reflectance spectra were measured under ambient illumination
of light bumps with thermal radiations. Both of them were measured by USB 2000 Fiber

Optic Spectrometer of Ocean Optics Inc.

A.l. Experimental Setup and Measurement for the Specular Reflection

Figure A.1 shows a schematic diagram of the experimental setup of specular
reflectivity measurement system. Light off the source of a tungsten halogen lamp was
directed onto the surface of samples at incident angle less than 7° by an optical fiber with
200um core diameter. The light source was cooled by a fan in order to maintain the
output power and spectrum stable during measurement. Samples were mounted on an
optical stage that could be adjusted in three directions. An optical fiber with 400um core
diameter, which is a component of USB 2000 Fiber Optic Spectrometer, was mounted
with angle of near 7° over the surface of samples as a guidance fiber for reflected light.

The reflected light was directed by this guidance fiber into USB 2000 Fiber Optic
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Spectrometer and recorded in intensity spectrum by OOIBase 32 Spectrometer Operating

Software installed in a computer

Fiber2
L|ght Fiber 1 (400um core) Fib
Source (200um core) -
Spectrometer
FUSB 2000
Adjustor
N\

Sample stage l Computer I

Figure A.1 A schematic diagram of the measurement set up of the specular reflection.

Before measuring samples, reference samples, a 500nm Al film deposited on a Si
and a glass substrate, were put on the stage and the intensity spectra of reflection light
were measured. Fibers and the sample on the stage were adjusted to make the detected
signal maximum. The sample was put on the same position of the stage and measured at
the same experimental conditions.

The specular reflection spectrum of the sample is

Isample (2‘) 0 IDark ('%)
14 (2) = Ipgn (A)

Rsample ('1') = ® RAI (ﬂ)

where Lampie(4) and I4(2) are the intensity spectra of specular reflection from the surface

of samples and the Al reference sample respectively. Ipa«(4) is noise spectrum of USB
2000 Fiber Optic Spectrometer measurement system. R4; is the reflectance spectrum of

the Al film [A.1].
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A.2 Experimental Setup and Measurement for the Diffuse Reflection

The diffuse reflection from the surface of samples was measured also by USB
2000 Fiber Optic Spectrometer. The measurement environment is totally different from
that for the measurement of specular reflection. Instead of fluorescent lamps in the lab,
six tungsten filament incandescent lamps with powers of 60 to 100W were used to make
average and isotropic illumination on the surface of samples due to their continuous
spectrum. The guidance fiber was mounted over the surface of samples with a 90° angle
as shown in figure A2. The diffuse reflection light out off the surface of samples was
directed into the USB 2000 Fiber Optic Spectrometer and their spectral data were

recorded by OOIBase 32 Spectrometer Operating Software in the computer.

tungsten filament

§-< /lncandescent lamps
Flber
{400um core) Fiber
s ’Spectrometer
Adjustor

Sample stage

Computer

Figure A.2 A schematic diagram of the measurement set up of the diffuse reflection

Under the illumination of 311 Lux measured with Luminance Meter LS-100 of
Minolta Camera Co, Ltd., a reference sample with diffuse reflectance of near 90% in the

visible wavelength range was measured at first. Reference samples are the KODAK Gray
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Cards with calibrated neutral diffuse reflectance spectra. Then, the sample was measured
as was done in the measurement of specular reflection.

The diffuse reflection spectrum of the sample is

Isample (/t) - IDark (;")
I reference (/1) - I Dark (2')

Rsample (Z’ ) = * Rreference (2‘)

where Lampie(A) and Leprence(4) are the intensity spectra of diffuse reflection light from the
surface of samples and the reference sample respectively. Ipg(4) is noise spectrum of
USB 2000 Fiber Optic Spectrometer measurement System. Ryefrence is the diffuse
reflectance spectrum of the reference sample shown in figure A3, which is a copy from a
part of the product manual of KODAK Gray Card.

percent
reflectance
100

80

white side

8

=

gray side

S 8 8 8 8

]
400 6500 600 700
wavelength in nanometres

Figure A.3 This graph shows the percent reflectance of the KODAK Grad Card in
relation to light wavelength in manometers. A white side curve is the reflectance
spectrum of the reference sample.
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Appendix B.

Ellipsometry Measurement System

Ellipsometry is an old but highly sensitive optical method, which enables us to
measure the refractive index and thickness of semi-transparent thin films by relying on
the fact that the polarization of incident light changes upon an interface or sequence of
interfaces between media of different refractive index. Incident linearly polarized light
with both s and p components will be elliptically polarized after reflection. Null
ellipsometry is a classical ellipsometric technique based on the measurement of azimuth
angle of a polarizer, a compensator, and an analyzer for which the detected intensity of

light is extinguished. A typical null ellipsometer is shown in figure B.1.

light source Photodetector

thin film

Figure.B.1 Schematic diagram of a null ellipsometry measurement system.

The incident light passes first though a rotating polarizer, and then through a

quarter-waver plate with its axes fixed at 45 degrees to the incident plane. The incident
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light becomes elliptically polarized. By rotating the polarizer to the special orientation to
make the incident light to be an appropriate elliptical polarization, the ellipticity of the
light is removed by the reflection. The reflected light becomes linearly polarized. The
null condition at the photodetector is satisfied when the analyzer is crossed with it.

The fundamental equation of ellipsometry is

Ter_ — tan e 3.1
Tss

The quantities i and A are called the ellipsometric parameters, which are measured by
the ellipsometer. i is the angle whose tangent is the ratio of the magnitudes of total
reflection coefficient, while A denotes the relative phase difference between the p-wave
and s-wave before the reflection as ; and the phase difference after the reflection as 3,.
If performed carefully and with four-zone averaging, the null ellipsometer can give very
accurate experimental data with few or no systematic errors.

In the ellipsometric equation, 7ss and 7pp are s and p total reflection coefficients

of the thin film on the substrate.

-i8
_Tam tryme

L+ 7y e

(3.2)

pp i6

-15
_Yom thamme€

1+"01,7M Ry €

s 5 (3.3)

Where 6 = im%EM , and 7y, remag (=0,1; j=1,2) are Fresnel reflection coefficients of

TE and TM mode on the interfaces between material / and material j as shown from

expression (4.23) to (4.26).
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Therefore, from measurement results of ellipsometric parameters W and A, the
index and thickness of a film can be obtained by solving the ellipsometric equation.
In this work, index and thickness of ITO layers deposited on the Si substrate were

measured by a Philips PZ2000 Laser Ellipsometer working at the wavelength of 632.8nm.
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