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ABSTRACT

SURFACE CHARACTERIZATION OF SELECTED POLYMER THIN
FILMS BY TOTAL-REFLECTION X-RAY FLUORESCENCE

SPECTROSCOPY AND X-RAY REFLECTIVITY

Vallerie Ann A. Innis Adviser:
University of the Philippnes, 2006 Roland V. Santiago, Ph.D.

Development of available x-ray characterizations tools for grazing incidence tech-

niques was done to be able to probe nano-size thin films. Alignment of a Philips x-ray

powder diffractometer was improved to let it perform as an x-ray reficctomcter. X-ray

rcfiectometry was coupled with tctal-rcfiection x-ray fluorescence spectroscopy. Eval-

uation of the performance of these grazing incidence techniques was done by preparing

polymer thin films of carboxymethylcellulose, carrageenan and polyvinylpyrrolidone

(PVP). The thicknesses of the films were varied by varying the process parameters

such as concentration, spin speed and spin time. Angle-dispersive total-reflection

x-ray fluorescence spectrocopy profiles of three films showed film formation only in

carrageenan and PVP. For both carrageenan and PVP, an increase in concentration

yielded a corresponding increase in intensity of the fluorescent or scattered peaks.

XRR profiles of carragecnan thin films yielded a mean value for the critical angle

close to quartz substrate. Thickness measurements of the prepared carrageenan thin

films.showed that concentration was the main determinant for final film thickness over

the other process parameters. Sulfur fluorescent intensity derived from the TXRF

measurement showed a linear relationship with the measured thickness by XRR. For

PVP, measured critical angle is lower than quartz. Poor adhesion of the polymer

onto the susbtrate yielded a limited number of thickness measurements made from

the XRR profiles. •



Thin (thickness between 100 nm to 1000 nm) and ultrathin (thickness below 100 nm)
polymer films have received a great deal of attention recently due to their uses in the design-
ing and engineering of electric components where miniaturization is becoming increasingly
important. Although polymer thin films gained much recognition in this area, it too has its
application in packaging barriers, membranes, sensors and medical implants [1].

In addition to the applications and use of such polymer thin films in materials science,
they are also of fundamental interest because of their confined geometry which is expected
to alter the properties and structures of these materials considerably [2].

There is also a wide variety of preparation techniques for organic/polymer thin films,
from Langmuir films (consisting of amphiphilic molecules spread on a liquid surface such
as water) to Langmuir-Blodgett (LB) films (prepared by transferring Langmuir films onto
a solid substrate) and to the more popular self-assembled monolayers (ordered molecular
assemblies that are formed spontaneously by the adsorption of a surfactant with a specific
affinity of its hcadgroup to a substrate) [2].

Assessing now the quality of the surface and the interface of thin films is another chal-
lenge. To obtain the desired physical properties, the analysis and control of the layer struc-.
rure as well as the composition is necessary down to the atomic scale.

A large body of "competing" methods which has the capability of a depth-profile analy-
sis at high resolution are available such as the scanning tunneling microscopy, atomic force
microscopy (AFM), and high-resolution transmission electron microscopy. These methods
though can not probe samples down to the atomic scale. X-ray scattering methods was
able to probe thin films in the atomic scale level thus its growing popularity in thin film
characterization. • .

Conventional x-ray characterization tools including x-ray diffraction, absorption and



fluorescence analysis, show high accuracy for a bulk sample system. However the sensi-
tivity to the surface and interface is rather low compared to techniques using electrons and
ions. Recently, the development of techniques under the grazing incidence condition has
allowed x-ray characterization to become more capable of analyzing the surface and inter-
face of thin films. Because the refractive index of materials for x-rays, with a wavelength
around I A, is just slightly less than unity, the external total reflection takes place at an in-
cident angle 6 lower than 0C, the critical angle of total reflection. In the angular region just
above Qc an x-ray beam quickly probes deeper into the specimen as 6 is increased [3].

One popular technique using x-ray grazing incidence condition is x-ray reflectivity. X-
ray reflectivity involves monitoring the intensity of the x-ray beam reflected by a sample
at grazing angles. For one or more thin film layers with different electron densities pre-
sented to the substrate, specific interference patterns are observed in the reflectivity profile,
which provide the information needed for the film thickness, electron density, and inter-
face roughness [4, 5]. Modern x-ray reflectometry set-ups'Utilize synchrotron radiation as
x-ray sources to probe nanosize thin films together with high precision mechanics of the
reflectometers.

In addition, total reflection x-ray fluorescence (TXRF) spectroscopy has made surface
trace element analysis possible [6]. In the customary x-ray fluorescence analysis, incident
x-rays illuminate the sample at a high angle, enhancing a highly scattered x-ray back-
ground, so that there is no sensitivity to the excited x-ray fluorescence coming from the
elements just below the sample surface. In contrast, the TXRF method efficiently separates
the scattered x-ray background from the excited x-ray fluorescence, so ag to detect the trace
clement components in the surface with high sensitivity.

. The combination of XRR technique and x-ray specrroscopy is a growing trend to char-
acterize the physical properties of thin films.

In the Applied Physicss Research Group, a Philips x-ray powder diflractometer and
a TXRF spectroscopy set-up are available as x-ray characterization tools. Although the
TXRF spectroscopy set-up can be readily used, the .x-ray powder diffractometer needs to
be optimized and aligned for x-ray reflectivity purposes. The challenge lies in the limited
degrees of freedom of a conventional x-ray powder diffractometer as compared to a x-
ray reflectometer. Thus, methods and techniques were developed to be able to use the
x-ray powder diffractometer as a reflectometer and couple it with TXRF spectroscopy for
characterization of polymer nanosize thin films.

. A major purpose of this work therefore is to describe the functionality and performance
of the x-ray grazing incidence techniques utilized to characterize polymer thin films.

To evaluate the performace of the combined x-ray grazing incidence techniques, poly-
mer thin films were fabricated. Although a variety of thin film preparation techniques are
available, a simple preparation technique was chosen to prepare polymer thin films that is
spin-coating (Spin-coating though is the preferred thin film preparation technique in the
coatings industry and in packaging barriers for electronics application).



Three model systems were used in thin film preparation and structural characterization,
namely: carrageenan, polyvinylpyrrolidone (PVP), and carboxymethylcellulose (CMC).
These 3 polymers fall under the water-soluble type. Film thicknesses were varied according
to three process parameters namely; concentration of the polymer solution, spin speed and
spin time.

The three polymers will be characterized by the methods mentioned earlier: Total-
reflection X-ray fluorescence spectroscopy (TXRJF) and X-ray reflectivity (XRR).

From the TXRF data, evaluation of the film formation of the three polymer samples
was done by looking at the fluorescence/scattered intensity vs. angle profile. Variation of
the fluorescence/scattered intensities with concentration was also studied.

From the XRR data, we can also determine the critical angle, density and film thickness.



Theory

2.1 Polymers and Polymer Thin Films

A polymer is a large molecule built up by the repetition of small, simple chemical units.
These large molecules maybe linear, slightly branched or highly interconnected. The basic
building blocks for these large molecules are smaller molecules known as monomers. The
length of the polymer chain is specified by the number of repeat units in the chain. This
is called the degree of polymerization (DP). The molecular weight of the polymer is the
product of the molecular weight of repeat unit and the DP [7].

The vast majority of polymers in commercial uses are organic in nature, 'that is they are
based on covalent compounds of carbon. The other elements involved in polymer chemistry
most commonly include hydrogen, oxygen, chlorine, fluorine, phosphorus and sulfur, i.e.
those elements which are able to form, covalent bonds, albeit of some polarity with carbon.

2.1.1 Carrageenan '
Carrageenan are linear sulfated polysaccharides extracted from many species of red sea-
weed (Rhodophyceae). Carrageenan is classified into three types as kappa (K-), iota (i-) or
lambda (k-) carrageenan according to the number (one,two and three respectively) of sul-
fate groups per repeat units of disaccharide, respectively [8]. Figure 2.1 shows the different
types of carrageenan and the composition.of each type.

The chemical reactivity of carragcenans is primarily due to half-ester sulfate groups
that are strongly ionic. The association of the cations together with the conformation of
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Figure 2.1: Different types of carrageenan: (a) ic-carrageenan with 1 sulfate group; (b)
i-carrageenan with 2 sulfate groups; (c) A.-carragecnan with for 3 sulfate groups



the units of the polysaccharide determines the physical properties of the carrageenans. K-
carragecnan produce strong rigid gels, i-carrageenan, which is quite similar to K-carrageenan,
produce strong flaccid and compliant gels. A,-carrageenan on the otchr hand, do not gel in
water but interacts strongly with proteins to stabilize a wide range of dairy products.

Carrageenan gels are thermally reversible. The formation of the gels is based upon
the double helix structure, which is lacking at high temperatures. On cooling, a polymer
network is formed with double helices forming the junction points, which then undergo
further aggregation [9].

In general, carrageenans are used in a variety of commercial applications as gelling,
thickening, and stabilizing agents, especially in food products such as frozen desserts,
chocolate milk, jellies, pet foods and so much more. Aside from these functions, car-
rageenans are used in pharmaceutical formulations, cosmetics, and industrial applications
such as mining.

2.1.2 Polyvinylpyrrolidone (PVP)

PVP is a synthetic polymer which is formed from the radical polymerization ofN-Vinylpyrrolidone.
Due to its chemical structure, namely the amide bond, PVP forms a variety of complexes
with other chemical compounds including pharmacological actives. For these compounds,
complexation results in either enhanced solubility, improved bioavailability or increased
stability. (Complexation is a technique to obtain formulations that dissolve quickly in wa-
ter from actives that are usually difficult to formulate in water.) The structural formula of
PVP is shown in Fig. 2.2.

As a water-soluble polymer, Polyvinylpyrrolidone (PVP) has a large number of com-
mercial uses [10]. The polymer derives its success from its low toxicity, biocompatibility,
film-forming and adhesive characteristics. Due to this exceptional combination of proper-
ties, PVP finds diverse applications in pharmaceutical and cosmetic products, food, adhe-
sives and textile auxilliaries.

2.1.3 Carboxymethylcellulose (CMC)

Carboxymethylcellulose is a semisynthetic water-soluble polymer in which CH2COOH
groups are substituted on the glucose units of the cellulose chain through an ether link-
age [11] as shown in Fig. 2.3. CMC is a derivative of cellulose formed by its reaction with
alkali and chloroacetic acid. The CMC structure is based on the.3-0—>4)-D-glucopyranose
polymer of cellulose. Different preparations may have different degrees of substitution, but
it is generally in the range 0.6-0.95 derivatives per monomer unit.

CMC dissolves rapidly in cold water and mainly used for controlling viscosity with-
out gelling (CMC, at typical concentrations, does not gel even in the presence of calcium
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Figure 2.2: Structure of polyvinlypyrrol i done (PVP)

ions). As its viscosity drops during heating, it may be used to improve the volume yield
during baking by encouraging gas bubble formation. Its control of viscosity allows use
as thickener, phase and emulsion stabilizer (e.g. with milk casein), and suspending agent.
CMC can be also used for its water-holding capacity as this is high even at low viscosity;
particularly when used as the Ca2+ salt. Thus, it is used for retarding staling and reducing
fat uptake into fried foods.

The study of polymer thin films is attracting more and more attention as the variety of
its applications widens. The variety extends from their simple use as protection of surfaces
against corrosion to the use of ultrathin films in semiconductor technology. The advantages
of using polymer thin films include:

o Polymers can be easily synthesized to perform any optical, electronic or physical
process besides the fact that polymers are cheap and easy to fabricate.

o Thin films are "easy" to prepare using a wide variety of techniques

© Thin films are easy to manipulate post deposition since the 3D-surface is exposed.

o Thin films are material conserving

A variety of thin film preparation techniques are as follows:
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Figure 2.3: Structure of carboxymethylcellulose (CMC)

1. Dip-coating - substrate is slowly dipped into and withdrawn from a tank containing
the solution, with a uniform velocity in order to obtain a uniform coating.

2. Molecular self-assembly - self-assembled monolayers are formed spontaneously by
the immersion of an appropriate substrate into a solution of an active surfactant in an
organic solvent.

3: Langmuir-Blodgett technique - method used to create a molecular film of surfactant
at the air-water interface. This is done by spreading the surfactant on the water
surface within a high volatile solvent then slowly applying pressure on the film to
create the monolayer.

4. Spin-coating - An excess amount of solution is placed on the substrate. The substrate
is then rotated at high speed, in order to spre.ad the fluid by centrifugal force, until
the desired film thickness is achieved. •
4 stages in spin-coating:

(a) Deposition of the coating fluid onto the wafer or substrate

(b) Substrate is accelerated up to its final desired rotation speed

(c) Substrate is spinning at a constant rate and fluid viscuous forces dominate fluid
thinning behavior

(d) Substrate is spinning at a constant rate and solvent evaporation dominates the
coating thinning behavior

Different parameters involved in spin-coating:

concentration



o fluid viscosity

© length of the acceleration period

e final spin speed

© length of time for desired rotation speed

Things to note on these parameters [12]:

© Initial volume of the fluid dispensed onto the rotating disk and the rate of fluid
delivery have a negligible effect on the final film thickness.

o Higher polymer concentration produce thicker films.

e Thicker films require high material viscosity, low spin speed and a short spin
t ime. • ' ' . '

o Length of the acceleration period strongly influences the initial portion of the
thickness time history but not the final thickness of the film.

© What is affected by length of acceleration period is the radial uniformity of the
film. A 1-second acceleration period produces a much more uniform film.

o Thickness is indirectly proportional to the spin speed:

: . ' • • • ; • • • • . . . \ : ' H°<u-N • . • ( 2 . i )

where H is the film thickness and N is dependent on solvent evaporation.

Case 1: no evaporation - film thickness varies with spin speed and time

: v • • , • / /occo-'r ' /2 . (2.2)

Case 2: constant evaporation rate

• ' . • ' Hoc c o " 2 / 3 (2.3)

Case 3: (most applications) thickness varies, with the square root of spin speed

•> • / /ocW- ' /2 , - (2.4)

2.2 Optical Properties of X-rays

X-rays are part of the electromagnetic spectrum, discovered by Roentgen in 1895 [3].
Like light and other forms of radiation in the EM spectrum, it can be described by
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its particle-like or wave-like properties. In vacuo, all photons travel at the velocity
of light c on straight lines that can be regarded as x-ray beams. In the wave-picture,
x-rays propagate as waves showing crests and troughs of the field strength. They
follow each other with a frequency v and at a distance X called the wavelength.

X-rays are originally produced by the bombardment of matter with accelerated elec-
trons. Usually such a primary radiation is produced by an x-ray tube which consists
of a vacuum-sealed tube with a metal-glass cylinder, a tungsten filament which serves
as the hot cathode and a pure metal target such as copper or molybdenum. Electrons
are emitted from the heated filament and accelerated by an applied high voltage in the
direction of the anode. The high-energy.bombardment of the target produces x-rays
that emerge from a thin exit window as an intense x-ray beam. Today, x-ray beams
of high intensity and high brightness are produced by synchrotron radiation.

Although of higher energy and shorter wavelength than light, x-rays has the same
optical properties as that of light. As it interacts with a homogenous medium, it
can either reflect or refract. The propagation of the beam into the medium can be
described by an index of refraction.

The complex index of refraction in the X-ray region can be written as [3]:

; n= 1 - 5 - / ( 3 (2.5)

where real term 8 is associated with the dispersion and the imaginary term p account
for the absorption of the material. The values of 8 and 3 depend on the, electron den-
sity, p, and the linear absorption coefficient, //, of the material through the following
relations [3]:

5 = ^ p (2.6)

3 = £ „ (2.7,

where re =2.813xlO~<5 nm is the classical radius of the electron. Thus, for x-rays any
medium is optically less dense than vacuum (V < nvac = 1) and any solid is.optically
less dense than air (n' < n'air ss 1).

For a single vacuum/medium interface, the law of refraction gives:

n\ cos0,- = /72cos8,cosB/ = (1 — 8)cos0, (2.8)

where 0, is the exit angle of the refracted radiation. Thus if 9, =0, and since 8 is very
small, the critical angle is:
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Figure 2.4: Total external reflection:(a)At an incident angle 9 > Bc x-rays penetrate into the
medium or is refracted at a direction towards the boundary plane (this is the case for nj >
no) (b)When 8 < 9C, the incident beam is totally reflected such that 9,- = Qr.

9, « 725 = (2.9)

For incident angles 9,- < Bc the phenomenon of total external reflection occurs. The
x-rays do not penetrate far into the medium, instead all the incoming radiation is
reflected (with small losses due to absorption) as shown in Fig. 2.4. Table 2.1 lists
the critical angle 9C, dispersion 5 and the scattering length densities rep for different
materials.

Two important quantities characterize total reflection:

•(a) The reflectivity R which is increased to 100% below the critical angle.,

(b) The penetration depth zp which is reduced to almost zero

Reflectivity is conventionally defined as the intensity ratio of the reflected beam and
the incident beam (R=I#/Io). For a single perfectly smooth vacuum/medium inter-
face, the reflectivity according to Fresnel formulations is given explicitly in the small-
angle regime by the expression [13]:
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Table 2.1: Scattering length densities rcp, dispersion 5, linear absorption coefficients//, and
critical angles 0C. for x-rays with X= 1.54/i (Cu-Ka radiation) [1]

Vacuum
PS(C8H8) t t

PMMA (C5H8O2)n

PVC (C2H3Cl)n

PBrS (C8H7Br)n

Quartz (SiO2)
Silicon (Si) .
Nickel (Ni)
Gold (Au)

/•ep(1010crri--)

o;
9.5
10.6
12.1
13.2
18.0-19.7
20.0
72.6
131.5

8(10-6)
0
3.5
4.0
4.6
5.0
6.8-7.4,
7.6
27.4
49.6

//(cm ')
0
4
7
86
97
85
141
407
4170

6c(°)
0
0.153
0.162
0.174
0.181
0.21-0.22
0.223
0.424
0.570

(2.10)

The dependence of the reflectivity R on the glancing angle G; is demonstrated in
Figure 2.5. The effect of total reflection is shown for three different samples. For
glancing angles of 1° or more, the reflectivity goes to zero. Around the critical angle,
the reflectivity rises to high values. The angle Qc determines the point of distinct
transition.
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Figure 2.5: Simulated reflectivity profile of three different materials [14] Reflectivity =
Hoi-angles before the critical angle of the material then drops to zero beyond th

If a sample has more than one interface, the reflectivity becomes the modulus square
of the coherent sum of the Fresnel coefficients of each interface. Paratt l

Rj

Ti
where

(2.11)

(2.12)

is the Fresnel coeffioent of interface./. (The recursion is solved using T, = 1 (incident
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wave normalized to unity) where T is the rransmittance and Rn+\ = 1 (no reflection
from the substrate)). The reflectivity presents periodic oscillations which is a result of
the constructive interference between the reflected waves at each interface as shown
in Figure 2.6. These oscillations are called Kiessig fringes [15].
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Figure 2.6: Simulated reflectivity profile of a multilayer [14]. The layer consists of a Au
and Cr layer on top of a quartz substrate. Note the periodic oscillations called Kiessig
fringes. .



In atomic scale, surfaces and interfaces are always rough. The measured x-ray reflec-
tivity then is significantly lower than the Fresnel reflectivity Rp. The reflectivity is
reduced by a kind of Debye-Waller factor., A formulation of K.Sinha et.al [5] using a
distorted wave Born approximation (DWBA) yields

a2 (2.13)

(where qz = 4ftsin8/A. is the momentum wave transfer vector along the z-axis and a
is the root-mean-square (rms) roughness of the surface) for large angles.

The penetration depth is defined by that depth of a homogenous medium a beam can
penetrate whi le its intensity is reduced to 1/e. This depth zp, which is normal to the
boundary of the medium, follows the equation ci teklockenkamper97

>, £ (2.14)

where zp dramatically drops to zero for angles lesser than the critical angle and lin-
early increases for angles above critical angle as shown in Fig. 2.7. This means that
it will be harder for x-rays to penetrate a material at incident angles below the critical
angle of reflection of the material.

In this study, surface characterization is done by x-ray reflectometry and total-reflection
x-ray fluorescence spectroscopy. These techniques rely on the total reflection of x-
rays at grazing incidence, the small penetration depth and the interference effect to
characterize the surface of thin films as well as deposited multilayers. The next
discussion will focus on the experimental perspective of total-reflection with these
techniques. : . .
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2.3 X-ray Characterization Tools for Surfaces and In-

terfaces Using Grazing-incidence Techniques

2.3.1 X-ray Reffectometry

X-ray reflectomelry (XRR) method involves monitoring the intensity of the x-ray
. beam reflected by a sample at grazing angles. Figure 2.8 schematically shows the

principle of this techique. The narrow, well-collimated X-ray beam hits the surface
with the incident angle 9,- of less than several degrees. The beam is reflected by the
surface, and detected with the reflection angle Gr.

In specular XRR measurement, the incident and reflection angles are kept equal to
each other, i.e., 6 = 6, = 6r. When the incident angle is less than the critical angle
Qc, the x-ray beam is totally reflected. Hence the reflectivity R, which is defined as
R=I/Io, where I and Io are the intensities of reflected and incident x-rays, respectively,
is unity. When the incident angle becomes larger than 0 t , R decreases with increasing
angle 0. Hence, the typical reflectivity profile is shaped as shown Figure 2.5.

Currently there are several companies producing x-ray instruments capable of func-
tioning as reflectometers. Some of these instruments are designed to function specif-
ically as reflectometers, but it is also possible to use an x-ray diffractometer provided
that proper optics and degrees of freedom in sample positioning are available.

The manner in which the incident and detector angles are maintained equal through
the the reflectivity scan depends upon the instrument. Conceptually, the simplest
instruments maintain the sample flat (no sample tilt; fi=0°) while the incident beam
and detector simultaneously move through equal angles 6. This scenario is illustrated
schematically in Figure 2.9. Other instruments are designed (primarily those which
are intended to be diffractometers) with an incident beam that does not move. In this
case, the specular condition is maintained by rotating the sample through an angle 6
while the detector simultaneously moves 26.

Alignment of the x-ray source (S) and detector (D) on the x-ray goniometer (Gx) is
caicial for reflectivity, more so than diffraction. The condition where 5 is.focused
directly at D defines the 6=0° state and the beam must pass directly (within a few
wmj through the origin of the Gx under these conditions (see Fig. 2.10). It is not
trivial though to ensure that D and S are focused perpendicular to the tangent of
the goniometer circle Gx (i.e. at the origin O). Most instruments provide angular
degrees of freedom such as a (see Figure 2.10 to change the incident (source) or
acceptance (detector) angles relative to a tangent of Gx. This leads to a potential
situation S' — D' where the detector and source are directly focused at each other but
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Figure 2.8: Basic optics of the x-ray reflectometry

the x-ray beam doesnot pass through the origin. Defining S' — & as 6=0° would lead
to incorrect values of the goniometer, in a diffractometer, this type of misalignment
is corrected by measuring the diffraction from a known crystal. The various degrees
of freedom (a and 0) are adjusted until the experimentally obtained diffraction peaks
coincide with the theoretical values. However, this level of alignment is usually
insufficient for reflectivity measurements. The positions of the high 0 diffraction
peaks are not extremely sensitive to the x-ray beam passing through the origin. Thus
further refinements in the alignment of the x-ray optics are usually required.

For a 0-20 configuration, the 0=20=0° condition that passes through the origin of the
goniometer can be tested by moving a knife edge on the sample stage into the beam
until it cuts the intensity into half.

For specular reflectivity, it is not critical that the centers Gx and Gx coincide. As long
a s , •

(a) the beam passes directly through the origin of Gx

(b) the sample surface is coplanar with the beam at 0=0°

(c) the incident beam can be focused onto the sample

small offsets of Gx and Gx will not significantly affect the x-ray reflectivity.
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A

Figure 2.9: Relevant degrees of reedom for an x-ray reflectometer [16]. In this representa-
tion, 0 defines goniometer angles for both the incident x-ray beam and the detector position
(x-ray optics) while Q, O, and z are the tilt,yawl, and vertical translation of the sample
stage. In usual x-ray rellectometer set-ups, Q is kept equal to 0° or no sample tilt but the
goniometer angles 0 for both source and detector moves at equal angles simultaneously.
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Figure 2.10: The x-ray goniometer and sample stage move/rotate on separate goniometers,
G.t and G.v respectively, as shown [16]. It is advisable that to make these circles concnetric.
It is critical that the x-ray beam passes through the center O of the G.t; the detector and
the x-ray source positions D' and S' where the beam does not pass through the origin are
unacceptable. •
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2.3.2 Total-reffection X-ray Fluorescence Spectroscopy and Angle-

Dependent Total-reffection X-ray Fluorescence Spectroscopy
i

Total reflection x-ray fluorescence (TXRF) spectroscopy also relies on the principle
of total reflection of x-rays at grazing incidence. T X R F is a variation of X-ray fluo-
rescence (XRF) spectrometry which is a wel l -known technique for elemental anala-
ysis. TXRF though exploits the high reflectivity of flat surfaces and low penetra-
tion depth of the beam at total reflection to improve signal-to-noise ratio of the data
making the technique suitable for ultra-trace elemental analysis and surface analysis,
albeit nondestructively. ••

Accordingly, the totally reflected beam interferes with the incident primary beam and
leads to standing waves above surfaces and also within near-surface layers. That is,
a point outside of the sample is hit once by the incident x-ray when the glancing
angle is large such that no total reflection occurs. When total reflection does oc-
cur, this point is illuminated twice - by the incident beam and by the reflected beam
(Fig. 2.11). The total electric field at the point is the sum of the incident and reflected
beams field ampli tudes so the intensity received by the point is the interference (co-
herent sum) of the two beams [6].

(2.15)

which has the form of a standing wave (SW) in the z-direction (where R is the re-
flectivity, \) the phase change upon reflection and A. wavelength of the incident beam.
Note: Io is set to unity). Because of the cosine (the interference term) the intensity at
a point outside of the sample depends on how far away it is from the surface and on
the glancing angle. Note that because of the interference term the right hand side of
Eq. 2.15can have a maximum value of 4, whereas if the two beams are simply added
the right hand side is simply (1+R) for a maximum value of 2.

The unique role of TXRF is based on the formation of such standing waves and par-
ticular details can only be understood with regards to these standing waves. The
atoms in the standing wave field are excited to fluorescence with a probability di-
rectly proportional to the wave-field intensity. Consequently, the fluorescence signal
reflects the intensity of the standing or evanescent wave-field in the sample and ad-
ditionally indicates the elemental composition. Thickness and density determination
by TXRF also depends on the formation of such standing waves.

Therecord of angle-dependent intensity profiles is the basis for evaluation for thick-
ness and density determination. These profiles represents values of fluorescent in-
tensities at different angular positions. The intensities are measured simultaneously
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air or vacuum

Some points in

the region are

illuminated twice,

by the incident and

by the reflected beam.

material

Figure 2.11: Standing wave property

for all elements of the sample at each angle position. Glancing angle is subsequently
increased between about 0° and 0.50° or even 1° in steps of about 0.01°. This is a
variation of TXRF, Angle-dependent TXRF or AD-TXRF.

By AD-TXRF, how an element is distributed on or in the substrate, whether it is
homogeneously distributed in thick samples, located in granular particles or evenly
distributed in thin-near surface layers, can be determined and distinguished. Shown
in Fig. 2.12 are the characteristic intensity profiles for three different kinds of con-
tamination under monochromatic excitation.
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by total reflection at the flat substrate.
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Secondary radiation from a blank substrate
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Figure 2.13: AD-TXRF profile of a blank quartz substrate. Note that the shape of the
profile is similar to that of the angular profile of penetration depth

The intensity of the radiation /v of energy Es scattered by the substrate at a take-off
angle T as a result of its interaction with the incident x-ray energy is given by [6]:

where R is the reflectivity, ju is the linear absorption coefficient of the material, zp the
penetration depth and K a constant. At very small angles, zp approaches zero thus

J,. = K(\-R)Z/J. (2.17)

Because of the (l-R) factor, 7V drops to zero below the critical angle. Above the
critical angle (1-./?) goes to unity and/v is dominated by zp, since zp also goes to zero
below the critical angle. This is illustrated in Fig. 2.13. The appearance of 7.v as a
function of 9 is similar to those portrayed in Fig. 2.7.
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Secondary radiation from a film on a substrate

Consider a film / on top of a substrate s. The total intensity inside the film is the
coherent sum of the direct and reflected incident beams similar to Eq. 2.15, a standing
wave in the film. The secondary radiation emitted by the film is [6]

Kf{\ -Rf)2y/Rs f cos(v, - -J
JO A.

R/ and Rs corresponds to the reflectivity of the film and the substrate respectively; zj
and z, the penteration depth of the beam as it hits the film / and the substrate s; d is
the film thickness; //y is the linear absorption coefficient of the film; E/ is the energy
emitted by the film at take-off angle ¥ ; v.v is the phase change upon reflection of the
substrate; Q'y is the angle of reflection of the film and Kf a constant.

The first term is from the contribution of the direct beam to the secondary x-ray. The
second term is the contribution coming from the interference of the direct and sub-
strate reflected beams. The third term is the contribution of the direct beam reflected
by the substrate. At high enough glancing angles (l-R/) —> 1 and ?̂v —> 0, only the
first term survives, and //(6) ~ d. Near the critical angles, the contributions from
the second and third term produce an intensity gain, giving a peak structure to / / (6)
whose shape depends on d as shown in the calculated intensities of an SiCh film on
a GaAs substrate in Fig. 2.14. Variable glancing angle TXRF method extracts the
thickness information from the observed shape of the / / vs. glancing angle intensity
profile.
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Secondary radiation from a participate film

A paniculate film is composed of grains of particles on the surface. For this type
of film no reflection and refraction occurs when the incident beam traverses the film
because of the non- smooth surface presented by the film. However, a standing wave
field is still formed by the smooth substrate and the grains are immersed in this field.
The intensity of the secondary radiation emitted by the particulate film is the same as
Eq. 2.19 but with R/ set to zero, d now refers to the particle size of the grains along
the perpendicular of the substrate surface. Fig. 2.15 shows the intensity profiles for
particulate films. Note that the peak structure extends down to zero angle unlike that
of the case of a smooth film.
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Figure 2.15: Calculated intensities of a particulate Ga film on a S1O2 substrate.



3.1 X-ray refectivity instrument

3.1.1 Instrument description

Curently, there are several companies producing x-ray instruments capable of func-
tioning as reflectometers. Some of these instruments are designed to function specif-
ically as reflectomemters, but it is also possible to use an x-ray diffractometer pro-
vided that the proper optics and;degrees of freedom in sample positioning are avail-
able. Figure 3.1 shows the x-ray reflectivity instrument in the Applied Physics Re-
search Group Laboratory of the Philippine Nuclear Research Institute. The x-ray re-
flectivity set-up is actually a Philips x-ray povyder diffractometer used for reflectivity
measurements. The x-ray generator is a Siemens Kristalloflex 760 X-ray Generator
with Cu as anode material. Operating voltage and current is set at 34kV and 20mA.
The Cu-Ka beam (51=1.54,4) from the shutter passes through a diverging slit then
hits the sample surface. The reflected rays then pass through a receiving slit and a
scatter slit (whose size is matched with that of the diverging slit). The combination of
these two slits reduces scatter. The receiving slit defines the width of the converging
reflected beam at a given angle 29. Instead of the standard receiving slit and beta-
filter arrangement, a.secondary beam monochromator with curved graphite crystal is
attached to the goniometer arm. In this way non-desirable reflections are eliminated,
maintaining the original rube intensity.

Scanning is achieved through the use of a high-precision worm gear system. One

28



29

complete revolution of the drive rotates the worm wheel through an angular dis-
placement of 1°. Direct readings of the angle rwo-theta, accurate to ±.005°, can be
taken from a dial fixed to the worm drive.

The radiation detector(Xe gas-proportional counter) is attached to the (20) detector
arm mounted radially on the worm wheel drive of the goniometer, while the specimen
holder shaft is housed in the (9) shaft that passes through the centre bearing of the
worm wheel. This shaft is connected to the worm wheel via a set of high-precision
gears providing a 1:2 angular speed ratio of the specimen and detector arm. The
mode of operation is therefore 9/29 mode which makes the incident angle is always
half of the angle of diffraction. .

Data from the detector is passed to a Tennelec Amplifier and Single-Channel An-
alyzer and Tennelec Dual-Counter Timer before it goes to a computer where it is
possible to visualize and record the data.

For. XRR, the samples are mounted on a brass sample holder. The samples cannot
be directly mounted on the XRR set-up to avoid scratching the optically-flat quartz
substrate. The bottom side of the brass sample holder is flat against the sample plane
of the goniometer. This is to ensure that when a sample is mounted on the sample
holder, the sample plane will be flat against the sample plane of the goniometer.
Mounting of the sample on the XRR set-up is shown in Fig. 3.2.
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Figure 3.1: The Phillips x-ray powder diffractometer set-up of the PNRI which is being
used as an x-ray reflectometer. Inset is the sample stage of the goniometer with -the brass
sample holder and the gold-protected mirror sample. The incident beam hits the sample
from the left and the reflected intensities are recorded in the detector side, right side.
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(a) (b)

(c) (d)

Figure 3.2: Mounting of sample on sample holder and to the goniometer: (a)brass sam-
ple holder with alien screws.The alien screws keep the sample in place, (b)the sample is
mounted to the sample holder by laying the sample surface on a flat panel together with the
sample holder. This is to ensure that the sample flat is flat against the bottom plane of the
sample holder. The bottom plane of the sample holder is flat against the sample plane of
the goniometer, (c)sample is mounted onto the goniometer sample stage, (d)shown is the
sample flat against the sample plane of the goniometer.
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3.1-2 Alignment of x-ray reactivity instrument

The challenge in x-ray rellectorrietry is in the grazing angles. In modern day reflec-
tomerry, the number of degrees of freedom is optimized to be able to precisely align
the sample. What is critical in x^ray rerlectometry is precise alignment of the sample
with the beam. For very small incident angles, which is typical in XR!R, the sample
surface is almost parallel to the' incident beam. Therefore , small spatial displace-
ments of the beam and minor angular deviations of the sample surface would alter
the measured reflected intensities. For x-ray diffraction purposes these factors are
not relevant but in XRR they have to be taken account.

Although a diffractometer can also be utilized as a reflectometer, the number of de-
grees of freedom is. limited for a diffractometer as compared to a reflectometer thus
it is a major challenge of this work to align the set-up for x-ray reflectivity purposes.

In 2004, a previous alignment procedure was developed for the x-ray reflectivity
measurements. These are as follows:

(a) To correct for spatial displacements, the goniometer was set at 2° 29. The
incident beam was collimated with a diverging slit of 1/30°; A fluorescent ZnS
disk was used as a sample to view the beam position at the specified angle. The
beam was then positioned at the sample center by adjusting the leveling screws
of the goniometer. This is; to ensure that at angles higher than 2° 26 the beam
is fully intercepted by the'sample and the detector view would be the same as
the area illuminated by the incident beam accounting all intensities from the
sample. '

(b) Alignment at grazing angles followed by setting the detector 20 at an appropri-
ate position where there isUotal external reflection.The reflected beam from the
sample is viewed on the detector side by an AGFA x-ray scintillator screen. A
receiving slit, 0.05mm, is then used to block the incident beam and allow the re-

. fleeted beam to pass. Further adjustment of the sample stage knob would yield
only the reflected beam on the scintillator screen. This means that the detector
view 20 is equal to 20,-.

t h e x-ray reflected intensities of three (3) different samples are shown in Figure 3.3
using the alignment procedure described above.

The shape of reflectivity profiles follows from the Fresnel reflectivity where there
is maximum intensity below the critical angle. The intensity then decreases rapidly
for 0, > 8t-. The critical angle of a sample is determined from the angular position
where there is a sudden drop in reflected intensity. This is true for the reflectivity
profiles recorded but at 1° 20 a similar drop in intensity is also visible but this is
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not due to another material present in the sample surface since the critical angle
of most elements are below this;angle. This may be due to an edge effect on the
sample surface where the beam hits the edges of the sample and results in diffuse
scattering. This may also be attributed to dead time difference for high countrates
and low countrates of the system.

So another alignment procedure was developed to improve the alignment of the re-
flectivity set-up and to eliminate the unusual drop in intensity at 1° of the reflectivity
data. ' .

The alignment procedures developed are as follows:

(a) Full beam scan: No sample was placed in the reilectometer. Goniometer angle
;:. is set from below 0° to 0.20° to record the intensity profile of the incident beam.

(b) Knife edge scans: A single edge knife is used as a sample. Goniometer angle
is set from below 0° to 0.20° and the intensity profile of the incident beam
is recorded. The single-knife edge's intensity profile should cut the full beam
profile at the maximum intensity of the full beam. This is achieved by slowly
raising/lowering the leveling screws located at the goniometer stage. This step
is to ensure that the incident beam is parallel with the sample stage surface at
0° 29, which is maximum intensity of the full beam.

(c) Sample stage adjustment: This step is to let the sample stage axis Q. be equal
to the goniometer angle 9- The sample is already mounted on the sample
stage. Sample is positioned at 29 =0.03 (9 -C 6C) and sample stage is adjusted
through the sample stage adjustment screw. The counts are monitored through
the counter/timer and the adjustment screw is fixed when maximum count or
just below the maximum count is read from the counter/timer.

The most important improvement seen using this alignment procedure is the record
of Kiessig fringes in the reflectivity profile for the gold-mirror substrate as shown
in Figure 3.5. With the previous procedure, the fringes cannot be resolved such that
they look more like noise than useful data. Film thickness can now be derived from
the 9 spacing of the fringes.

Figure 3.5 displays the 0-29 scan foi; the aligned reflectometer. The intense peak of
the main beam defines the zero angle position where Q.=Q/2Q=0°. Beyond the main
beam peak, the reflected intensity increases linearly with 9/29 because of changes in
the area of the x-ray beam footprint with angle. The beam height at grazing incidence
angles geometrically leads to large variations in the exposed film1 area (footprint ef-
fect). At very shallow incident angles, theaerial footprint of the x-rays can illuminate
an area that is larger than the area of the sample. As 9 increases, the area of this foot-
print decreases and more x-rays are focused onto the aligned sample resulting in an
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increase of the reflected intensity with 0 from purely geometric considerations. As 0
continues to increase, the critical angle of the sample is eventually reached and the
x-rays start to penetrate the films giving rise to pronounced decrease in the reflected
intensity and the onset of fringes. For this sample two sharp drops in intensity are
recorded meaning two critical angles are reached. First is for SiCWquartz (0=0.21-
0.22, 8.4 keV) and and the other one is for gold (0=0.570, 8.4 keV).

Beyond the critical angle of the Si, x-rays reflect both from the air/gold interface
and the gold/Si interface. At periodic angles of incidence, the two reflected beams
give rise to constructive and destructive interference patterns (oscillatory behavior)
known as Kiessig fringes [15],
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3.1.3 Angular Calibration of the Reffectivity Data

Unlike modern-day reflectometers where the angular calibration is done in an au-
tomated manner, the angular calibration in this set-up is done manually. Angular
calibration of the x-axis of the intensity profile makes use of the equation:

Q.rue^Qo + kB^p (3.1)

where 0o is the offset angle of the value k8er/?, determined from the dial of the go-
niometer, from the true angle value 0,r,,e and k is a constant which can be determined
from the gear-ratio of the worm-wheel drive. For x-ray powder diffraction purposes,
the misalignment introduced by the offset angle is corrected by measuring the diffrac-
tion from a known crystal. The various degrees of freedom are adjusted until the
experimentally obtained diffraction peaks coincide with the theoretical values.

In this experiment,before aligning the set-up for x-ray reflectivity, proper alignment
of the set-up for x-ray powder diffraction is done by running a Si standard with known
diffraction peaks to make sure that angular calibration is corrected for higher angles.
This is because the constant k in the angular calibration for diffraction is assumed to
be equal even in grazing angles.

For x-ray reflectivity, angular calibration is done by setting the offset angle equal
to the offset of the experimental angular position of the critical angle of the quartz
substrate from the true value of the critical angle of the quartz substrate which is
0.21°. Validation of this angular calibration can be made from the reflectivity profile
of the gold mirror with SiO coating. For Figure 3.5, the offset angle between the true
29 value of the critical angle of quartz and the 26 \>alue from the dial is 0.05° 20.
(Since true 20 value = 0.42° 20 while value from the read-out is 0.405° 20) For the
gold layer, value from the dial is 1.09° 26. Adding the offset angle 0.05° 20 to this
value gives 1.14° 20. The true value of the critical angle for a gold layer is 0.570°
or 1.140° 20. Figure 3.6 shows the lpgscale plot of the reflectivity profile of the gold
mirror on SiO coating where the critical angle of quartz and the gold layer can be
clearly determined. The two critical angles established is therefore an indication of
the linear relationship between the true value of the angle and the value of the angle
at the read-out/dial. Therefore, angular calibration is valid.

In powder diffraction, for proper angular1 calibration, a standard sample with known
diffraction peaks is mixed into the sample to serve as internal standard. For the
reflectivity measurement, the quartz substrate served as internal standard for the thin
film sample to be able to make angular calibration.

Thickness determination of the thin films lies on the 0 separation between the Kiessig
fringes therefore angular calibration is important.
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3.1.4 Film Thickness Determination

A complete analysis of x-ray reflectivity data requires modeling the reduced data
using well-established models arid procedures. The equations needed to model spec-
ular reflectivity data are straightforward and known for many years. The recursion
formula developed by Paratt [4] is used to model x-ray reflectivity data. The Parratt
recursion formula is shown in Eq. 2.11. A simulated reflectivity curve of a gold layer
on top of a quartz substrate using the recursion formula is shown in Figure 3.7. The
program codes used in the simulation is from [14].
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Figure 3.7: Simulated reflectivity curve of a gold layer on a quartz substrate using the Paratt
recursion formula

Simulation is carried out by inputting the layers one at a time in the program starting
from the topmost layer (i.e. the layer that is first hit by the incident x-ray). The pro-
gram uses existing table of values like the Henke Tables to obtain constants needed
in the calculation.
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Example:

model = MultiLayer()

Quartz = ("si", 1), ("o",2) ;• Au = 79

model.AddLayer( Quartz, 2.2, 100.e-9, l.e-9 )

model.AddLayerf Au, 0., 0., l.e-9 )

sio_au = model( moka, angles)

R = sio_au.Er.real**2 + sio_au.Er.imag**2

For analysis of experimental data, the model profile is iterated until a satisfactory fit
is obtained with the experimental reflectivity curve. However, raw reflectivity data
cannot be directly compared with model calculations for two reasons [1]: (i) One
has to take into account the finite resolution of the experimental set-up, (ii) Often
the data contain artefacts stemming from the scattering geometry, namely from the
glancing angles.

Due to the limited degrees of freedom of our set-up, thus the varying geometric
factor consideration (sample plane positioning with incident beam, interception of
the incident beam with the sample, area of the illuminated sample surface), fitting
the data with the use of a suitable model can not be used to get the film thickness
of thin films. Instead, the 20-spacing between Kiessig fringes in the XRR profile is
used.

Since the refraction of X-rays can be compensated using critical angle for reflection
Qc that can also be measured, the absolute value of film thickness can be determined
without using a reference sample.

When there is a thin film on the, surface, Kiessig fringes can be observed. The posi-
tion of the fringe depends on the thickness of the film by the relation

4 ^ (3.2)4) = ̂
sin-9 J-d

where m=l,2,3.... A, is the wavelength of the x-ray, < '̂the thickness of the layer and 5
is the dispersion. For very small incident angles, film thickness can be approximated
by

(3.3)

Since the occurcncc of these oscillations is due to interference, the 20-spacing is
accurate enough to determine film thickness.

Shown in Figure 3.8 is a plot for the relationship of film thickness with 0-spacing
using Eq. 3.3. Note that as the thickness of the film goes to zero, the 6-spacing tends
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Figure 3.8: Theoretical plot for thickness(nm) vs. 29-spacing (cleg.)
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Table 3.1: Table of values for film thickness(nm) vs. 29 spacing

Thickness(nrn)
5

10
15
20
25
30
50
75
100
150 ,
200

29 Spacing (deg.)
1.734
0.870
0.569
0.431
0.338

. 0.277
, 0.1665

0.1108
• 0.0827

0.0551
0.0403

to go to infinity. Thus, for a certain angular range, thicker films will have more fringes
or smaller 9-spacing while thinner films have fewer fringes or larger 9-spacing.

Thickness measurement by XRR can thus be derived from the spacing of the fringes.
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3.2 Total-reffection x-ray spectroscopy set-up

3.2.1 Instrument description

The total-reflection x-ray spectroscopy instrument of the Philippine Nuclear Re-
search Institute consists of a TXRF module developed in Atominstitut in Vienna,
Austria [17], a Siemens KRISTALLOFLEX 71 OH X-ray Generator with an x-ray
tube containing a Mo-anode (operating voltage and current set at 40kV and 40mA),
a Ketek GmbH silicon side-drift detector and counting instrumentation (Canberra
Amplifier and a multi-channel analyzer). The shematic of the TXRF spectrometer is
shown in Fig. 3.9 and the relevant geometry parameters of the x-ray source is listed
in Table 3.2

Figure 3.10 shows the mechanical portion of the spectrometer which includes a cut-
off mirror and the sample support. The purpose of the cut-off mirror is to modify
the incident beam by blocking-off unwanted high energy components of the beam
by also using the phenomenon of total reflection. The cut-off mirror and the sample
support has a similar construct: a plate standing on three micrometer screws (the
three micrometer screws are labelled respectively as A, B and C). This configuration
is used in precise beam alignment of both cut-off mirror and sample.

Table 3.2: Geometry parameters of x-ray source

Parameter

X-ray linesource width
Incident collimator width
Incident beam divergence
Source to cut-off mirror
Cut-off mirror to sample
Beam width at sample position
Sample to detector
Detector diameter
Detector collimator diameter

Value

0.04 mm
0.05 mm
0.016°

170 mm
170 mm
0.10mm
10.00 mm

2.5 mm (area = 5 mm7)
2.4 mm (area = 4.5 mm2)

Actual measurement in TXRF spectroscopy is in the recording of the spectra. Count-
ing time is varied from 100 seconds to 1000 seconds (Higher counting time is done
to reduce counting error). A TXRF spectrum will show peaks characteristic of the
different elements present in the sample. Qualitative analysis of a spectrum involves
the following steps:
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Figure 3.9: Schematic of a total reflection x-ray fluorescence spectrometer
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Figure 3.10: Mechanical construct of the TXRF spectrometer. Shown is the sample sup-
port, cut-off mirror support and the sample slot. The micrometer screws are assigned as A,
B and C respectively. '
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(a) The peaks are detected by their appearance and their centroid positions are lo-
calized (e.g., peaks at 6.4 and 15.7.keV).

(b) These peaks are identifiedjas x-ray peaks by comparison with tables or data
files. .. '• . ; • ' • • . •

(c) From these data the presence of particular elements is deduce, (e.g., presence
ofFe in sample) .

Table 3.3: Principal peaks of x-ray spectra obtained from elements with Atomic Number
Z[6] • . • ••

z
14

• 15
16
17-
18
19
20
21
22
23
24
25
26
27
28
29
30

Element
Si
P
S
Cl
Ar
K
Ca
Sc
Ti
V '
Cr
Mn
Fe
Co
Ni
CM

Zn

Kai
1.740
2.013
2.307
2.622
2.957
3.313
3.691
4.090
4.510
4.951
5.414
5.898
6.403
6.929
7.477
8.046
8.637

1.829
2.136
2.464
2.815
3.190
3.589
4.012
4.460
4.931
5.426
5.946
6.489
7.057 .
7.648
8.263
8.904.
9.570

Lai

0.341
0.395
0.452
0.511
0.573
0.637
0.70,5
0.776
0.851
0.930
1.012

Lpf

0.345
0.400
0.458
0.519
0.583
0.649
0.718
0.791
0.869
0.950
1.034

Shown in Table 3.3 is an x-ray emission energies table of certain elements. Note that
the x-ray energies are labelled Kai , Kf3i, etc.. Bombardment with x-ray photons of
sufficient energy of a sample leads to ejection of electrons from a certain shell of a
particular atom. This ejection leads to a vacancy in the shell. The vacancy will be
filled by an outer shell e'ectron. This transition leads to the principal lines or peaks in
a spectrum. The three principal.series, the K-, L-, or M—series, which arise when
the inner vacancy being filled is in the K-, L~, or M~shell. Intensity of the peaks
arc denoted by a,p\ywith a being the most intense.



48

3.2.2 Angular calibration of the total-reffection x-ray ftiorescence

spectroscopy set-up

The TXRF set-up described has micrometer screws to adjust the angular position
of the sample. The screws has micrometer readings to do this. Angular calibration
is thus required to determine the exact, angle instead of micrometer readings. A
schematic of the sample supportis shown in Fig. 3.11.

The usual angle calibration and sample centering in TXRF and AD-TXRF spec-
troscopy involves plotting the coherent Mo-Ka intensities for multiple fixed-B scans
covering a wide angle range. As'shown in Fig. 3.12, the centers of the fixed-B scans
(marked by the vertical lines) are regularly spaced when no total reflection occurs.
The intensities of the centers when there is no total reflection falls on a straight line.

Q=-307l.6 + 751l(A-B) (3.4)

The equation from the straight line is used to generate centered A,B and C settings.
An angular scan of the blank quartz substrate, using the generated A,B and C settings,
is made which gives us the profile in the next figure.

The relationship between angle and A-B is:

e = eo + ̂ y ^ (3.5)

where A and B are the micrometer screw setings and / = 192 which is the distance
of the guides in the sample support as shown in Fig. 3.11. The offset angle (6o) can
be easily found by taking note of the critical angle.for a particular substrate at the
energy of the primary X-ray beam. In the case of quartz, it is 0.1° for X-ray beam
energy of 17.441 keV. The plot of the coherent Mo-Ka intensities of a blank quartz
substrate plotted against A-B is shown in Fig. 3.13. The position of the critical angle
of quartz is the position of the offset angle which is the basis of angular calibration
from A-B settings to 0 in degrees.

Angle calibration using the technique above makes use only of one angle, the critical
angle. Note too that angle calibration with this technique uses micrometer settings
b.eyond the critical angle to calibrate the angular region before the critical angle by
extrapolation. This makes angle calibration prone to error. It is relevant therefore to
use an angle calibration technique that will use micrometer settings before the critical
angle to calibrate this region. A more precise technique to determine conversion from
micrometer settings to angle has been devised. This is through the beam-imaging
technique.

Precise beam alignment of the sample was performed using digital images of the inci-
dent and reflected beam captured on a Nikon CoolPix 990 digital camera. An AGFA
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: Figure 3.11: The TXRF sample support for mounting sample and adjusting the glancing
angle! Small rotations about the x'- and y'-axes, and displacement along, the z-axis are
allowed. Important dimensions are 1 = 192 mm and w = 40 mm.
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Figure 3.12: Sample centering by plotting the coherent Mo-Koc intensities for multiple
fixcd-B scans.
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Figure 3.13: Coherent Mo-Koc intensities of blank quartz plotted vs. A-B to determine the
position of the critical angle. From this, angular calibration can be made.
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Light-tight
Extension Sample Mirror

Detector

Camera

Figure 3.14: The digital camera with an x-ray scintillator positioned to received both the
direct and reflected beams from the sample mounted on the sample slot of the spectrometer.

CaWO scintillator screen (the same type used in medical radiography) is placed at
the entrance of the extension tube with the active side facing the camera. The cam-
era is mounted on a sturdy tripod and positioned to received the direct and reflected
beams; it is tilted back so that the x-ray beam will not hit the CCD and also to mag-
nify the image along the vertical direction. This set-up is illustrated in Fig. 3.14 and
Table 3.4 shows the camera settings used.
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Table 3.4: Camera settings used for the beam imaging technique
!!

Settings j

shutter speed
focus \
zoom
f stop
ASA
quality
white balance
image adjustment
image sharpening
(lash
AE

Value

8 seconds
0.06m
16.2
3.6
400 .
Normal
cloudy.
Off
Off
Off
Locked

Important information can be gleaned from the images of the incident and reflected
beams. The glancing angle is directly proportional to the separation, which is called
A, between the incident and reflected lines formed in the screen. The brightness of
the lines are related to the intensities of the incident and reflected beams. Shown in
Fig. 3.15 are images of the incident and reflected beams from the sample at different
incident angles.

In the beam imaging technique the sample centering is still done as described above.
When centered A, B, and C settings are already made, both the x-ray spectra and
the beam images are collected at each assigned step. Data from the images for the
incident and reflected beams are fitted by a Gaussian fit as seen in Fig. 3.16.The
intensities, peak centers and full-width at half maximum (FWHM) for the respective
beams are outputted. The beam separation AJB is then calculated by subtracting the
peak centers of the two beams. The reflected intensity arid beam separation is plotted
vs. A-B (mm) settings as shown in Figure 3.17.

AJB is proportional to QAB, i.e. KAB = kB^B- Thus knowing k the glancing angles are
easily computed from the A ^ ' s . The constant k can be determined from beam sepa-
ration at the critical angle of a well-known reflector (such as quartz). The difference
A — B is related in a linear manner to the glancing angle from the geometry of the
spectrometer. This linear relationship can be used to counter check errors made in
turning the micrometers. I

Validation of the angular calibration was done by using another type of substrate
but the same critical angle as that of quartz. The sample used was a B270 window
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B C

Figure 3.15: Images from the angle calibration by beam imaging technique scan. The upper
beam is the incident beam and the lower beam is the reflected beam.

(from Edmund Optics) which is also silica-based. An angular scan of the sample was
made and the images of the incident and reflected beam was also taken. The position
of the maximum intensity of the ̂ reflected beam determines the critical angle of the
B270 substrate (A-B=0.84mm) and this was the same value as that of quartz. The
beam separation of the B270 substrate was also the same as shown in Fig. 3.18 This
validates the angular calibration by beam imaging technique that was made.

3.2.3 Sample Positioning of Films for TXRF Scan

An AD-TXRF scan for the final, set of samples was unnnecessary since a spectral
gain is visible in the spectrum of the preliminary samples. A sample just needs to be
positioned at an angle near the critical angle of the substrate then a TXRF spectrum
is acquired. The samples though can not be positioned at the critical angle for the
quartz substrate, which is 0.1°, since a film is already present on top of the substrate.
The angle of incidence is already different. This is true especially for thicker films,
Upon viewing the images of the beams for a sample with a thin film taken at the
critical angle of the quartz substrate, the beam separation as well as the ratio of the
scattered intensities are not the same as that of a blank substrate. This means that a
different angle is established.

To make sure that each sample is positioned at the same angle even with different film
thicknesses on top of the substrate, the beam imaging technique is utilized. First, a
blank quartz substrate is used as sample. The substrate is positioned at the critical
angle position where two beams, incident and reflected, of equal magnitude can be
seen on the scintillator screen. The images of the beams are taken and the beam
separation is noted.
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Figure 3.16: Plotted data from the images of the angle calibration by beam imaging tech-
nique. From these plots, the beam separation as well as the intensities of the incident and
reflected beams can be derived.
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Figure 3.17: Plot of reflected intensity and beam separation at different A-B settings for a
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The sample with a film is replaced on the sample holder of the TXRF. The total-
reflection point is determined by-viewing the beam images on the scintillator screen.
Two beams with equal magnitude should be seen on the screen. This step is just
an approximation where the TR point is. A vertical scan of the sample is made
to determine exactly the position where there is equal magnitude of the incident and
reflected beams. A schematic of the vertical scan procedure is illustrated in Fig. 3.19.

The A, B and C micrometers settings of the initial TR point is noted. Then the A, B
and C settings are increased/decreased by the same amount, 0.01mm. Example:

Table 3.5: A,B, and C settings for vertical scan

A

6.51
6.50
6.49
6.48
6.^7
6.46
6.45
6.f4
6.43
6.^2

B

5.71
5.70
5.69
5.68
5.67
5.66
5.65
5.64
5.63
5.62

C
5.75
5.74
5.73
5.72
5.71
5.70
5.69
5.68
5.67
5.66
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The images of the beams are taken at each point. The images are analyzed and the
intensities of the reflected and incident beams are then plotted with respect to the A
settings. Shown in Figure 3.20 is a sample plot. The point where the incident and
reflected beams intersect will bejthe TR point. The beam separation is obtained. If
the beam separation is the same as that of the beam separation of the quartz substrate
at its critical angle, then the said {position is fixed and a TXRF spectrum is acquired.
However, if there is still a difference in the beam separation, the A, B and C set-
tings just obtained is used to further manipulate the angle of the sample. Centered
A, B and C settings are generateci from the TR point of the sample. The angle is in-
creased/decreased until the beam| separation is the same as that of the blank substrate.
Then a TXRF spectrum is acquired, counting for 2000 seconds at the specified angle.



60

Blank Qium
Sample

Micrometer Settings:.
A = 6.47
B = 5.665
C = 5.705

Micrometer Settings:

A = 6.51
B = 5.71

C = 5.75

(C)

(b)

Sample

Micrometer Settings:
Determined by the point
where two beamsseen on the
screen are ol" equal brightness say;
A = 6.47
B = 5.67
C = 5.71

• Sample

Cn mem ( 0 •

Micrometer Settings:

A = 6.42
B = 5.62
C = 5.66

(c)

Sample

Micrometer Scir'mgs:

A = 6.45
1) = SMS

Figure 3.19: Schematic of the vertical scan by beam imaging technique
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Chapter 4

Sample Preparation and

4.1 Samples and Sample Preparation

Philippine grade (PNG) kappa-carrageenan were from Shemberg Incorporation, ex-
porter and supplier of Philippine grade carrageenan. PVP was purchased from BASF
which is Kollidone 90F grade. Carboxymethyl cellulose was purchased from YANA
Chemodities Inc..

Powdered samples of the polymers were weighed and added to distilled water to
produce an aqueous solution. Trie dissolution of each polymer though was different.

For carrageenan, each sample was made to swell first by stirring the carrageenan
powder/water mixture which resulted in a gel-like solution. Dissolution of the pow-
der/water mixtures were made by heating the mixture to near boiling point, around
80° (since the solution-gel transition is around this temperature). Upon complete dis-
solution, the solution should have a clear appearance or if you pass a laser light on the
solution, no TyndaII effect (free particles still floating on the solution will reflect the
light passing through) should be observed. However, since the type of carrageenan
used was the PNG type, cellulose componcnts/particulatcs are suspended on the so-
lution even after heating. To remove these particulates, the polymer solutions were
filtered through a Millipore 0.45/ym filter paper after heating.

62
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Carrageenan is a thermoreversible polymer and further cooling the solution would
allow it to return to its gel state. Thus the solution wasn't allowed to cool significantly
prior to spin-coating of the solution onto the substrate.

For PVP, the powdered samples were made to dissolve in water by constant stirring
without heating for an hour. Clarity of the sample was the physical indicator of
complete dissolution. Unlike carrageenan, PVP has no solution-gel states and is
therefore not thermoreversible.

For CMC, constant stirring without heating for hours was employed to dissolve the
powder/water mixture. The solution though contained minute particles even with
constant stirring. These particles were bigger than those found in the carrageenan
solution. Removal of these particulates though by filtration is not recommended
since these are the cellulose particles in CMC.

Substrates .
i

Disk-shaped optical grade quartz \ carrier (flatness=X720, diameter=30 mm, thick-
ness=5 mm) were used as substrates for the polymer thin films. Substrates to be
coated with the polymer should be free of all organic impurities and other contam-
inants that is why thorough cleaning of the substrates were done. Also, frequent
washing and using of the carriers creates build-up of organic contaminants and pro-
motes hydrophobicity on the surface which makes it harder to create thin films on
the surface. These factors have to be taken into account in the washing procedure.
The cleaning procedures implemented are as follows:

(a). The carriers were mechanically washed with soap solution then sub-boiled in
soap solution for 2 hours.

(b) Rinsed with distilled water.

(c) Soaked in analytical-grade nitric acid overnight.

(d) Rinsed with distilled water.

(e) Carriers are exposed to UV lamp for 30 minutes. This step is incorporated
to make the surface sufficiently hydrophilic.When irradiating the glass surface

. with the ultraviolet rays, oxygen molecules (OT) existing in close proximity to
the glass substrate surface are changed into ozone molecules (O3) by an'energy
of the ultraviolet rays. Further, the ozone molecules are decomposed by the
energy of the ultraviolet rays or thermal energy, thereby generating an oxygen
active group (O*) exhibiting high reactivity. This oxygen (O*) oxidizes and
removes organic substanccs;on the surface of the glass substrate. Simultane-
ously, the oxygen (O*) is coupled with Si-O-H group hydrogen atoms (H) on

: the, glass substrate surface, thereby making the substrate surface hydrophilic.
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(f) Ultrasonic cleaning of the carriers. The carriers were soaked in 1% soap solu-
tion and sonicated for 8 minutes. They were then removed, rinsed with distilled
water then soaked and sonicated in distilled water for 8 minutes. The rins-
ing/sonicating process withjDI water was then repeated 2 times. The ultrasonic
cleaning process removes particles on the substrate by ultrasonic cavitation.

(g) The quartz substrates are then dried under an IR lamp.

The prepared polymer solution is then spin-coated onto the clean quartz substrates.

Outlined below is the spin-coating procedure for the fabrication of the polymer thin
film:

(a) Dispense Polymer: Begin rotating the substrate at slow speed (50 rpm) then dy-
namically dispense lml of the polymer solution onto the center of the substrate.

(b) Spread: Increase the substrate speed to 500 rpm for 15 seconds to spread out
the polymer out of the center. ' . •

(c) Spin: Increase the substrate speed to a rate which is appropriate to achieve the
desired coating thickness.

It is worthwhile to note that the initial volume of the fluid dispensed onto the rotating
disk and the rate of fluid delivery (i.e. dispense speed during a brief period of slow
rotation proceeding spinning to spread out the fluid) have a negligible effect on the
final film thickness [12].

A preliminary sample preparation was made of carrageenan, PVP and Carboxymethyl-
cellulose (CMC). This was to observe if film formation was possible in the three types
of polymers. Only the concentrations were varied but the spin speed and spin time of
spin coating was the same for all samples. The polymer solutions that were prepared
for each polymer are as follows:
Carrageenan: 2%, 1%, 0.8%, 0.6%, 0.4% and 0.2%
PVP: 3%, 2%, 1%, 0.8%, 0.6%, 0.4% and 0.2%
CMC: 3%, 2%, 1 %, 0.8%, 0.4% and 0.2%

From the three polymers, only carrageenan and PVP were finally fabricated into
thin films. The polymer thin films prepared were varied according to concentration
of polymer solution, spin speed and spin speed time of the spin-coating process.
Table 4.2 and Table 4.1 shows a summary of the values of the parameters used in the
fabrication of the polymer thin films.

The spin-coated thin films are made to dry completely overnight before characteriza-
tion through TXRF and XRR is made.
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Table 4.1: Matrix of sample preparation parameters for carrageenan polymer on quartz
substrate

Sample Concentration

0.3%
0.5%

.0.8%
1.0%

spin speed
lOOOrpm

. spin time
30s
30s
30s
30s

45s
45s
45 s
45s

60s
60s
60s
60s

3000rpm
spin time

30s
30s
30s
30s

45s
45 s
45s
45s

60s
60s
60s
60s

Table 4.2: Matrix of sample preparation parameters for polyvinylpyrrolidone (PVP) poly-
mer on quartz substrate

Sample Concentration
1!

0.5%
0.8% <
1.0% f

4.0%

spin speed
lOOOrpm
spin time

30s
30s
30s
30s

45s
45s
45s
45 s

60s
60s
60s
60s

3000rpm
spin time

30s
30s
30s
30s

45s
45s
45s
45 s

60s
60s
60s
60s



66

4.2 Sample Characterization

4.2.1 Carboxymethylcellulose

Peforming TXRF analysis on the aqueous polymer.solution of Carboxymethylcellu-
lose or CMC spin-coated onto quartz carriers should yield the elemental composition
of the sample (see Fig. 4.1). The peaks present in the spectrum are indicative of the
elements found in the sample. Identification of the peaks was done by simple com-
parison with x-ray emission energy tables.

CMC is composed of carbon, hydrogen and oxygen atoms which is the common
composition of all polymers. Looking at Figure 4.1 these elements were not identi-
fied in the spectrum. This is because of the inherent detection limit of x-ray elemental
analysis set-ups. Detection of light elements Z<14 cannot be achieved unless syn-
chrotron radiation is used for excitation. Aside from this, detection limit in the low-Z
region is caused by the following:

(a) The fluorescence signals for light elements are 3-4 orders of magnitude smaller
compared with medium-Z elements. The low sensitivity is caused by a reduced
fluorescence co.given by '

(4.1)

Table 4.3 shows the fluorescent yield of C, H and O and a comparison with
. medium-Z elements. Note that the fluorescence yield of C, H and O are 3

orders of magnitude smaller than that of medium-Z elements.

(b) The spectral background in the low-energy region is high due to the scattered
radiation of the x-ray tube. The spectral continuum of the incident x-rays is
especially responsible with a natural steep rise at low energies.

(c) The detector efficiency is bad in the low-energy region.

(d) The absorption of the primary x-rays and the lluorescence x-rays with low pho-
ton energies is comparatively high. The absorption by ambient air and by the
windows of the x-ray tube and detector leads to a reduced intensity.

. The fluorescence peak identified as Si came from the quartz substrate (SiOj) as part
of the incident beam penetrated into the substrate. The Ar peak came from excitation
of Ar atoms in ambient air of the beam. The incident beam excites the Ar atoms in
air between the 10mm distance of the sample and the detector. The Mo peaks came
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Table 4.3: Fluorescence yield of lovv-Z and medium-Z elements

Element
hydrogen (H)

carbon (C)
oxygen(0)

chromium (Cr)
manganese (Mn)

iron (Fe)
silver (Ag)

Atomic 'Number (Z)

• i 1
6
8

24
25 .

S 26 '
• i 4 7

Fluorescence yield (co)
•1.111*10 6

•1.438x10 J

I 4.53x10 J

0.269
0.303
0.336
0.844

from the scattered radiation of the incident beam (MO-K.CE) as it interacted with the
sample (Mo-Ka= 17.441 keV, Mp-K(3=19.605). Si, Ar and Mo peaks are common
in every TXRF spectrum acquired.

So how was sample presence determined for polymer samples composed of light
elements? Presence of the organic material can be determined from the scattered
radiation of the sample through the Compton and Rayleigh Mo-scattered peaks in
the spectrum. The Mo-scatteredJ peaks comes from the interaction of the incident
beam (Mo-Ka) with the sample.; The intensity of the peaks depend on the sample
substance. Rayleigh scattering will increase if the mean atomic number of the scat-
tering sample increases. Comptoh scattering, in contrast, will decrease if the atomic
number increases. Thus, low atomic number materials are stronger Compton scatter-
ers than high atomic number materials. Since polymers consist of low-Z elements,
stronger Compton scattering should be seen in the TXRF spectrum. This is true for
CMC as seen in Figure 4.1.

In experimental techniques such as conventional XRF, TXRF and AD-TXRF that
employ a solid-state detector to record the x-ray energy distribution, x-ray peak in-
tensities are extracted from the spectrum either by simple area integration or, when
there are emission line overlaps] by non-linear least squares fitting of the spectrum
with.a model consisting of Gaussian peaks for the emission lines and a polynomial
background. The Gaussian mohel is usually used to.model counting statistics ot
counting measurements [18].

The peak areas of all the spectrum acquired, be it fluorescent or Compton and Rayleigh
scattered Mo-Ka intensities, were obtained by non-linear least squares fitting of the
spectrum because of emission line overlaps between the Ka and K(S lines of suc-
ceeding elements. The program 'codes used for non-linear least squares fitting ot the
spectrum is from [14].
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An AD-TXRF measurement was mjade of the CMC samples with different concen-
trations. Since no fluorescent peaks were present in the spectrum of the samples, it
was sufficient to obtain the peak intensities of the scattered Mo-Kcc radiation. Plots
of the Compton and Rayleigh scattered Mo-Kcc intensities are in Fig. 4.2 and Fig. 4.3.
The problem of using the scattered lylo-Ka peaks is that they can come from both the
film and the substrate but their peak*energies are not affected by where the scattering
occured so there is no way of telling where they originate. But for the purpose of
observing an intensity profile of theffilm which manifest the effect of the x-ray stand-
ing wave of the substrate it is sufficient that the film have a much larger Compton
cross-section than the substrate such that the Compton peak is dominated by scatter-
ing coming from the film. The Compton cross-section is stronger for low-Z elements
so the condition is satisfied for these samples.

• " . . . i. , _ • .

In the angle vs. intensity profile for Compton and Rayleigh scattering, a slow increase
in intensity from 0° to higher angles can be seen for samples with higher poncentra-
tion. For samples with very low Concentration, intensity is almost zero for angles
below the critical angle then gradually increases beyond the critical angle which is
the same as the intensity profile for a blank substrate. (Note that higher concentration
polymer solutions are expected to form thicker films. The former are thicker films
and the latter are thinner films.) •

The intensity profiles though are all characteristic intensity profiles for bulk material
on top of the substrate as seen inlFig. 2.12. For thicker films, the incident beam
cannot penetrate into the substrate jat low incident angles but is scattered readily by
the material on top of the substrate. Thus higher scattered intensity is observed for
the thicker films at lower angles. The bulk material on top of the substrate is due
to the large cellulosic materials still present in the polymer solution even after long
dissolution hours. ' • • •

Because of the bulk-like characteristic of CMC, it was discontinued as a sample for
polymer thin film fabrication.
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Figure 4.1: TXRF spectrum of CMC
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Figure 4.2: Angle-dependent Scattered Compton Intensities of CMC
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Figure 4.3: Angle-dependent Scattered Rayleigh Intensities of CMC
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4.2.2 Carrageenan

Shown in Fig. 4.4 is the TXRF spectrum of a carragecnan thin film spin-coated onto
a quartz glass carrier. From this spectrum, one can identify the various elements
present in the sample which includes S, K, Cl and Si originating from the substrate
and AT from ambient air. The sulfur is part of the carrageenan molecule since it is ba-
sically a sulfated-polysaccharide ^vith the presence of SO"3 anions in the molecule.
The K and Cl comes from the KG1 salt used to extract the carrageenan from the sea-
weed. K.C1 is thus present homogeneously on the powdered sample of carageenan.
Thus KC1 is freely present in the sample.

9000

8000

7000

-£• 6000

§ 5000

3

K-Ka

Mo-scatter

' 10
Energy (keV)

15 20

Figure 4.4: TXRF spectrum of carrageenan

Spectrum for each angular position of the AD-TXRF measurement was then fitted
(non-linear curve fitting) to get the fluorescence intensities for each element. Fluo-
rescent intensity vs. angle profile of the elements present in the sample determine
the type of contamination that is present on top of the substrate. By plotting the AD-
TXRF profile of the fluorescent1 intensities of the elements, we can determine if a
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thin film is on top of the susbstratc. The plots of the iluorescent intensities from the
elements present in carrageenan are shown in Figures 4.6, 4.7 and 4.5.

in

0.05 0.1

Theta (degrees)
0.15

Figure 4.5: Angle-dependent Fluorescence Intensities of S on Carrageenan

The trend of the curves inFigures:4.6,4.7 and 4.5 for K., Cl and S shows an increase in
fluorescence intensities with increase in incidence angle and reaches a maximum near
the critical angle of the substrate. The rise in fluorescence intensity is rather steep
below the the critical angle as the specimen gets excited both by the reflected beam
and the primary beam. Beyondjthe critical angle, the fluorescence intensity starts
reducing as now there is no reflected beam to excite the specimen. At sufficiently
high glancing angles, the fluorescence intensities become more or less constant.

The fluorescence gain seen on the AD-TXRF profile near the critical angle of the
substrate is an indication of the presence of a film on top of the substrate. This is due
to the formation of standing waves on the sample surface before the critical angle of
reflection.
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It is also worthwhile to note that the intensity of the fluorescence signal increases
with increasing concentration as expected since higher concentration means more
atoms will be excited. '

Comparing the fluorescent intensity profiles with Fig. 2.12, the intensity profile for
each polymer concentration is that of a film on top of a substrate. There is a slight
broadening of the peak structure as compared to Fig. 2.12. This is because of the
of the porychromaticity of the incident beam. The incident beam is from a Mo-rube
with the high-energy Bremsstrahlung above the Mo-Ka line removed by the cut-off
mirror. In Fig. 2.12, the samples are monochromatically excited.

The fluorescence peaks found in carrageenan were used to evaluate film formation
in the polymer since the scattered intensities can not be used. Note that for.polymer
samples (low-Z) it is expected that a higher Mo-Ka Compton scattered peak should
be visible in the TXRF spectrum. The difference in Compton and Rayleigh scattered
peaks for carrageenan is not that significant. This is because the index of refraction
and the density of the quartz substrate and carrageenan are almost the same. This
results in the same amount of interaction of the incident beam from the film and the
substrate. Even though it is expected that organic materials are stronger Compton
scatterers, thus higher Compton scattered peak should be visible, the difference in
Compton and Rayleigh scattered peaks for carrageenan is not that significant.

From this preliminary sample preparation, thin film formation of carrageenan on the
quartz substrate spectra was determined. Spectrum of the samples also gave the idea
that an AD-TXRF scan was1 unnecessary to determine the film thickness and the
presence of a film. Spectral gain at| angles near the critical angle is visible in the
spectrum. A TXRF spectrum, fixed at a certain angle and counted for 2000 seconds,
for the.final set of samples was acquired as described in the Methodology.

After fitting the TXRF spectrum for each sample on the sample matrix, the fluores-
cent intensities are plotted with respect to concentration. Fluorescent intensities of
S, Cl and K. elements from the carrageenan thin films are shown in Figure 4.8, 4.10
and 4.9. Errorbars are omitted because of overlapping of the errorbars. The error for
the intensity is calculated as yj Intensity [18]. This is standard error measurement in
counting measurements. .

The fluorescent intensities show an increasing trend with increase in concentration
as expected. Thicker films are formed with higher concentration polymers. This is
due to the higher viscosity of higher concentration polymer solutions.
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Figure 4.8: Plot for S x-ray fluorescent intensity vs. concentration of carrageenan thin films
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Figure 4.9: Plot for K x-ray fluorescent intensity vs. concentration of carrageenan thin
films ' .



79

35

0.2 0.3 0.4 0.5 0.6 0.7
% Concentration

0.8 0.9 1 1.1

Figure 4.10: Plot for Cl x-ray fluorescent intensity vs. concentration of carrageenan thin
films • . - • • '
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From the fluorescent intensities one can compute the mass loading or the mass thick-
ness (ph where p is density and h is thickness) of the sample by comparing the
intensity with a known standard. A standard contains the elements also present in the
sample with known concentration in parts-per-million(ppm) which is equivalent with
//g/ml. The standard is dropped in a known volume onto a quartz substrate such that
the drop size is within the area seen by the detector. This is to ensure that all elements
present in the sample and its fluorescence is completely recorded. From the known
volume and known concentration of the standard, the weight of each element present
in the standard can be calculated. The fluorescent intensity of a certain elementin the
sample is normalized with the fluorescent intensity of the element from the standard.
The intensities are proportional to the amount/weight of the element present in the
sample. Thus: .

f - - ^ (4.2)
/,- is the intensity of element i with weight w,- and Isj is the intensity of clement i
on the standard with weight wx<j. To compute for mass thickness of the sample, the
weight of element i is determined from Eq. 4.2: . '

' ;,-./• • ; . w/ = - ^ u v (4.3)

The weight of element i is divided to the area seen by the detector which is 0.2827cm2.
This will give the mass thickness of the sample with unit /vg/cm2.

Shown in Table 4.4 are the weight and fluorescent intensity of the elements in the
standard sample to be used to calculate the mass thickness of the samples.

Figure 4.11 shows the mass thickness of sulfur elements in carrageenan plotted with
respect to concentration of the polymer solutions prepared. The mass thickness cal-
culations is used to determine film thickness given p,.the density of the material.



Table 4.4: Table of values for the weight and intensity of elements in 20ppm (or /vg/ml)
standards counted for 500 seconds .

z
16
16
17

17
19
19
23
24
25
26
26
27
27
28
28
29
29
30
30

Atomic weight
32.06
32.06

35.453 :
35.453
39.098
39.098 •
50.941
51.996
54.938
55.847
55.847
58.933
58.933
58.71
58.71

63.546
63.546
65.38
65.38

XRF Peaks
S-Kot
S-KP
Cl-Ka
Cl-Kp
K-Ka
K-Kp
V-Ka
Cr-Ka

Mn-Ka
Fe-Kcc
Fe-Kp
Co-Ka
Co-Kp
Ni-Ka
Ni-Kp
Cu-Ka
Cu-Kp
Zn-Ka
Zn-Kp

Energy (keV)
. 2.308

2.464
2.622 <
2.815-
3.314|
3.590!
4.952
5.415
5.899
6.404:
7.058
6.930
7.649
7.478
8.265;
8.048
8.905
8.639
9.572

weight of standard(//g)
.02
.02

.0285

.0285

.0315.

.0315
.06
.06
.06
.06
.06
.06
.06
.06
.06

• .06
.06
.06
.06

Intensity (Counts)
1130.1
155.0

5105.1
789.2

10952.5
1606.2

• 32498.4
40745.7
56229.9
60607.7 .
8100.2

76028.7
10406.8
85957.5
11990.2
83272.7
11385.4
98465.8
11944.5
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Figure 4.11: Mass loading of Sulfur vs. concentration of carrageenan thin films
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Reflectivity profiles of the XRR measurements (for Cu-Ka radiation) done on the
carrageenan thin films are shown in Figure 4.12. For each XRR measurement of
a sample, the set-up was aligned as outlined in the Methodolgy then measurement
followed.

0.4 0.6
2theta (deg.)

Figure 4.12: Reflectivity profiles of carrageenan thin films with varying thickness. From
top to bottom thickness: 112nm, 70nm,.48nm and 21iim

From the XRR profile of a sample, the critical angle of the materials present in the
sample can be determined. As the incident angle increases, the x-rays first penetrate
the film at the critical angle 8C., at which point reflectivity drops sharply. For a'film
on top of a substrate, 2 critical angles are observed; one from the film and one from
the substrate. The critical angle of the film comes first than that of the substrate.
Going back to the equation for obtaining the critical angle (Eq. 2.9), lower density
materials will have lower critical angles than higher density materials. Critical angles
for polymers, as shown in Table 2.1, range from 0.153°-0.181°. Table 4.5 shows
the critical angle of the carmgecnan thin films as derived from their respective XRR
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profiles. From the critical angle, the dispersion 5 and the scattering length density can
be easily calculated as discussed in Eq. 2.9. Table 4.6 and 4.7 shows the calculated
dispersions (5) and scattering length densities (rep) of the films from their respective
critical angles. '

Determination of the critical angle of the film was carried out by setting the critical
angle of the quartz substrate (SiOi) at 0.42° 29. This technique is more reliable than
determining the position of the zeroth angle. In XRR set-ups with greater number
of degrees of freedom, the zeroth angle is usually determined as the position of the
maximum intensity of the incident beam. In the current set-up this is not so because
of the variability of the position of the sample plane with respect to the incident
beam. The position of the sample plane is not repeatable as the sample is placed in
the reflectometer because the sample is just mounted on a sample holder with alien
screws. Although it is ensured that the sample plane is flat against the sample plane of
the goniometer, small displacements/tilting of the sample plane can alter the recorded
XRR data. This is because the incident beam is almost parallel to the sample plane
and the angular resolution of the goniometer is 0.005° 20. The goniometer may be
set at 0° but on the sample stage there is a slight tilt in the sample plane, a less than
maximum intensity will be read by the detector.

Table 4.5: Critical angle of the prepared carrageenan thin films derived from their respec-
tive XRR profiles (in degrees) ' .

Sample Concentration

0.3%
0.5%
0.8%
1.0%

\ 9t. (in degrees)
lOOOrpm
spin time

30s
-

0.1.75
0.175
0.18

45s
-

0.1875
0.1775
0.1825

60s
- i

0.1825
0.1825
0.1775

•

3000rpm
spin time

30s
-
-

0.1825
0.1775

45s
-
-

0.185
0.1825

60s
-

0.175
0.185
0.18

Mean values for carrageenan:
Critical angle : 0.180° ±.004°
Dispersion (5) : 5.0±0.2 (10"'6)
Scattering length density : 13.1 ±0.5 (1010cm 2)

The mean value of the critical angle of the carrageenan polymer (0.18 ") and that
of the quartz substrate (0.21°) are almost the same and thus the densities of the two
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Table 4.6: Calculated dispersion values of the prepared carrageenan thin films derived from
their respective XRR profiles (10~6)

Sample Concentration

0.3%
0.5%
0.8%
1.0%

8(10"6)
lOOOrpm
spin time

30s
-

4.7
4.7
4.9

45s
-,

5.4

4.8
•5.1

60s
-

5.1
5.1
4.8

3000rpm
spin time

30s
-
-

5.1
4.8

45s
-
-

5.2
5.1

60s
-

4.7
5.2
4.9

Table 4.7: Calculated scattering length densities of prepared carrageenan thin films derived
from their respective XRR profiles (1010cm~2)

Sample Concentration
: • • •

0.3%
0.5%
0.8%
1.0%

>-ep(10mcm-2)
lOOOrpm
spin time

30s
-

12.4
10.7
9.7

45s
-

13.4
11.3
11.0

60s
-

11.0
11.7
10.0

3000rpm
spin time

30s
-
-

11.3
11.3

[45s
—
-

10.7
12.7

60s
-

10.7
12.4
13.1
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materials will also be of the same value as hypothesized from the TXRF spectrum
of carrageenan. The higher density of carragecnan compared with other polymers is
because of the other elements present in!it's structure like S, K and Cl. The calcu-
lated values are within the range of values for other polymers as seen in Table 2.1.
Although there is a variability in the measured Qc for each polymer thin film because
of sample plane positioning, the standard deviation of the measured 9C and the cal-
culated values are still very low. This shows the reliability of XRR measurements to
determine scattering length densities/densities and dispersion values of thin films.

Table 4.8 shows the summary of the film thicknesses determined by the 29 spacing
between fringes. • .

Table 4.8: Table of Values of Film Thickness for Carrageenan Thin Films

Sample Concentration

0.3%
0.5%
0.8% .:

. 1.0%

Film Thickness (nm)
lOOOrprn
spin time

30s

44
120
129

45 s

38
129
112

60s
21
48
70
112

/; 3000rpm
spin time

30s

33
60
105

45s

38
88

60s
28
168
64

Carrageenan thin films showed good data for thickness measurement unlike that
of the PVP thin films. This can be explained by the polyelecrrolyte nature of car-
rageenan or it's being a charged polymer. Good adhesion of a layer to the underlying
substrate requires a certain number of ionic bonds. Also, the higher viscosity of the
carrageenan polymer makes it easier to adhere to the substrate.

Incorporation of errors in thickness measurement of films by XRR is not a> usual
practice in.XRR experiments. This is because the coherence length of the x-ray

. beam is typically on the order of I//m or less, implying that the thickness within the
large footprint of the x-ray beam are sampled with //m resolution. (The footprint of
the x-ray beam on the film is rather large, typically several cm2 at grazing incidence
since the beam is almost parallel to thejsurface). This is equivalent to using a l//m
ruler to characterize a region of several cm2. XRR would thus yield a thickness
that is actually an average over all the low-frequency thickness variations in the area
sampled.

Figure 4.13 is a correlation of the TXRF measurement and XRR measurement for
the carrageenan thin films. Fluorescent intensity of sulfur vs. thickness of the film
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is plotted for carrageenan. K and Cl iluorescent intensities were not used since these
elements arc not inherent in the carrageenan structure.

The relationship between the fluorescent intensity and the measured thickness is lin-
ear. This means that it can be used as a calibration plot to determine film thickness
of carrageenan thin films just by! acquiring a TXRF spectrum and determining the S
fluorescent x-rays intensity. An XRR measurement is no longer needed.
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Figure 4.13: Plot for Sulfur x-rays vs. thickness of films for carragcenan thin films
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4.2.3 Polyvinylpyrrolidone

Shown in Figure 4.14 is the TXRF spectrum of PVP on quartz substrate. Fluores-
cence peak at 1.7keV is from the Si of the quartz substrate. The peak at 2.9keV is
from the absorbed Argon in air. PVP is a synthetic water-soluble polymer thus no
other elements can be seen in the spectrum unlike carrageenan that goes through a
process of purification injecting other chemicals into the polymer. The carbon, hy-
drogen and oxygen elements present in PVP are beyond the detection limit of the
detector thus no fluorescence peaks of these elements can be seen.

300

250 -

_to

to

0 10

Energy (keV)
15

Figure 4.14: TXRF spectrum of PVP

The Compton and Rayleigh scattered Mo-Ka intensities were also extracted from the
energy spectrum and plotted against glancing angle. What is quite difficult in using
the Compton and Rayleigh scattered peaks for analysis is that they come from both
film and substrate and their peak energies are not affected by where the scattering
occured so there is no way of determining where they originate. However, it is a
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Figure 4.15: Angle-dependent Scattered Compton Intensities of PVP
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Figure 4.16: Angle-dependent Scattered Rayleigh Intensities of PVP
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known fact that low atomic number materials are stronger Compton scatterer than
high atomic number materials. At the same time, high atomic number materials are
stronger Rayleigh scatterer than low atomic number materials. Thus, we can use
the differences in Compton and Rayleigh scattering strenghts to distinguish between
film and substrate scattering. It is thus very much ideal to have a low atomic number
film on a high atomic number substrate to significantly see the where much of the
scattering is coming from in AD-TXRF.

The scattered intensities also showed an intensity gain at angles before the critical
angle of the substrate which is an indication of the presence of a film.

Final film preparation using the sample preparation matrix described in the Method-
ology was then used to prepare the different samples. A TXRF spectrum of each
sample was then acquired (fixed angle, 2000seconds counting time). After fitting the
TXRF spectrum for each sample, the scattered intensities were plotted with respect
to concentration. Compton scattered intensity from the PVP thin films are shown in
Figure 4.17 and 4.18. ' •

The scattered intensities also show ah increasing trend with increase in concentration.
The same reason in carrageenan thin films, thicker films are formed with higher

: concentration polymers which is due to higher viscosity.
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Figure 4.17: Plot for scattered intensity vs. concentration of PVP thin films (Concentration
range:0.5%-4%) :



93
1 

[c
ps

]
le

ns
it;

c

CD

S
ca

tl

180

160

140

120

.100

80

60

40 -

20 -

0.4 0.5. 0.6 0.7 0.8

% Concentration
0.9 1.1

Figure 4.18: Plot for scattered intensity vs. concentration of PVP thin films (Concentration
range:0.5%-l%)



94

The XRR profiles of the PVP thin films is shown in Figure 4.19.

From the XRR profile of the samples, the critical angle of the polymer was deter-
mined and the dispersion and scattered length densities determined.

1e+07

0.2 0.4 0.6
2theta (deg.)

Figure 4.19: Reflectivity profiles of PVP thin Films with varying thickness. Topmost
152nm, middle 84nm and bottom 50nm

Mean values for PVP:
Critical angle : 0.167° ±.007° Dispersion (5) : 4.3±0.4 (10~6) Scattering length
density: 11.3±0.9 (1010cm-2)

The lower critical angle, dispersion and scattering length density of PVP. as com-
pared with carrageenan is due to its elemental composition consisting only of C, H
and O with no medium-Z elements. Noticeable too is the higher standard deviation
of the mean values for the PVP thin films: The large variation in the measured critical
angle came from the thin films with lowest concnerration (0.8%). PVP is less viscous
already compared with carrageenan and for concentrations as low as 0.8%, the vis-
cosity gets lower. This low viscosity makes it difficult to adhere to the substrate thus
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Table 4.9: Critical angle of the prepared PVP thin films derived from their respective XRJl
profiles (in degrees)

Sample Concentration

0.5%
0.8%
1.0%
4.0%

0t- (degrees)
lOOOrpm
spin time

30s
-

0.163
0.165
0.165

45s
-

0.173
0.163
0.158

60s
-

0.185
0.168
0.163

3000rpm
spin time

30s
-

0.173
0.165
0.163

45s
-

0.168
0.160
0.168

60s
-

0.183
0.168
0.165

Table 4.10: Calculated dispersion values of the prepared PVP thin films derived from their
respective XRR profiles (10~6)

Sample Concentration

0.5%
•0.8%
1.0%
4.0%

5(10- 6 )
lOOOrpm
spin time

30s
- -

4.0
4.1
4.1

45s
-

4.5
4.0
3.8.

60s
-

5.2
4.3
4.0

3000rpm
spin time

30s
-

4.5
4.1

4.0

45s
-

4.3
3.9
4.3

60s
-

5.1
4.3

4,1

Table 4. LI: Calculated scattering length densities of prepared PVP thin films derived from
their respective XRR profiles (10'°cm •-)

Sample Concentration

0.5%
• 0.8%

1.0%
4.0%

r ep(101 0cm-2)
lOOOrpm
spin time

30s
-

10.7
11.0
10.0

45s
-

1.2.0
10.7
10.7

60s
-

13.8
11.3
10.7

3000rpm
spin time

30s
-

12.0
11.0
11.3

45s
-

11.3
10.3
11.0

60s
-

13.4
11.3
11.3
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the sample surface will not be uniformly coated or pinholes will be present. These
pinholes create non-uniform angles hitting the surface, and thus non-uniform angle
of reflection, because of the rough surface presented by the sample for a specific in-
cident angle set aside from-the damped specular reflectivity (diffuse scattering being
dominant). This created a major error contribution in the determination of the critical
angle.

Table 4.12 shows the summary of the film thicknesses determined from the PVP thin
films prepared.

Table 4.12: Table of Values of Film Thickness for PVP thin films

Sample Concentration

0.5%
0.8%

1%
4%

Film Thickness (nm)
lOOOrpm
spin time

30s 45s
1

60s

84

3000rpm
spin time

30s

67

45s

35

60s

50
152

Note that for Table 4.12 only a few films showed fringes on the reflectivity pro-
files. A number of reasons can be attributed to this. First, PVP is less viscous than
carageeenan such that it is harder to deposit the film on the glass substrate. The low
concentrations and the high spin speed also contributed to the poor deposition. Sec-
ond, there may have been film deposition as seen in the high Compton scattering vs.
Rayleigh scattering in the. TXRF spectrum but the limitation of the reflectometer es-
pecially in terms of resolution didn't allow the record of such fringes. This is true for
the thicker films deposited for 4.0% polymer concentration. Third, PVP will create
thinner films due to its low viscosity. However thinner films will have pinholes. A
film with pinholes will be viewed as a rough film by the reflectometer adding noise
to the signal and lowering the specular reflectivity signal recorded.

Figure 4.20 is a correlation of the TXRF measurement and XRR measurement for
PVP thin films. Unlike that of carrageenan, a stronger correlation is needed before
the scattered intensity vs. thickness of the PVP thin films can be used to determine
film thicknes of PVP thin films.
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Figure 4.20: Plot for scattered x-rays vs. thickness of films for PVP thin films



Chapter 5

Conclusion

Even with the limited degrees of freedom of the present x-ray powder diffractometer,
proper alignment of the set-up at grazing angles yielded reflectivity profiles. The
presence of the Kiessig fringes for the gold mirror on SiO coating is an indication of
the good alignment procedure developed. From these fringes, thickness measurement
of nano-size thin films can be done.

For TXRF spectroscopy, angular calibration of the instrument by the beam imaging
technique was performed. When a sample is already mpunted on the sample holder,
sample centering is also done by imaging the incident and reflected beams.

Fabrication of polymer thin films was carried out by preparing aqueous solutions of
CMC, carrageenan and PVP polymers spin-coated onto clean quartz substrates. The
polymer thin films were then characterized by x-ray reflectivity and total-reflection
x-ray fluorescence spectroscopy.

For the CMC polymer, bulk sample was on top of the substrate instead of a thin film
as evidenced by the AD-TXRF plot showing a profile for bulk material on top of a
substrate. This sample was thus discontinued for thin film investigation.

Carrageenan showed a thin film formation with spin-coating as evidenced from the
AD-TXRF plot. Fabrication of carragcenan thin films with different concentration,
spin speed and spin time was made. From the TXRF spectrum of the films, an in-
crease in fluorescence intensities of the elements found in carrageeenan was observed
with increase in concentration. This is expected as the films get thicker with increase
in concentration. Measurement of the critical angle and calculation of the density and
dispersion from the measured XRR profiles showed values that is almost the same
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for quartz. This is beacuse of the other elements present in the carrageenan molecule
making it denser as comapred with other polymers. Thickness measurement by mea-
suring the 0-spacing between fringes showed that the concentration was the main
determinant of the final film thickness of the film and not so much the spin speed and
the spin-time. It might be of the close values values of the spin speed and the spin
time used. A larger difference between values of the different parameters might have
resulted in a variation of the film thickness with respect to these paramaters. Incor-
porating the TXRF and XRR data, sulfur intensity was plotted against film thickness
and showed a linear relationship. This means that the plot can be used to calibrate
film thickness of carrageenan thin films. Only one measurement is needed, TXRF,
and film thickness can already be determined.

For PVP, formation of a thin film was also observed. PVP thin films with varying
parameers the same as that of carrageenan thinfilms were also fabricated. The same
behavior was also observed for PVP, an increase in the Mo-Ka Compton-scattered
intensity with increase in concentration. Measurement of the critical angle from
the XRR profiles showed a larger deviation in the measured critical angle due to
poorer adhesion of the polymer onto the substrate creating rougher surface/pinholes.
The mean critical angle is lesser than that of quartz with the absence of medium-Z
elements in the polymer structure. With the poor adhesion mentioned, only 4 films
with fringes were available for thickness measurement.

Therefore, the two grazing incidence techniques x-ray reflectivity and total-reflection
x-ray fluorescence thickness are reliable'tools to determine the properties of polymer
thin films in the nanometer range.
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