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CHAPTER |

INTRODUCTION

1.1 Multilayered Films Characterization

Multilayered films have been an important development in packaging
technology. They are designed to provide enhanced properties which are suitable for
each specific application. The driving force behind the development has been
focusing on wearing and corrosive resistance, chemical resistance, labeling, and
extended coating lifetime. It has been revealed that the surface structure of multi-
component polymer is different from that of the bulk. To gain an insight
understanding of the specific chemical composition and structure of the surface and
bulk regions, the surface characterization and depth profiling analysis has been an
important technique in identifying the chemical composition [1].

There are varieties of sampling techniques of specifically application to surface
and depth profiling studies such as X-ray diffraction [1-2], or secondary ion mass
spectroscopy (SIMS) [1]. However, these analytical techniques give us the
information only about the distribution of elements and not about the changes in
chemical bonding or chemical structure of organic materials. Fourier transform
infrared (FT-IR) spectroscopy is particularly important because of the rich
information content-of .the chemical compasition-and molecular structure [3]. This
technique can be applied to study a layered material in order to determine the

chemical nature of different species.

1.2 Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR spectroscopy offers the materials scientist a relatively direct probe of the
molecular structure, particularly when it is applied to surface and depth profiling
analysis. Surface characterization techniques are required to probe the surface and
interface regions. A good surface characterization technique should have the



following properties: nondestructive, quick and easy sampling, high accuracy and
high resolution with quantitative analysis. The technique should be sensitive to the
changes in the sample such as compositional changes. However, there is no
technique that can satisfy all these requirements. Some techniques offer
exceptionally high sensitivity but there applicability is severely limited by high costs,
limited availability, destructive nature, difficulty in sample preparation, and
extremely testing conditions. The user must sacrifice part of the sampling
requirements, sample preparation, and acquired information when choosing a surface

characterization technique.

In the past, the traditional transmission technique was employed for multi-
component analysis [4-5]. The technique involves passing the infrared radiation
through the sample and detecting a portion of the radiation via the transmission
process. The sample must be separated the individual layers or sliced subdivision of
the sample by posses such as microtoming and analyze each of the constituent part of
the structure variation within the sample. Transmission mode is destructive sampling
technique and needs sample preparation. Within FT-IR spectroscopy, very few
techniques are available for nondestructive analysis and advanced to surface and
depth profile analysis such as attenuated total reflection Fourier transform infrared
(ATR FT-IR) spectroscopy [6-7].

1.2.1 ATR FT-IR Spectroscopy

ATR FET-IR spectroscopy has been used in a wide variety of application
including nondestructive analysis, quantitative analysis [8], qualitative analysis [9],
surface characterization [4, 10], and depth profiling [11-15]. In the ATR technique,
the sample is placed against an internal reflection element (IRE). The IRE is made of
material with high refractive index such as germanium (Ge), silicon (Si) or zinc
selenide (ZnSe). The total internal reflection occurs at the interface as the angle of
incidence greater than the critical angle is utilized. Depth profiling can be performed
by the use of various IRE from different materials having different refractive indices
[11] or varying the angles of incidence [11-15].



In an ATR experiment, optical contact between the IRE and the sample plays
an important role on obtaining a good spectral quality. From physical characteristic
of sample, liquid sample always wet the surface of the IRE. As a result, a perfect
contact between the sample and IRE is always achieved. The solid sample, on the
other hand, rarely has a good contact with the IRE especially the sample with rough
surface. Although the solid sample with mirror-flat surface is employed, the optical
contact between the sample and IRE is difficult to obtain due to dust and local
irregularity of the surface. When the optical contact is not achieved, there is an air
gap between the sample and IRE. If an air gap is large enough, an ATR spectrum
cannot be observed. In the general practice, applying pressure to a solid sample
against the IRE is the technique for improving the contact between the sample and
IRE. This technique is not always applicable since the excessive force may damage
the IRE and/or cause a rapid deterioration of the IRE especially when a soft IRE is
employed. To overcome these limitations, diamond has been used as an infrared
window in high-pressure cells [16] and for special ATR applications. The benefits of
diamond are strength, hardness, chemical resistance, and transparency throughout
most of the mid-infrared region. Solid sample with an irregular surface requires a
method of providing intimate contact with the IRE. In the case of the diamond IRE,
the small physical size of the diamond and its intrinsic hardness can help to obtain
the optimal sampling condition via an applied pressure.

1.2.2 ATR FT-IR Microspectroscopy

Infrared microanalysis was developed in the early 1980s [5, 17, 18]. The FT-IR
microspectroscopy is defined as 'the coupling of a microscope to an infrared
spectrometer. Infrared microscope has been developed in order to reveal the small
fractions of sample in both transmission and reflection modes. For ATR
measurement, the specialized objective for internal reflection microspectroscopy
provides the optics for viewing the sample and a high refractive index material. This
element is constituted by a hemispheric prism mounted on the IR objective that
called ATR objective. This new class of objective has solved some of the problems
encountered in analysis at a macroscopic level of the conventional ATR technique.



The multi-component analysis is performed following three modes: a survey mode
for viewing and selecting the sampling area to analysis, a contact mode to bring the
sample in contact with the ATR objective and an ATR mode for infrared analysis.
Different types of ATR objective are available such as ZnSe, Si and Ge crystals are
employed to depth profiling analysis [9, 19]. Due to the low mechanical strength of

material, the pressure application is constrained onto the IRE.

In 1995, a new micro-ATR accessory was introduced (the DurasamplIR from
SenIR Technologies, USA) [5, 20]. In its standard form, this accessory features a
diamond IRE sampling surface. All the practical benefits of diamond are retained: its
strength and chemical inertness, and good optical performance with minimum
interference in the region of the diamond absorption. This arrangement is made
practically by a unique combination of a small, thin diamond element placed on top
of a larger optical element which made from a material of comparable refractive
index, usually zinc selenide. The second, larger element acts as a mechanical support
and as a focusing device for the infrared radiation entering and exiting the diamond
IRE. However, on a larger optical element placed by thin diamond IRE there is the
limitation of hardness. If high pressure is applied, it will break or crack. Moreover,

the commercial accessory is expensive.

From the limitation of commercial diamond micro-ATR, the novel diamond
MATR sensor was developed [21]. The novel ATR microscope for spectral
acquisition using a gem quality round brilliant cut diamond as IRE was introduced.
The advantage of the homemade diamond pATR sensor is to reduce the cost. In
addition, the diamond PATR sensor requires short acquisition time while sample
preparation is not necessary. By employing the diamond IRE with sharp-tip
configuration, surface, bulk, and/or depth-dependent information of solid materials
can be acquired. With a diamond HATR sensor accessory, user is provided with one
of the most reproducible sampling methods available for sampling with optical
contact problem in hard and rigid materials, rough surface, irregular shape samples,
and sample with small sampling area. As long as the sample is under moderately
applied pressure, good optical contact is always achieved at the diamond tip.



1.3 The Objective of This Research

The objective of this research is to exploit the novel diamond pATR sensor for
surface characterization and to apply for depth profiling analysis of multilayered

films.

1.4 Scope of the Research

1. To develop the novel diamond PATR sensor for surface characterization
and depth profiling of multilayered films.

2. To compare the ATR spectral observation by the diamond HATR sensor
with the conventional ATR using ZnSe IRE



CHAPTER I

THEORETICAL BACKGROUND

2.1 Basic Concepts of Spectroscopy

Spectroscopy is the study of the interaction of electromagnetic radiation with
matter [6]. When the electromagnetic radiation impinges on the surface of a matter,
interactions between the incident beam and the molecules will alter the incident
radiation. The incident beam can be reflected, scattered, transmitted, or absorbed by
the matter. These modifications give information about the molecular or physical
properties of the matter. A spectroscopic experiment allows the detection of

reflected, scattered, transmitted, or absorbed light.

While a matter and a detector are defined by specific chemical and physical
properties, light needs further consideration. Light is an electromagnetic wave.
According to classical wave theory, the electric field vector (E) and the magnetic
field vector (H) of a radiation are oscillating periodically in space, as shown in
Figure 2.1. The electric and magnetic vector components and the direction of
propagation are perpendicular to each others [6].

A

p Direction

H

Y

Figure 2.1  Propagation of a linearly polarized electromagnetic wave in space.

Electric (E) and magnetic (H) vectors are always perpendicular to

each other and to the direction of propagation.
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When an electromagnetic radiation impinges on a matter, rays of the incident
beam may be reflected, scattered, transmitted, or absorbed that depending on the
experimental arrangement. The total amount of incident energy is the sum of
reflected, scattered, transmitted, and absorbed light. A schematic illustration for an
interaction between light and matter is illustrated in Figure 2.2. This process can be

expressed by the following relationship [6]:

where g is the intensity of the incident radiation and Ig, Is, and It are the reflected,
scattered, and transmitted radiations, respectively. I is the radiation absorbed by
matter. The intensity of each radiation depends on the intensity and wavelength of
the incident radiation, the optical properties of the specimen, the concentrations of

species, and the geometry of the experimental setup.

Reflected Sample
Beam

) IR) )
Incident Beam L» —_—————— = [ransmitted Beam

(1) % (1)

(Is)
Scattered
Beam

Figure 2.2  Interactions of light with matter.

Consider the electromagnetic radiation when a 'sample is inserted between a
light source and a detector. The sample absorbs a fraction of the incident radiation. In
order to measure the region and amount of light being absorbed by the sample, we
need to measure the ratio of the sample attenuated (lt) and nonattenuated (lo)
intensities of the radiation. The ratio is proportional to the transmittance of the
sample. This relationship can be quantitatively related to the chemical composition

of the sample by the Beer-Lambert law as [6]:



| /15 =e A0 —g €2 2.2)

where A(v_ ) is the sample absorbance at a given wavenumber v, c is the

concentration of the absorbing functional group, g(v_ ) is the wavenumber-dependent

absorption coefficient, and | is the film thickness for the IR beam at a normal
incidence to the sample surface.

The simple transmission technique implicates passing the infrared radiation
through the sample and detecting a portion of the radiation that is transmitted. This
technique may provide a significant amount of information concerning molecular
structures and their properties. Nevertheless, transmission mode is not applicable to
surface analysis. If one requires gaining an insight understanding of the surface
properties such as chemical compositions, molecular orientation, and chemical
reaction, a surface sensitive technique is required. Attenuated total reflection (ATR)
FT-IR spectroscopy is a good candidate for that purpose. It is not only a technique
that provides the information, which directly associated to chemical composition of

the sample, but also a surface sensitive sampling technique.

2.2 Attenuated Total Reflection Fourier Transform Infrared (ATR FT-IR)
Spectroscopy

ATR FT-IR spectroscopy is a characterization technique based on an internal
reflection principle. The major factors driving this developed technique are reduced
sample preparation, the ease-of-use of internal reflection spectroscopy attachments.
In experimental, a sample need only be placed in optical contact with the surface of
the IRE to record its ATR spectra.

2.2.1 Principles of Light Reflection and Refraction
Reflection of light or radiant energy is the abrupt change in the direction of

propagation when the radiation is incident on an interface. An optical interface is

created whenever there is a discrete change in optical properties; namely the
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refractive index and/or absorption index. When electromagnetic radiation strikes a
boundary between two media with different refractive indices, refraction and
reflection occur. The law that governs the reflection process requires that the angle of
incidence be equal to the angle of reflection. In this case, reflection is specular. If
electromagnetic radiation passes from one medium to another that has a different
refractive index, a sudden change of beam direction is detected because of the
difference in propagation velocity through two media. If light propagates through a

medium with refractive index n, and enters a medium with refractive index n, (see

Figure 2.3), the light path will change, the extent of refraction is given by the
following relationship [6]:

singg nz(;)
Sin 0{2 nl(V)

(2.3)

where «, and «, are the angle of incidence and refraction, respectively.

Incident Beam Reflected Beam

Refracted Beam

Figure 2.3 ~ Reflection and refraction of a plane wave at a dielectric based on

Snell’s Law.

Total internal reflection occurs when light (or radiant energy) traveling through
a medium of high refractive index is incident on the interface with a lower index
(i.e., ny > ny) with an incident angle greater than the critical angle. The critical angle

can be derived from Snell’s law and given by Equation 2.4 [6-7].

6. =sin"(n,(v) I ny(v)). (2.4)
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According to Figure 2.4, when the angle of incidence equals the critical angle,

0. , the refracted angle equals 90°. This implies that under a total internal reflection

phenomenon there is no light from the optically denser medium travels across the
interface into the optically rarer medium. If the rarer medium is nonabsorbing, then
all incident radiation (i.e., at angles greater than the critical angle) are internally
reflected. If the rarer medium absorbs radiation at a specific wavelength, the intensity
of the reflected radiation is reduced at that particular wavelength. In other words, the
internal reflection is attenuated. This attenuation of the total reflection produces ATR

spectra.

|
|
1
I
n |
2 Jz: 90°
|
|

Figure 2.4  Condition under which total internal reflection occurs. Light travels
from an optically denser medium and impinges at the surface of the
optically rarer medium (n;> nz) with angle of incidence equal the

critical angle.

Total internal reflection spectroscopy is, therefore, the technique of recording
the optical spectrum of a sample material that is-in contact with an optically denser
medium. The wavelength dependence of the reflectivity of this interface is measured
by introducing light into the denser medium. In this technique the reflectivity is a
measure of the interaction of the electric field with the material and the resulting

spectrum is also a characteristic of the material.



2.2.2

Internal Reflection Element (IRE)
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The internal reflection element (IRE) or ATR crystal must has a high reflective

index and be transparent throughout the mid-infrared spectral region. The IRE must

also withstand physical and chemical contact with samples. It is not too surprising

that few materials meet these requirements. Listed in Table 2.1 are the optical and

mechanical properties of infrared transmitting materials [5].

Table 2.1 Properties of materials used for internal reflection elements.
Material Reflective index Useful range Maximun use | Hardness
At 1000 cm™ (cm™) T (°c) (kg mm?)
Gemanium 4.02 5,500-600 100 780
Silicon 3.42 8,300-660 300 1150
Zinc selenide 2.43 20,000-460 315 120
Diamond 2.417 45,000-~2,500, 550 8820
~1650-200

The IRE is used-in internal reflection spectroscopy for establishing the

conditions necessary to obtain internal reflection spectra of materials (Figure 2.5).

Radiation propagates through the IRE by means of internal reflection. The sample

material is placed into contact with the IRE. The ease of obtaining an internal

reflection spectrum and the information obtained from the spectrum are determined

by the characteristics of the IRE (i.e., single or multiple reflections). A choice must

be made in the working angle or range of angles of incidence, number of reflections,

aperture, number of passes, surface preparation, and material from which it is made

[7]1
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Sarhple y Sample
(a) Single Reflection (b) Multiple Reflection

Figure 2.5  Selected IRE configurations commonly used in ATR experimental
setups: (a) Single reflection variable-angle hemispherical crystal and
(b) Multiple reflection single-pass crystal.

2.2.3 ATR Spectral Intensity

In an ATR configuration, a medium with a high refractive index is optically
contacted with a medium with lower refractive index (i.e., sample). The IRE is
infrared transparent. The sample, on the other hand, is infrared absorbing and has a
complex refractive index at frequency v of n,(v) =n,(v)+ik,(v), where n,(v) and
k,(v) are refractive index and absorption index, respectively. Incident light travels

from the IRE and impinges the IRE-absorbing medium interface with an angle of

incidence is greater than the critical angle, total internal reflection can be occur.

Under non-absorbing conditions [i.e., k,(v)=0], the incident light is totally

reflected at the interface. Since no light travels-across the interface and there is no

reflection loss due to absaorption [i.e., reflectance R(#,v) =1], this phenomenon is

then called the total reflection phenomenon.

When a rarer medium is absorbing [i.e., k;(v) > 0], there is reflection loss
due to absorbing by the material [i.e., R(&,v) <1]. This phenomenon is called the
ATR phenomenon. Although no light travels across the boundary, there is a strong
electric field at the interface region of the absorbing medium. Interaction between the
electric field and the absorbing medium is the cause of reflection loss in ATR

experiment. The magnitudes of the interaction between light and the sample can be
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expressed in terms of absorbance. The absorbance depends on both the material
properties (e.g., refractive index of the IRE and refractive index of the sample) and
the experimental parameters (e.g., angle of incidence, frequency, and polarization of
the incident beam). The relationship between absorbed and reflected intensity in an
ATR spectrum is given by [15]:

A@,v) =1-R(6,v) (2.5)

where A(6, v) and R(6, v) are absorptance and reflectance, respectively. In general,

absorptance in ATR can be expressed in terms of experimental parameters and

material characteristic by the following expression [15, 22]:

Ay

A0 = n, cosd

[, 000k (1) (Ef (6,)) dz (2.6)

where A(0, v) is absorptance and | indicates the polarization of the incident beam.

<Ef, (6?,1/)> is the mean square electric field (MSEF) at depth z, n;(v) and k;(v),

respectively, are the refractive index and absorption index of the sample, and ng is

the refractive index of the IRE.

The MSEF is a function of both experimental parameters and material
characteristics. The relationship between the absorption strength and the material
properties shown in equation 2.6 is nonlinear. In general, the MSEF is strongest at
the IRE/sample interface. Its strength decreases exponentially as a function of depth.
The strength and decay characteristic of the MSEF vary with the absorption strength

are shown in Figure 2.6.
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Figure 2.6  The MSEF at various experimental condition (A, A’) and its decay
characteristic (B, B"). The simulation parameters are no = 4.00 for Ge,
No = 2.40 for ZnSe, v = 1000 cm™, ny(v) = 1.50, ki (v) = 0.0, 0.1,
0.2, 0.3, 0.4'and 0.5, respectively.

2.2.4 Depth Profiling Using ATR FT-IR Spectroscopy

ATR FT-IR spectroscopy has long been recognized as a surface
characterization and depth profiling techniques. The main factor that makes ATR
technique suitable for depth profiling application is the MSEF under total internal
reflection condition. The MSEF strength is greatest at the interface between the IRE
and the sample. It decays exponentially as a function of distance from the interface.
The distance from the interface where the field strength decay to 1/e of that the

interface is called penetration depth. Therefore, the ATR technique can be used to
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obtain a degree of depth profile analysis by changing the penetration depth. The
penetration depth is given in terms of material characterization and experimental

parameters by [7]:

1
d. = (2.7)
® 2avng (sin? 6 - (g /ng)?) 2

where d , (6, v) is the penetration depth. The penetration depth also depends on

experimental conditions and material characteristics.

According to equation 2.7, there are several important parameters that affect
the observed spectrum and spectral qualities. One of them is the refractive index. At
a fixed angle of incidence, the penetration depth is larger for better index matching
(i.e., n, is similar to ng). When an organic material (refractive index of 1.5) is placed
in contact with a ZnSe IRE (refractive index of 2.4), the ratio of the refractive indices
is (n/ny) = 0.625. In contrary, when an organic material is in contact with a
germanium IRE (refractive index of 4.0), the ratio of the refractive indices becomes
0.375. According to Figure 2.7 and 2.8, the penetration depth with ZnSe as the IRE is
greater than that with Ge. It also indicates that the penetration depth depend largely
on the frequency of the incident beam. As the frequency of the infrared light
increases the penetration depth decreases. However in FT-IR practice, it is often
convenient to express frequency in terms of wavenumber, the penetration depth
decreases when wavenumber increases. This also-leads to a decrease of relative band
intensities in the ATR spectrum with increasing wavenumber. Furthermore, changing
the angles of incident effects on the penetration depth. If the angle of incident is
increased, the penetration depth will be decreased and the spectral intensity will be
decreased. The greater penetration depth implies a greater distance from surface of

the sample where chemical information can be observed by ATR technique.
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The depth profiling by ATR FT-IR spectroscopy can be performed by using
IRE of different refractive index, and/or by varying the angle of incidence of the
infrared light in the IRE. Lower refractive index and smaller angle of incidence lead

to increase the penetration depth.

2.2.5 Limitation of ATR FT-IR spectroscopy

ATR FT-IR spectroscopy Is a surface sensitive technique. However, it has
several limited applications. One of them is a contact between the sample and IRE
[15, 22]. In order to obtain good ATR spectra, a very good contact between the
sample and IRE is required. Liguid samples always have a perfect contact with IRE.
The solid sample rarely has a good contact with the IRE especially the hard and rigid
solid. When the system does not achieve an optical contact, there is always an air gap
between the sample and the IRE. The larger is the air gap, the smaller is the observed
spectral intensity. If an air gap is large enough the spectrum can not be obtained. To
solve this problem, the high pressure is applied at the sample against the IRE.
However, the IRE may be damaged by an excessive pressure. Another limitation for
ATR FT-IR spectroscopy is the depth of penetration. Since the ATR spectra sensitive
to physical phenomena in a few micrometers near the interface, spectral information

at a greater depth cannot be obtained.

2.3 ATR FT-IR Microscopy

2.3.1 Infrared Microscope

FT-IR microscopy defines as the coupling of a microscope to an infrared
spectrometer. This coupling allows one to focus infrared radiation onto the specimen,
to collect transmitted or reflected infrared radiation from the sample by a detector [5,

17, 18]. The optical diagram of an infrared microscope is shown in Figure 2.9.
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Figure 2.9  Optical diagram for infrared microscope.

Infrared microscope has been developed in order to reveal the small and
fractions of layer samples that are beyond the capability of normal infrared
spectrometer.-Infrared microscope -is-generally -designed with two paths from the
sample to the detector; transmission and reflection. For transmission mode, the
infrared. light passes_ through the sample. The transmitted radiation .is. collected by
second infrared objective and sends the radiation to the detector. Therefore, the
sample must be very thin or compressible in order to allow the light to pass through.
The technique may require more sample preparation. For reflection mode, the
infrared light reflects off of the sample and passes back through the illuminating

objective. An appropriate sample requires almost no sample preparation.
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Figure 2.10 Path of the infrared radiation in through an ATR objective of infrared

microscope.

ATR is one of the reflection modes which based on the phenomenon known as
total internal reflection. As mentioned before in the general case, when radiation
traveling in a medium of high refractive index strikes an interface with a lower
refractive index material the radiation is partly reflected and partly refracted. A
diagram of an ATR objective for an infrared microscope is shown in Figure 2.10.
The high refractive index material is in the form of a hemisphere and the sample to
be investigated is pressed against the flat surface of the hemisphere. Since the
hemisphere is small, diamond becomes affordable as the high refractive index

material.

2.3.2 Novel ATR FT-IR Microscopy using a Gem Quality Diamond IRE

Diamond is absorbing in the mid-infrared region (Figure 2.11). It has three
major absorption bands, namely one-phonon (1400-900 cm™), two-phonon (2650-
1500 ecm™), and three-phonon (3900-2650 cm™) absorption [21, 23]. The absorption
magnitude in the one-phonon region depends strongly on the concentration of
nitrogen impurities. Diamond with high nitrogen content always shows over
absorption in this region. The two-phonon region is indicated the specifically
structure of diamond that always over absorbing in this region. The three-phonon

region is associated with hydrogen impurity in the diamond structure.
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Figure 2.11 Transflectance spectra of round brilliant cut natural diamond.

In principle, a gem quality brilliant cut diamond was cut in such a proportion
that the number of total internal reflection within the diamond is enhanced. To
increase the number of total internal reflection, the cutting proportion of the diamond
is carefully design with respect to its refractive index, size, shape, and carat weight.
The number of reflection depends on the angle and positions that light enter the
diamond. The greater the number of total internal reflections, the better is the fire and
brilliance of the diamond. This phenomenon is due to the dispersion of light
associated with its traveling distance and the total internal reflection inside diamond.
A modern brilliant cut diamond consists of 57+1 facets depending on the presence of
the culet (Figure 2.12). Diamond can be employed as an IRE because its high
refractive index (Ngiamond = 2.417).is greater than-that of sample (Norganic = 1.5). Total
internal reflection at the diamond/sample interface is observed when radiation
traveling inside the diamond impinges the interface with an angle greater than the
critical angle. The critical angle (8¢) is given in terms of the refractive index by 6¢c =
sin (Nsample/Ndgiamona) a@nd is equal 38.36 for the diamond/organic material interface
[21].
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Figure 2.12 A schematic drawing of a round brilliant cut diamond.

2.3.3 Principle of Light that Entering the Diamond IRE

In order to collect ATR FT-IR spectra of a faceted diamond using an infrared
microscope, the infrared radiation is coupled into and is collected from the table facet
by the built-in 15X Cassegrainian objective, for the coupled radiation with a normal
incidence to the table facet, the radiation totally reflects at the pavilion facet. Under
the employed cut proportion (i.e., a set of Tolkowsly’s recommended proportion with
pavilion angle of 41° and crown angle of 34° [21, 23]), the angles of reflection at the
pavilion facet are 41° and 57° for the first and second reflections, respectively. The
radiation reaches the diamond/air interface at the table facet with an angle of 16° and
refracts into air with an angles of 41.77°. Due to-the complex cut the surfaces of the
facet diamond, the coupled radiations that impinge the table facet with different
angles and/or positions undergo different reflections inside the faceted diamond
before emerging into air at any facets. According to the traveling path of the coupled
radiation (Figure 2.13), the out going radiation from the table facet is defined as the
transflected radiation. The evanescent field under total internal reflection at the
pavilion facets can interact with a material attached to the diamond. By collecting the
transflectance spectrum, absorption of the material under ATR condition can be

acquired [21].
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Figure 2.13 Ray tracing of the coupled radiations within the faceted diamond.

Angles of reflections and refractions defined with respect to the
direction normal are summarized.
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EXPERIMENTAL SECTION

The novel diamond pATR sensor based on ATR principle was applied for
surface characterization and depth profiling of isotropic and anisotropic samples. For
comparison purpose, depth profiling study was divided into two procedures; (1)
varying diamond penetration under constant aperture and (2) constant diamond
penetration with variable aperture. The observed ATR spectra acquired by the novel
diamond IRE will be compared to those acquired by a traditional ZnSe IRE.

3.1 Materials and Equipments

3.1.1. Samples

1. Homogeneous samples
1.1 Mineral oil
1.2 Poly(vinyl chloride) or PVC
2. Heterogeneous samples
2.1 Oriented polypropylene coated on polyethylene (OPP/PE)
2.2 Teflon/Polyimide/Teflon multilayered film

3.1.2 ~Instruments

1. Nicolet Magna 750 FT-IR spectrometer equipped with a mercury-
cadmium-telluride (MCT) detector

2. NICPLAN™ infrared microscope with 15X Cassegrain infrared
objective and 10X glass objective

3. Variable-angle single-reflection attenuated total reflection accessory
(The Seagull™, Harrick Scientific, USA) with a hemispherical ZnSe
IRE.
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4. Homemade diamond HATR accessory equipped with a gem-quality
round brilliant cut diamond IRE (0.1005 ct type laB natural

diamond)

3.2 Default Spectral Acquisition

Nicolet Magna 750 FT-IR Spectrometer

Instrumental Setup

Source Standard Globar™ Infrared Light Source
Detector MCT

Beam splitter Ge-coated KBr

Acquisition Parameters

Spectral resolution 4 cm™

Number of scans 256 scans

Spectral format Absorbance

Advanced Parameters

Zero filing none
Apodization Happ-Genzel
Phase correction Mertz

NICPLAN Infrared Microscope

Instrumental Setup

Source Standard Globar™ Infrared Light Source
Detector MCT

Beam splitter Ge-coated KBr

Acquisition Parameters

Spectral resolution 4 cm*

Number of scans 256 scans

Spectral format Absorbance

Advanced Parameters
Zero filing none
Apodization Happ-Genzel
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Phase correction Mertz

3.3 Homemade diamond pATR accessory

The homemade diamond pATR sensor accessory composes of two parts as
shown in Figure 3.1. First component is probing head which designed for mounting
the diamond IRE. It contains a sample holder whereby a solid sample can be brought
into contact with the culet of the diamond IRE. Another component is the adjustable
reflection plane. The three knobs setting on the corner of this plate (Figure 3.1) were
employed for adjusting the table facet of the diamond IRE perpendicular to the
incident radiation in order to obtain a high energy throughput.

The homemade accessory was placed onto the stage of NICPLAN™ infrared
microscope connected to the Nicolet Magna 750 FT-IR spectrometer, illustrated in
Figure 3.2. The homemade accessory Iis capable of analyzing sample in
transflectance mode. The incident infrared radiation from the infrared microscope is
coupled onto the table facet of the diamond IRE. The amount of light is controlled by
the aperture of the microscope. The infrared radiation was focused at the culet of the
diamond IRE. The sample focus can be adjusted by the knobs of the homemade
accessory and the stage of the microscope is adjusted in order to obtain high energy
throughput.
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Figure 3.1  Composition of the homemade diamond pATR  accessory: the
diamond probing head, the adjustable reflection plane and complete set
of homemade accessory.
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Figure 3.2 The homemade diamond pATR accessory mounted onto the infrared

microscope.

3.4 Surface Characterization by ATR FT-IR Spectroscopy

3.4.1 Experimental Procedure for the Conventional ATR Accessory

A commercial ATR accessory (the Seagull™, Harrick Scientific, USA) with
a hemispherical ZnSe IRE was employed for all conventional ATR spectral
acquisition. The infrared radiation was coupled through the ZnSe IRE at the angle of
incidence 45°. The single beam spectrum from the ZnSe IRE without sample was
employed as a background for all ATR spectral acquisitions. For spectral acquisition
of samples, liquid sample (mineral oil) was spread over ZnSe IRE as a liquid film
while solid samples (i.e., PVC, OPP/PE and Teflon/Polyimide/Teflon) was brought
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into contact with the bottom surface of the IRE by applied pressure. The ATR spectra
of samples were then acquired.

3.4.2 Experimental Procedure for Diamond HATR Sensor

For the novel diamond sensor experiment, all ATR spectra were performed on
a NICPLAN™ infrared microscope attached to the FT-IR spectrometer. A gem
quality round brilliant cut natural diamond was employed as an IRE. For spectral
acquisition of samples, liquid sample (mineral oil) was deposited as a liquid film on
the culet of the diamond IRE while solid samples (i.e., PVC, OPP/PE and
Teflon/Polyimide/Teflon) were brought into contact with the culet of diamond IRE
with an applied pressure. The table facet of diamond IRE was adjusted perpendicular
to the incident radiation by using the adjusting knobs of homemade accessory to
obtain the focal plane and maximum energy throughput. Its position was adjusted by
x-y axis controlling stage of microscope. Reflection with normal incidence from the
table facet of diamond IRE was employed as a background for all spectral
acquisitions. The transflectance radiation was collected via the built-in 15X
Cassegrainian objective through the table facet of diamond IRE. The ATR spectrum
of the sample was acquired. The obtained spectrum was subtracted by transflectance

spectrum of diamond, unique absorption band of the sample was revealed.

3.5 Depth Profiling by ATR FT-IR Spectroscopy

3.5.1 Experimental Procedure for the Conventional ATR Accessory

A commercial ATR accessory- (the Seagull™, Harrick Scientific, USA) was
employed for ATR spectral acquisition. A hemispherical ZnSe was used as IRE and
mounted into the ATR accessory. The angle of incidence was varied from 45° to 60°
with a 5° interval. The background spectrum at an individual angle was collected.
For spectral acquisition of samples, liquid sample (mineral oil) was placed as a liquid
film onto the bottom surface of the IRE while solid samples (i.e., PVC, OPP/PE and
Teflon/Polyimide/Teflon) were brought into contact the bottom surface of the IRE
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with an applied pressure. The ATR spectra at variable angles of incidence were

acquired.
)
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Figure 3.3  Schematic illustration of depth profiling using a hemispherical ZnSe

IRE, variable angles of incidence.

3.5.2 Experimental Procedure for Diamond HATR Sensor

Constant Diamond Penetration with variable aperture

All ATR spectra were collected by a NICPLAN™ infrared microscope
attached to the FT-IR spectrometer. A gem quality round brilliant cut diamond IRE
was mounted into the homemade accessory. For spectral acquisition of samples,
liquid sample (mineral oil) was deposited as a liquid film on the culet of the diamond
IRE while the solid samples (i.e., PVC, OPP/PE and Teflon/Polyimide/Teflon) were
brought into contact with the culet of diamond IRE by an applying highest pressure.
The whole accessory was placed on the stage of the infrared microscope. The
incident infrared radiation from the infrared microscope was coupled onto the table
facet of the diamond IRE. The amount of infrared radiation is controlled by the
aperture of the microscope. For the first spectra acquisition, the size of aperture was
set to 100x100 pm?. Reflection with normal incidence from the table facet of
diamond IRE was employed as a background. Next step is raising the stage of
microscope in order to bring the infrared radiation from infrared microscope via the
15x Cassegrainian objective. The infrared radiation was coupled into the pavilion
facet of diamond through the table facet and the ATR radiation was collected. The

spectrum of sample is then ratioed to the background. It is therefore important that
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the aperture is the same for both background and sample spectra. The obtained
spectrum was subtracted by transflectance spectrum of diamond, unique spectrum of
the sample was revealed. The same procedure was repeated by increasing aperture
size of the microscope (i.e., 200x200, 300x300, 400x400 and 500x500 um?). The
background and ATR spectra of sample at individual aperture were acquired before
hard.

Diamond IRE Diamond IRE

dSampling

dsampling

Figure 3.4  Schematic illustration of the depth-dependent measurement using a
diamond IRE. The spectra were collected as varying aperture under a

constant diamond penetration.

Varying Diamond Penetration under Constant Aperture

The NICPLAN™ infrared microscope - attached to the FT-IR
spectrometer, was employed for all spectral acquisition. The diamond IRE was
mounted into the homemade accessory. The solid samples (i.e., PVC, OPP/PE and
Teflon/Polyimide/Teflon) were placed against the culet of diamond IRE and then the
pressure was applied. The homemade accessory was placed on the stage of the
infrared microscope. The incident infrared radiation from the infrared microscope
was coupled perpendicularly to the table facet of the diamond IRE. The amount of
infrared radiation is controlled by the aperture of the microscope which was set at
200x200 pm?. Reflection with normal incidence from the table facet of diamond IRE
was employed as a background for all spectral acquisition. The stage of microscope
was raised in order to bring the infrared radiation from infrared microscope via the
15x Cassegrainian objective pass into the diamond IRE. The selected sampling area
must focus at the culet of diamond IRE. The ATR FT-IR spectrum of sample was
acquired. The obtained spectrum was subtracted by transflectance spectrum of

diamond in order to acquire the characteristic absorption bands of the sample. The
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same procedure was repeated by increasing applied pressure. By increasing the
pressure, the diamond tip was penetrated deeper into the sample. Depth profiling by
varying diamond penetration of diamond IRE under constant aperture were studies.

Diamond IRE

Diamond IRE

:dsampling

Figure 3.5 Schematic illustration of the depth-dependent measurement using a
diamond IRE. The spectra were collected as the diamond penetrates

deeper into the solid sample under a constant aperture.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Parameters Affecting Novel Diamond pATR Measurement

Before performing the surface characterization and/or depth profiling by the
novel diamond HATR sensor, it IS necessary to consider several parameters affecting
the diamond PATR measurement. In order to verify the reproducibility and
efficiency of the technigue, the studies on diamond absorption, diamond

arrangement, and variation of aperture were performed.

4.1.1 Characteristic Absorption of the Diamond IRE

Since diamond is absorbing in the mid-infrared region, absorptions at the
characteristic frequencies of diamond are expected. Transflectance spectra of round
brilliant cut diamonds with different magnitude of nitrogen and hydrogen impurities
are shown in Figure 4.1. Diamond has three fundamental absorption bands in mid-
infrared region, namely one-phonon absorption at 1400-900 cm™, two-phonon
absorption at 2650-1500 cm™ and three-phonon absorption at 3900-2650 cm™. The
absorption magnitude in the one-phonon region depends strongly on the
concentration of nitrogen impurity. Diamond with high nitrogen content always
shows over absorption while that with low nitrogen content does show insignificant
absorptions in this region. The two-phonon absorption is the intrinsic absorption of
the -diamond-crystal- structure.-Although the- two-phonon region is always over
absorbing, it has little effect on the analysis of organic materials since most of the
materials do not have absorption in this region. The three-phonon absorption is
associated with hydrogen impurity. It imposes insignificant interference with the
absorption of the materials since the absorption magnitude of diamond in this region

is very weak.
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Figure 4.1 Transflectance spectra of round brilliant cut natural diamonds with

different concentrations of nitrogen impurities.

A gem quality round brilliant cut diamond with a low nitrogen content was
employed as an IRE for ATR measurements. The transflectance spectra of the
diamond IRE is shown in Figure 4.2A. In the current spectral acquisition with the
diamond pPATR sensor, the specimen was simply brought into contact with the IRE
and the ATR spectrum was acquired. The ATR spectrum of thick PVC attached to
the culet of diamond IRE could be recognized as an additional absorption of the
transflectance spectrum of the diamond IRE (Figure 4.2B). When the obtained
spectrum was subtracted by the tranflectance spectrum of diamond IRE, unique
absorption bands of the sample was revealed (Figure 4.2C). By comparison, both the
observed spectra of PVC by the diamond PATR sensor that obtained via the
conventional ATR using 45° ZnSe IRE (Figure 4.2D) were the same. However, the
ATR spectrum acquired by the diamond IRE was noticed the high noise level in the
two-phonon region. This is due to the saturated absorption of the diamond. It is noted
that the relative intensities in Figure 4.2C and D are different due to the nature of the

incident radiation. The incident radiation in the conventional IRE is well-defined and
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uniform (i.e., 45°) while that in the novel diamond IRE consists rays with range of

angles.
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Figure 4.2 FT-IR spectra of PVC acquired by diamond HATR sensor: (A)
spectrum of diamond IRE, (B) spectrum of PVC and diamond IRE, (C)
spectrum of PVC when the contributions of diamond IRE was
subtracted and (D) ATR spectrum. of PVC obtained via conventional
ZnSe IRE with 45° angle of incidence.

4.1.2 Diamond Arrangement

Transflectance spectra of the employed diamond IRE under different
arrangements are illustrated in Figure 4.3. The diamond IRE was rotated by different
angles with respect to a reference position. The superimposition of spectra shown in

the inset is due to the homogeneous and isotropic nature of diamond. Although there
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are some negligible discrepancies among the observed spectra due to minor variation
associated with the diamond alignment, it does not have any influence on the

observed ATR spectrum.
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Figure 4.3 Transflectance spectra of a round brilliant cut diamond under different
diamond orientations: 0°, 45°, 90°,180° and 270° with respect to the
reference position. The inset shows overlaid spectra in the one-phonon

region.

To ensure the reproducibility of the novel diamond IRE, the liquid sample was
spreaded as a liquid film onto the culet of the diamond. ATR spectra of the film were
acquired different arrangement of diamond IRE. The mineral oil covers the culet and
a portion of the pavilion facet near the culet. The normalized ATR spectra of a
minute amount of mineral oil on the culet of the diamond IRE are shown in Figure
4.4. When the diamond IRE was rotated by different angles with respect to the

reference position, the superimposition of the ATR spectra of the mineral oil in the
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C-H stretching mode was shown in the inset of Figure 4.4. As a result, the acquired

spectra were not affected by the arrangement of the diamond IRE.
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Figure 4.4 Normalized ATR spectra of a mineral oil on the diamond IRE under
different diamond rotation. The diamond was rotated at 0°, 45°, 90°,
180° and 270° with respect to the reference position. The inset shows

the superimposition of the ATR spectra of the mineral oil in the C-H

stretching region.

4.1.3 Variation of Apertures

In case of infrared microscope, the amount of infrared radiation that impinges
on the diamond IRE (or sample) can be controlled by the aperture of the microscope.
The variable aperture is useful to study the different areas of the sample and depth
dependent analysis. Prior to characterization of the depth profiling, the performance

of infrared microscope with varying aperture sizes was investigated.
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Figure 4.5 Normalized transflectance spectra of a round brilliant cut diamond

under varying the aperture sizes of infrared microscope.

The normalized transflectance spectra of diamond IRE under different aperture
size setting are shown in Figure 4.5. All obtained transflectance spectra illustrate the
same spectral feature of diamond IRE. The obtained spectra show the prominent
characteristic absorption of the diamond IRE with different signal-to-noise ratio.
When the larger size of aperture was employed, the observed spectra show the better
signal-to-noise ratio and spectral quality. In case of the small aperture, the lower
energy throughput results in high noise level of acquired spectrum. However all
obtained spectra obviously reveal the same spectral intensity, it indicates that the

variation of aperture do not affect the ATR operation.
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4.2 Surface Characterization of Homogeneous Samples

ATR FT-IR spectroscopy is a powerful surface characterization. The major
problem in ATR technique is the contact between IRE and sample. In order to get a
good-quality ATR spectrum, an optical contact between IRE and sample must be
achieved. To confirm the qualitative spectral acquisition using the diamond HATR
sensor, the material being investigated must have a good optical contact with the IRE
such as liquid and soft solid samples. The applicability of surface characterization by

novel diamond IRE is compared with those of the conventional ZnSe IRE.

421 Mineral Oil

The ATR spectra of mineral oil acquired by the novel diamond HATR sensor
and conventional ATR technique are shown in Figure 4.6. The obtained spectra
clearly reveal characteristic absorption bands of the mineral oil. Since the sample was
deposited as a liquid film onto the IRE, a good contact between the sample and the
surface of the IRE were obtained. By comparison, the spectrum obtained from the
diamond PATR sensor is the same as that from the conventional ATR technique

using 45° ZnSe IRE.
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Figure 4.6 ATR spectra of mineral oil acquired by two sampling techniques: (A)
conventional ATR using 45° ZnSe IRE and (B) diamond HATR sensor.
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4.2.2 Poly(vinyl chloride)

The ATR spectra of thick PVC acquired by conventional ATR and diamond
HATR sensor are shown in Figure 4.7. Since PVC is a soft and flexible solid, a good
contact between its surface and the IREs can be achieved. The obtained ATR spectra
acquired from both techniques show the same features. This implies that the novel

diamond PATR sensor can be employed for surface characterization.
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Figure 4.7 ATR spectra of PVC acquired by two. sampling techniques: (A)
conventional ATR using 45° ZnSe IRE and (B) diamond HATR sensor.

4.3  Depth Profiling of Homogeneous samples

In order to demonstrate the efficiency of the novel diamond HATR sensor for
depth profiling analysis, the homogeneous sample that can be achieved a good
contact with IRE was first studied. For the ATR experiments, the depth dependent
measurement can be divided into two methods: (1) conventional ATR technique
using ZnSe IRE and (2) diamond HATR sensor. The observed ATR spectra acquired
with the novel diamond IRE will be compared to those acquired with a traditional

ZnSe IRE.
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4.3.1 Mineral Oil

4.3.1.1 Conventional ATR technique

Depth profiling by conventional ATR technique was performed by
varying the angle of incidence of the Seagull™ accessory. The normalized ATR
spectra of mineral oil acquired by conventional ZnSe IRE with the angle of
incidences of 45°, 50°, 55° and 60° are shown in Figure 4.8. It should be noted that
changing of the angle of incidence affects on the penetration depth. If the angle of
incidence is decreased, the penetration depth increased. The greater penetration depth
implies a greater distance from surface of the sample where chemical information
can be observed by the obtained ATR spectrum. Since the mineral oil is a
homogeneous liquid sample, all observed spectra in the inset of Figure 4.8 show the

same characteristic absorption bands of mineral oil.
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Figure 4.8 Normalized ATR spectra of mineral oil acquired by conventional ATR
using ZnSe IRE. The angle of incidence was varied from 45° to 60°

with a 5° interval.
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4.3.1.2 Diamond pPATR technique

To investigate the depth profiling capability of the novel diamond IRE,
a liquid sample was analyzed. ATR spectra of a minute amount of mineral oil
deposited on the culet of diamond IRE while the aperture of infrared microscope
were set at 100x100, 200x200, 300x300, 400x400 and 500x500 pm? are shown in
Figure 4.9B. In principle, changing the aperture size affects the illuminated area and
the thickness of sample. The spectral feature of sample with greater thickness can be
acquired by increasing the size of aperture. However, the observed spectra show the
chemical information of mineral oil with the same absorption magnitude since

mineral oil is a homogeneous liquid sample.
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Figure 4.9 Normalized ATR spectra of mineral oil: (A) spectrum acquired by
conventional ATR (B) depth profiling by the diamond HATR sensor,
the aperture of microscope were set at 500x500, 400x400, 300x300,
200x200 and 100x100 pm?.



4.3.2 Poly(vinyl chloride)

4.3.2.1 Conventional ATR technique

In order to verify the depth profiling study of solid sample, the variable

incident angle by conventional ATR technique was employed. The normalized ATR

spectra of PVC with varying the angle of incidence from 45° to 60° with a 5° interval

are shown in Figure 4.10. Since the PVC is a homogeneous solid, spectra with the

same spectral feature were observed as the angle of incidence increased.
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Figure 4.10 Normalized ATR spectra of PVC acquired by conventional ATR using

ZnSe IRE. The angle of incidence was varied from 45° to 60° with a 5°

interval.
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4.3.2.2 Diamond pATR technique

In order to demonstrate the efficiency of the novel diamond pATR
sensor for depth profiling analysis of solid sample, the depth profiling measurement
can be divided into two procedures: (1) varying diamond penetration under constant

aperture size and (2) constant diamond penetration with varying aperture size.

Varying diamond penetration under constant aperture

For depth profiling analysis by the diamond pPATR sensor, the solid
sample was brought into contact with the culet of the diamond IRE by applied
pressure. The diamond tip (i.e., the culet and a portion of pavilion facet of diamond
IRE) was penetrated into the sample as the pressure was increased. The normalized
ATR spectra of PVC by increasing the diamond penetration under constant aperture
are shown in Figure 4.11B. The spectral information at a greater depth can be
acquired by pressing the diamond tip deeper into the sample. Since PVC is a
homogeneous solid, all observed spectra show the same spectral feature. The inset of
Figure 4.11 shows superimposition of the absorption bands in C-H stretching region.
This result suggested that the diamond PATR sensor can be applied for depth
dependent analysis without an influence of environmental and/or experimental

conditions.
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Figure 4.11 Normalized ATR spectra of PVC: (A) spectrum acquired by
conventional -ATR (B) depth profiling by increasing diamond
penetration under a constant aperture of the diamond HATR sensor.

Constant diamond penetration with varying aperture

Depth profiling of a solid sample was also performed by the diamond
HATR sensor which the constant diamond penetration with varying the size of
aperture, as illustrated in Figure 4.12B. The PVC was pressed against the diamond
IRE with a maximum penetration while the aperture was set at 500x500, 400x400,
300x300, 200x200 and 100x100 pm? Due to the varied aperture operation affects
depth dependent information by changing the thickness of sampling layer and the
illuminating area. If a small aperture was employed, the spectral information of a thin
layer at the culet will be acquired. If a larger aperture was employed, the spectral

information of a thicker film will be acquired. Due to the homogeneity of PVC
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sample, all observed spectra show the same spectral feature. However there are the
same negligible discrepancies among the observed spectra due to noise level
associated with the size of the aperture. In case of a larger aperture, the acquired
spectrum shows better signal-to-noise ratio and spectral quality. The obtained
spectrum with the small aperture is presenting the high noise level. However, the
ATR spectra obtained from different aperture sizes clearly reveal the same

absorption magnitude as shown in the inset of Figure 4.11.
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Figure 4.12 Normalized ATR spectra of PVC: (A) spectrum acquired by
conventional ATR and (B) depth profiling by variable the aperture

under a constant diamond penetration of the diamond pATR sensor.



46

4.4  Surface Characterization of Heterogeneous Samples

4.4.1 OPP/PE

To demonstrate the surface characterization capability of the diamond IRE, a
bi-layered film of a 15 um oriented polypropylene (OPP) film coated on a 20 pm
polyethylene (PE) film was analyzed. ATR spectra of both sides of the bi-layered
film acquired by the novel diamond IRE and conventional ZnSe IRE are shown in
Figure 4.13. The obtained spectra clearly reveal characteristic absorption frequencies
of the OPP and PE. Comparison between diamond PATR technique and
conventional ATR technique, 1t indicates that the spectral acquisition by the diamond

MATR sensor is the same as that obtained by conventional ATR technique.
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Figure 4.13 ATR spectra of both side of OPP/PE bi-layered film: (A) OPP side and
(B) PE side. The spectra were acquired by conventional ATR using 45°
ZnSe IRE and the diamond HATR sensor.
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4.4.2 Teflon/Polyimide/Teflon

For surface characterization of multilayered film, it is necessary to recognize
the individual layers and analyze each of the constituent part of the sample. The
Teflon/Polyimide/Teflon multilayered film was separated to each of layers, and then
the individual layer was placed against the IRE for spectral acquisition. ATR spectra
of individual layers of Teflon/Polyimide/Teflon acquired by the traditional ZnSe IRE
and the novel diamond IRE are shown in Figure 4.14. The obtained spectra of both
techniques indicate the chemical information of Teflon (outside), Polyimide and

Teflon (inside), respectively.
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Figure 4.14 ATR spectra of individual layers of Teflon/Polyimide/Teflon
multilayered film acquired by two sampling techniques: conventional
ATR using 45° ZnSe IRE and the diamond pATR sensor.
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4.5 Depth Profiling of Heterogeneous Samples

451 OPP/PE

45.1.1 Conventional ATR

Depth profiling analysis was performed by conventional ATR
technique in which the sample and IRE are in intimate contact. For ATR experiment,
total internal reflection occurs and an evanescent field penetrates in the sample. A set
of angle dependent spectra can be employed for depth profiling of a non-

homogeneous material.

In order to demonstrate the depth profiling analysis of the conventional
ATR technique, a bi-layered film of the oriented polypropylene (OPP, 15 um) coated
on polyethylene (PE, 20 pm) was analyzed. The OPP side was placed against the
surface of ZnSe IRE, the angle of incidence was set at 45°, 50°, 55° and 60°. The
spectral features of the bi-layered film as that shown in Figure 4.15 were observed.
All normalized ATR spectra show only chemical absorption bands of OPP. The
spectra indicate that no spectral change was detected. Due to the decay of the
evanescent field, only shallow depth dependent information up to few micrometers
from the surface can be obtained from ATR spectra. As a result, the chemical
information beyond the distance where the field amplitude decays to an insignificant

level cannot be acquired by conventional ATR measurement.
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Figure 4.15 Normalized ATR spectra of OPP/PE bi-layered film acquired by
conventional ATR using ZnSe IRE. The angle of incidence was varied

from 45° to 60° with a 5° interval.

4.5.1.2 Diamond pATR sensor

The novel diamond PATR sensor- can perform depth profiling of
heterogeneous sample. Since diamond is the hardest known material, it can penetrate
into the hard and rigid solid specimen simply by pressing the sample against the
diamond IRE. By performing controlled penetration of the diamond IRE through the
sample and/or illuminating the pavilion facet near the culet with various aperture
sizes, spectral information of a specific layer at a certain distance from the surface
can be selectively collected. The illuminated portion of the diamond tip near the culet
can be adjusted via the opening aperture of the focusing optics. Thus, only parts of
the material attached to the diamond IRE at the illuminated pavilion facet interacted
with the coupled radiation and have contribution in the observed spectrum. Based on

the brilliant-cut shape and the experimental operation with an infrared microscope,
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two modes of depth profiling techniques can be performed by the diamond IRE:
variable diamond penetration under constant illuminating aperture and varying

aperture under constant diamond penetration operations.

Varying diamond penetration under constant aperture

Depth profiling of bi-layered film (OPP/PE) using the novel diamond
IRE was performed by varying the diamond penetration with fixed the size of
aperture. Diamond IRE can penetrate into the specimen by pressing the specimen
against the diamond IRE, since diamond is the hardest known material. The chemical
information of OPP/PE bi-layered film were observed as an increasing pressure was
applied in order to increase the diamond penetration from the OPP side as shown in
Figure 4.16B. The inset of Figure 4.16 shows the characteristic absorption bands in
C-H stretching region (8025-2775 cm™). At lowest applied pressure, the
characteristic absorption bands of OPP appeared at 2952, 2915, 2866 and 2833 cm™
which confirmed by the same chemical information at the surface of OPP/PE using
conventional ATR technique (Figure 4.16A). When the diamond penetration
increased, the intensity of OPP bands in C-H stretching region at 2952, 2915, 2866
and 2833 cm™ decrease while the intensity at 2910 and 2845 cm™ bands continue to
increase. The appearances of new bands at 2910 and 2845 cm™ reveal the chemical
information of PE that confirmed by surface characterization of PE/OPP film using
conventional ATR technique (Figure 4.16C). The observed spectra indicate that the
novel diamond PATR sensor in-this operation can detect the change of spectral
feature from that of the OPP to that the PE as the diamond tip penetrated deeper into
the OPP/PE bi-layered film.
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Figure 4.16 Normalized ATR spectra of OPP/PE: (A) spectra of OPP acquired by
conventional ATR, (B) depth profiling of OPP/PE by increasing
diamond penetration under a constant aperture of the diamond pHATR
sensor, F;i denote the applied force that Fi< Fy< F3< F4< Fs and (C)

spectrum of PE acquired by conventional ATR.
Constant diamond penetration with varying aperture

The ATR spectra recorded from the same specimen using the diamond
HATR sensor with varying the aperture size under a constant diamond penetration
are shown in Figure 4.17B. The diamond was penetrated into the OPP/PE bi-layered
film from the OPP side while the aperture was set at 500x500, 400x400, 300x300,
200x200 and 100x100 um?. Since the aperture of infrared microscope is controlling

the amount of infrared radiation that impinges on the sample, the varying aperture is
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useful to analyze the different area of the heterogeneous sample. When a small
aperture was employed, the observed spectrum was dominated by the chemical
absorption bands in C-H stretching mode at 2910 and 2845 cm™. This indicated that
the diamond tip was penetrated deeper into the film and position at the PE layer.
When the larger apertures were employed, the absorption magnitude in C-H
stretching mode of PE at 2910 and 2845 cm™ decrease while the magnitude of OPP
in C-H stretching mode at 2952, 2915, 2866 and 2833 cm™ increase according to the
thicker of sampling depth. At the largest aperture, the spectral feature shows the
prominent band of OPP. This observation indicates that the novel diamond PATR
sensor in this condition can be detected the change of chemical species of OPP/PE

film as the varying aperture sizes of couple radiation.

A direct comparison between the conventional ATR and diamond
MATR spectra measured under the same specimen show spectral differences. The
ATR spectra acquired by conventional ATR present the spectral information
associated with the chemical species of the OPP film (Figure 4.15) while those
acquired by the diamond PATR sensor show the surface and bulk chemical
information exhibiting different chemical species of bi-layered film as shown in
Figure 4.16B and 4.17B. The observed phenomena suggested that the novel diamond
HATR sensor can be employed for depth profiling purpose where the chemical
information below the surface of solid sample can be selectively acquired.
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Figure 4.17 Normalized ATR specira of OPP/PE: (A) spectrum of OPP acquired by
conventional ATR, (B) depth profiling of OPP/PE by increasing
aperture under a constant diamond penetration of the diamond pATR

sensor and (C) spectrum of PE by conventional ATR.

4.5.2 Teflon/Polyimide/Teflon

45.2.1 Conventional ATR

In order to verify the depth dependent analysis of multilayered film, the
varying incident angle by conventional ATR technique was employed. A
multilayered film of Teflon (12.4 pum)/polyimide (25.4 um)/Teflon (12.4 pm) was
placed against the surface of ZnSe IRE while the angle of incidence was varied from
45° to 60° with a 5° interval. The normalized ATR spectra of Teflon/
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polyimide/Teflon film acquired by increasing the incident angles are shown in Figure
4.18. All ATR spectra only reveal the chemical absorption bands at 1201 and 1146
cm™ which assigned for Teflon. The acquired spectra indicate that no spectral change
was detected. Since the probing depth was limited within the order of few
micrometers away from the IRE/sample interface, the observed spectra information
is dominated by that at the surface. As a result, the depth dependent chemical

information of the constituent part of multilayered film cannot be detected.

2 |
1300 1200 1100
3 45° M
c
8
(@]
73] 1r
< 50° N
| 55e /"\
0 -.60° /\
L ] I | ] |
4000 3000 2000 1000

Wavenumber (cm2)

Figure 4.18 Normalized ATR spectra of Teflon/Polyimide/Teflon acquired by
conventional ATR using ZnSe IRE. The angle of incidence was varied

from 45° to 60° with a 5° interval.
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4.5.2.2 Diamond pATR sensor

Diamond IRE can penetrate into the film by pressing the film against
the diamond. By performing controlled diamond penetration and/or illuminating the
sampling area with various aperture size of the infrared microscope, the spectral
feature of a specific layer at a certain distance from the surface can be selectively
collected. Based on the brilliant cut shape of diamond IRE and the experimental
operation, depth dependent analysis by the novel diamond IRE can be divided into
two modes: (1) varying diamond penetration under constant aperture (2) varying

aperture under constant diamond penetration.

Varying diamond penetration under constant aperture

For depth profiling of multilayered film by the diamond HATR sensor,
Teflon/polyimide/Teflon film was brought into contact with the culet of diamond
IRE by applied pressure. The diamond tip (the culet and a portion of pavilion facet of
diamond IRE) was penetrated into the specimen by the increasing applied pressure.
The normalized ATR spectra of Teflon/polyimide/Teflon film by varying the
diamond penetration under fixed aperture size are shown in Figure 4.19B. The
spectral feature at a greater depth can be acquired by pressing the diamond tip to a
greater sampling depth. At the lowest applied pressure, the characteristic absorption
bands appeared at 1201 and 1146 cm™. These spectral feature and band position are
similar to the surface spectrum of Teflon that taken with the conventional ZnSe IRE
(Figure 4.19A). At the deeper. diamond penetration, the absorption magnitudes of
Teflon increase with the increased-sampling depth. At the higher-applied pressure,
the ‘absorption magnitudes of Teflon decrease while the new bands appear. The
appearances of the new bands reveal the spectral feature of polyimide that confirmed
by the same spectral feature of polyimide acquired by the conventional ATR
technique. In case of the highest applied pressure, the observed spectra suggested
that the diamond tip was not penetrated into another Teflon layer but punch through
polyimide film. Since polyimide is hard and rigid material, the spectral changing
associated with the layer beyond the layer of polyimide was not detected.
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Figure 4.19 Normalized ATR spectra of multilayer film: (A) spectra of Teflon

(outside), polyimide, and Teflon (inside) acquired by the conventional
ATR and (B) depth profiling of Teflon/Polyimide/Teflon by increasing
diamond penetration under a constant aperture of the diamond pATR
sensor, F; denote the applied force that F1< Fo< F3< F4< Fs.
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Constant diamond penetration with varying aperture

Depth profiling of the same specimen using the diamond PATR sensor
was performed by varying the sizes of aperture under the fixation of the diamond
penetration as shown in Figure 4.20B. The diamond IRE was penetrated into the
Teflon/polyimide/Teflon film while the aperture of the infrared microscope was set
at 500x500, 400x400, 300x300, 200x200 and 100x100 um?. If a small aperture was
employed, the observed spectra show the lower absorption intensity of Teflon and
higher intensity of polyimide. This indicated that the diamond tip is penetrated into
the interface between Teflon and polyimide. If the larger aperture were employed,
the absorption intensity of Teflon increases while the intensity of polyimide
decreases as thickness of sampling increase. The spectral information of thicker film
were acquired, the sampling depth is covered higher Teflon/polyimide ratio. This
ratio suggests that polyimide is a hard and rigid material, the diamond tip penetrates
into the interface between Teflon (first layer) and polyimide film.
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Figure 4.20 ATR spectra of multilayered film: (A) spectrum of each layers of
Teflon/Polyimide/Teflon acquired by conventional ATR and (B) depth
profiling of Teflon/Polyimide/Teflon by increasing aperture under a

constant diamond penetration of the diamond pHATR ‘sensor.

By comparing the conventional ATR with diamond HATR techniques,
the effect of depth dependent analysis of multilayered film was investigated. The
components of multilayered film are three layers including Teflon, polyimide, and
Teflon respectively. For the diamond HATR experiments, the depth profiling was
analyzed by varying diamond penetration and aperture. These operations can
detected the spectral change from that of the Teflon in first layer to that of the

polyimide in second layer. However due to the rigidity of second layer, the diamond
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tip can not have sufficient contact with the third layer. As a result, the spectral of
Teflon in third layer was not detected. In the case of conventional ATR technique,
the acquired spectra by varying the incident angle (Figure 4.18) only reveal the
chemical species of Teflon in the first layer. The characteristic spectral features
suggested that the conventional ATR technique cannot detect the depth dependent
composition of the too thick multilayered film (i.e., thicker than 5 um). The novel
diamond pPATR sensor can be employed for depth profiling purpose where the

chemical information beyond the surface of solid sample can be selectively acquired.



CHAPTER V

CONCLUSIONS

Novel internal reflection elements (IRE) made of a gem quality round brilliant
cut natural diamonds was employed for ATR FT-IR spectral acquisition using an
infrared microscope. The technique takes advantage of the total internal reflection
phenomenon at the pavilion facet of the faceted diamond. The evanescent field
generated at the interface can be employed for spectral acquisition of a material
attached to the pavilion facet of the diamond. A good contact between the diamond
IRE and the hard and rigid solid samples can always be achieved simply by pressing
the specimen against the inherently hardest diamond. The major drawbacks of the
ATR FT-IR technique associated with the degree contact were eliminated while the
strong evanescent field was exploited. By the sharp-tip configurations of diamond
IRE, surface, bulk, and/or depth-dependent information of the solid materials can be
acquired. The study of surface characterization and depth profiling of the identical
sample was demonstrated in order to compare between ATR FT-IR spectra acquired
by the novel IRE and those by conventional zinc selenide IRE.

Regarding the surface characterization of liquid and solid samples, the
chemical information obtained from the diamond pwATR sensor is similar to those
from the conventional ATR IRE. However, the relative intensity of ATR spectra
acquired by diamond sensor is greater than that of conventional ATR IRE due to the

nature of the incident radiation penetrating into the sample.

Because of small penetration depth of conventional ATR technique, the depth
profiling of a multilayered film cannot be performed via conventional IRE while it
can be accomplished by the sharp-tip diamond IRE. By controlling penetration of the
diamond IRE through the sample and/or illuminating the pavilion facet with various
aperture sizes of the couple radiation, the spectral information of a specific layer at a
certain distance from the surface can be selectively collected.
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APPENDICES

1.  Homemade diamond HATR accessory

Sample holder

.~ &— Lower diamond holder

e Spring with brass

' e————— Pressure applicator

Complete set of probing head
ORI ] (side view)

Complete set of diamond

~— probing head
(top view)

Complete set of probing

3t head
(top view)

Figure 1 Composition of homemade accessory for diamond probing head.
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E=amt o Brass ring
# : e— Adjustable plate
&w- ” ET e— Three knobs for
focal plane adjustment

e——— Adjustable plate
equips with brass ring
(side view)

Adjustable plate
equips with brass ring
(top view)

Figure 2 Composition of the homemade accessory for adjustable reflection

plane.



2. Chemical and physical properties of diamond

Figure 3  Diamond (A) and crystal structure (B)

Chemical composition
Hardness

Refractive index
Specific Gravity
Color

Crystal System
Transparency

Heat sensitivity

Luster

Cleavage

Carbon (C)

10

2.417 (dispersion: 0.044)

3.515

variable

isometric; 4/m bar 3 2/m

transparent to translucent in rough crystals
No

adamantine to waxy

perfect in 4 directions
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3. Peak assignments

Table 1 Peak assignments of mineral oil.

67

Wavenumber (cm™) Peak Assignment
2910, 2845 C-H stretching
1463 -(CHy)- bending
720 CH, rocking
Table 2 Peak assignments of PVVC

Wavenumber (cm™)

Peak Assignment

2952, 2922, 2867

1731

1427, 1377

1038

690

C-H stretching
C=0 stretching of plasticizer
CH; bending
C-O stretching of plasticizer

C-Cl stretching
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Table 3 Peak assignments of OPP/PE bi-layered film.
Wavenumber (cm™) Peak Assignment

OPP
2952 Asymmetric C-H stretching, -CHs
2915 Asymmetric C-H stretching, -CH,
2866 Symmetric C-H stretching, -CH3
2833 Symmetric C-H stretching, -CH
1455 CH3; bending
1375 CHj3 bending
1165 C-C stretching
970 CHjs rocking

PE
2910 Asymmetric C-H stretching, -CH,
2845 Symmetric C-H stretching, -CH
1463 -(CHy>)- bending
720 CH, rocking




Table 4 Peak assignments of Teflon/Polyimide/Teflon multilayered film.
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Wavenumber (cm™)

Peak Assignment

Teflon
1201, 1146 C-F stretching
Polyimide
1774,1714 C=0 stretching of imide ring
1600, 1597 C-H stretching of aromatic ring
1390 C-N stretching of imide ring
1260 C-O-C stretching
722 C-H bending of aromatic ring
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