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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
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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

113



Yunxi Shi (2006) McMaster — Engineering Physics

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

polarizer

Quarter analyzer

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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