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Dipole Antenna with Fractal
Koch Curve Geometry for
Multiple Frequency
Applications

This paper presents the analysis, simulation, and design of a small size, low
profile, multi-band third iteration quadratic Koch fractal dipole antenna. The
proposed antenna design, analysis and characterization have been performed
using the method of moments (MoM) technique. The new designed antenna
has operating frequencies of 960 MHz, 1514 MHz, 2914 MHz, 3274 MHz, and
3480 MHz with acceptable bandwidth, which has useful applications in
wireless communication systems, and at these frequencies the proposed
antenna has reflection coefficient <-10dB (vswr<2). The radiation
characteristics, vswr, gain, radiation efficiency, and reflection coefficient of the

proposed antenna are described and simulated using 4nec2 software package.

Keywords: Fractal geometry, Dipole antenna, Multiband antenna, Quadratic Koch curve
Received: 14 March 2011, Revised: 23 May 2011, Accepted: 01 June 2011

1. Introduction

Modern telecommunication systems require
antennas with wider bandwidths and smaller
dimensions than conventionally possible. This
has initiated antenna research in various
directions, one of which is by using fractal
shaped antenna elements. In recent years several
fractal geometries have been introduced for
antenna applications with varying degrees of
success in improving antenna characteristics.
Some of these geometries have been particularly
useful in reducing the size of the antenna, while
other designs aim at incorporating multi-band
characteristics. These are low profile antennas
with moderate gain and can be made operative at
multiple frequency bands and hence are multi-
functional [1].

Fractal geometry was first discovered by
Benoit Mandelbrot as a way to mathematically
define structures whose dimension cannot be
limited to whole numbers. Benoit Mandelbrot
[2], the pioneer of classifying this geometry, first
coined the term ‘fractal’ in 1975 from the Latin
word fractus, which means broken. The field is
quite extensive with many applications from
statistical analyses, natural modeling,
compression and, of course, computer graphics
[3]. Soon after scientists discovered the practical
aspect of fractal geometry, research began in the
field of electrodynamics [4-8].To date most
efforts have been concentrated in understanding
the physical process and mathematical
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background of interaction between
electromagnetic waves and fractal structures.

These geometries have been wused to
characterize structures in nature that were
difficult to define with Euclidean geometries.
Examples include the length of a coastline, the
density of clouds, and the branching of trees. Just
as nature is not confined to Euclidean
geometries, antennas and antennas array designs
should not be confined, as well. In addition to
having non-integer dimension, fractals usually
exhibit some form of self-similarity which means
that they are composed only of multiple copies of
themselves at several scales. These properties
can be used to develop new configurations for
antennas and antenna arrays [9]. It might be
possible to discover structures that give us better
performance than any Euclidean geometry could
provide. Fractals represent a class of geometry
with very unique properties that can be enticing
for antenna designers [1{.

Fractals are space filling contours, meaning
electrically large features can be efficiently
packed into small areas [3]. Since the electrical
lengths play such an important role in antenna
design, this efficient packing can be used as a
viable miniaturization technique. Fractals are
structures of infinite complexity with a self-
similar nature. What this means, is that as the
structure is zoomed in upon, the structure repeats
itself. This property could be used to design
antennas that can operate at several frequencies.
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Fractal antenna theory uses a modern (fractal)
geometry that is a natural extension of Euclidian
geometry. A fractal can fill the space occupied
by the antenna in a more effective manner than
the traditional Euclidean antenna. This can lead
to more effective coupling of energy from
feeding transmission lines to free space in less
volume. Therefore, fractals can be used in two
ways to enhance antenna designs. The first
method is in the design of miniaturized antenna
elements. These can lead to antenna elements
which are more discrete for the end user. The
second method is to use the self-similarity in the
geometry to blueprint antennas which are
multiband or resonant over several frequency
bands [11-12]. This would allow the operator to
incorporate several aspects of their system into
one antenna. Such antennas could be used to
improve the functionality of modern wireless
communication receivers such as cellular
handsets. Because fractal antennas are more
compact, they would more easily in the receiver
package [10].

Other  applications included fractal
miniaturization of passive networks and
components, fractal filters and Resonators [13].
A fractal element antenna, or FEA, is one that
has been shaped in a fractal fashion, either
through bending or shaping a volume, or
introducing holes. They are based on fractal
shapes such as the Sierpinski triangle.
Mandelbrot tree, Koch curve, and Koch island.
The advantage of FEAs, when compared to
conventional antenna designs, center around size
and bandwidth.

This paper presents the design and simulation
a wire dipole antenna based on the third iteration
quadratic Koch curve geometry.

2. Generation of Quadratic Koch Curve

Figure (1) contains the first three iterations in
the construction of the quadratic Koch curve.
This curve is generated by repeatedly replacing
each line segment, composed of four quarters,
with the generator consisting of eight pieces,
each one quarter long (see Fig. 1) [14]. Each
smaller segment of the curve is an exact replica
of the whole curve.

There are eight such segments making up the
curve, each one represents a one-quarter
reduction of the original curve. Different from
Euclidean geometries, fractal geometries are
characterized by their non-integer dimensions.
Fractal dimension contains used information
about the self similarity and the space-filling
properties of any fractal structures [15]. The
fractal similarity dimension (FD) is defined as
[14]:

_ log(NV) _ log(8) 15

FD = =1.
log(;) log(4)

where N is the total number of distinct copies,
and (1/¢) is the reduction factor value which
means how will be the length of the new side
with respect to the original side length.

Initiator

Iteration 0

lteration1 —— — Generator

S
lteration 2 | le_l rEj_l_r

o
gé‘““ﬁ?

L g

T

Fig. (1) First three iterations of the construction of
the quadratic Koch curve

Iteration 3

3. Proposed  Antenna
Simulation Results

The numerical simulations of the antenna
system are carried out via the method of
moments. Numerical modeling commercial
software 4nec2 is used in all simulations. The
nec is a computer code based on the method of
moment for analyzing the -electromagnetic
response of an arbitrary structures consisting of
wires or surfaces, such as Hilbert and Koch
curves. The modeling process is simply done by
dividing all straight wires into short segments
where the current in one segment is considered
constant along the length of the short segment. It
is important to make each wire segment as short
as possible without violation of maximum
segment length to radius ratio computational
restrictions. In nec, to modeling a wire structures,
the segments should follows the paths of
conductor as closely as possible [16].

The proposed antenna is shown in Fig. (2).
The proposed antenna is placed in YZ-plane with
design frequency equal to 750 MHz. The feed
source point of this antenna is placed at the
origin (0,0,0), and this source is set to 1 volt. For
the design frequency of 750 MHz, the design
wavelength, A is 0.4 m (40 cm) then the length of
the corresponding A/2 dipole antenna length will
be of 20 cm.

Design  and

4 © Iraqi Society For Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.)
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The vswr and reflection coefficient of the
third iteration quadratic Koch dipole antenna is
shown in Figures (3) and (4) respectively. It is
found that the antenna has multiband behavior at
the resonance frequencies 960 MHz, 1514 MHz,
2914 MHz, 3274 MHz, and 3480 MHz with
acceptable bandwidth and reflection coefficient
<-10 dB (vswr<2).

(a) f = 960 MHz

&
Ay &/

(b) f = 1514 MHz
ke :

e =

VSWR

(c) f = 2914 MHz

i i i i ; i i
i 500 1000 1500 2000 2500 3000 3500 4000
Frequency(MHZ)

Fig. (3) Simulated 50Q, vswr vs. frequency

(d) f = 3274 MHz

reflection coefficient{dB)

i i i i | i i
i 500 1000 1500 2000 2500 3000 3500 4000
Frequency(MHZ)

Fig. (4) Reflection coefficients at the antenna
terminals

The three dimensional gain radiation patterns >
at the resonant frequencies for the proposed () f = 3480 MHz

. C e Fig. (5) 3D gain radiation pattern at f= (a) 960 (b)
antenna have been illustrated in Fig. (5). 1514 (c) 2914 (d) 3274 (e) 3480 MHz
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Table (1) shows these resonant frequencies,
vswr, gain, radiation efficiency, and reflection
coefficients for each frequency.

The electric field radiation patterns at these
resonant frequencies in the planes YZ-plane, XZ-
plane, and XY-plane are depicted in Figure 6,
when the antenna is placed in the YZ-plane.

4. Conclusion

In this work, the quadratic Koch curve dipole
antenna, based on the 3 iteration, is investigated
and its performance is evaluated. The simulation
results show that this antenna can be efficiently
operated as a multiband antenna and is compact
in size. The proposed antenna has five resonance
bands at frequencies of 960 MHz, 1514 MHz,
2914 MHz, 3274 MHz, and 3480 MHz, and at
these frequencies the antenna has vswr<2
(reflection coefficient <-10dB), high gain, and
high radiation efficiency. According to these
frequencies, this antenna can operate as a
multiband antenna in the UHF/SHF applications.
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Table (1) Simulation results of the Proposed Antenna

Frequency Reflection Coefficient Peak Gain Bandwidth Radiation Efficiency
(MHz) vewr (dB) (dBi) (MHz) (%)
960 1.12319 -24.728 3.03 20 94.02
1514 1.90539 -10.127 5.53 14 93.3
2914 1.79949 -10.885 5.78 35 95.98
3274 1.7583 -11.216 8.61 47 95.69
3480 1.83305 -10.632 5.07 36 92.36

6 © Iraqi Society For Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.)



IRAQI JOURNAL OF APPLIED PHYSICS

XZ-Plane

180

270
YZ-Plane
90

YZ-Plane
1
SP 9

XY-Plane XY-Plane
(b) f = 1514 MHz (a) f = 960 MHz

ISSN 1813-2065 ALL RIGHTS RESERVED PRINTED IN IRAQ 7



IJAP Vol. (7), No. (2), June 2011

270 270

XZ-Plane XZ-Plane

180

270

YZ-Plane YZ-Plane
90 1

70 270

XY-Plane
(d) f = 3274 MHz XY-Plane

(c) f = 2914 MHz

8 © Iraqi Society For Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.)



IRAQI JOURNAL OF APPLIED PHYSICS

270 270

XZ-Plane YZ-Plane

270

XY-Plane
(e) f = 3480 MHz

Fig. (6) Radiation Patterns of the proposed antenna at Resonant Frequencies of f= (a) 960 MHz (b) 1514 MHz (c)
2914 MHz (d) 3274 MHz (e) 3480 MHz
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HAZ and Melt Limits of
3-D CO, Laser Welding

An analytical and numerical 3-D model for keyhole CO, laser welding of thick
C/Mn steel sheets is constructed to study the heat affected zone (HAZ) and melt
limits. Simulation results are compared with experimental investigations under
variety of laser material processing conditions. The model combines a moving
point source for the top part of the weld and a moving line source for the
parallel sided region of the weld. The good match of theoretical and
experimental results makes the model a good tool to predict the HAZ volume in
which microstructure changes may occur. Such prediction is useful in the
investigation of hardening and the cracks formation during laser welding.

Keywords: Laser welding, HAZ, Melt limit, 3D modeling, Keyhole welding
Received: 27 April 2010, Revised: 01 October 2010, Accepted: 01 June 2011

1. Introduction

Laser welding of metals has become critical
in manufacturing processes and can provide a
unique means of joining materials at high speeds
with minimum thermal distortion and
metallurgical damage [1,2]. The material
interaction with laser light represents a delicate
balance between heating and cooling within a
spatially localized volume overlapping two or
more solids such that a liquid pool is formed and
remains stable until solidification. The intent in
laser welding is to produce the liquid melt pool
by absorption of incident radiation, allowing it to
grow to the desired size, and then to propagate
this melt pool through the solid interface
between the components to be joined [3, 4].
Unsuccessful results are obtained if the melt pool
is too large or too small or if significant
vaporization occurs. Maintenance of the balance
between heat input and heat output depends on
the constant absorption of laser radiation and
uniform dissipation of heat inside the work piece.
The quality of the weld is affected by
vaporization of alloying elements where
excessive thermal gradients may lead to cracking
on solidification and instabilities in the volume
and geometry of the weld pool that can result in
porosity and void formation [4]. Laser welding
produces three distinct regions: the base metal,
the fusion zone (weld pool) and the heat affected
zone (HAZ) which represents a volume of the
base metal that has been changed in some
measurable way by welding [5-7]. In laser
welding, one is often concerned about
performing the process with minimum possible
amount of heat. From this stand point, two
mechanism of welding can be achieved: firstly,
in the "conduction-limited welding mode ", the
laser acts as a point source of energy moving
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across the surface of the work piece where the
welds formed by this process are roughly
semicircular in cross section, and secondly in the
"keyhole welding mode", the laser acts as a line
source of energy penetrating into the body of the
material. This line source travels across the sheet
producing welds that are narrow and deep [8, 9].
The keyhole surrounded by a molten region most
of which flows round the keyhole and re-
solidifies in the rear to form the weld. The
keyhole is kept open by the excess vapor
pressure as a whole over the sum of the
hydrostatic pressure in the liquid metal and the
surface tension force tending to close the keyhole
[10]. The transition from conduction limited to
keyhole welding is determined to a large extent
by the energy density of the beam and the
interaction time.

Laser beam butt welding was carried out for
1.6mm thick austenitic stainless steel at different
beam power, welding speed and beam angle. A
3-D moving heat source and finite element code
were used to calculate transient temperature
profiles and weld pool dimensions, depth of
penetration and weld width [11]. The formability
of YAG and diode laser welded blanks of dual
phase steel with banded martensite was
investigated. It was found that the HAZ softened
zone in dual phase steel weld completely
dominated the fracture pattern [12]. Mild steel
plates were welded by 1 kW CO, laser welding
at different speeds and subjected to low
ultrasound power to enhance the heat transfer by
conduction and convection. It was found that
heating, due to conduction, results in a relatively
large weld bead and HAZ leading to a lower
thermal gradient but when transferring heat to
the HAZ at a higher rate more metal melted [13].
In a previous publication, a mathematical 3-D
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model for keyhole CO, laser welding of thick
C/Mn steel sheets was constructed [14]. In the
present work, numerical solutions of HAZ and
melt limits are compared with results obtained
from the experiments.

2. Theoretical background

The heat affected zone, HAZ is the area
adjacent to the weld which has had its
microstructure and properties altered by welding.
The heat from the welding process and
subsequent re-cooling causes this change in the
area surrounding the weld. The extent and
magnitude of property change depends primarily
on the base material and the amount and
concentration of heat input by the welding
process. If the thermal diffusivity of the base
material is high, the material cooling rate is high
and the HAZ is relatively small. Alternatively, a
low diffusivity leads to slower cooling and a
larger HAZ. Laser welding gives a highly
concentrated limited amount of heat, resulting in
a small HAZ. In the same context, HAZ displays
the effect of temperature cycling to a peak
temperature, Ty Which is less than the melting
point but may be sufficient to initiate phase
transformations. The cooling rate in the HAZ
may approach 1000 °C/sec but varies with
location, as does Ty, Under conduction-limited
welding, the temperature at the center of the
beam focus, r =0, is [2, 15]:

1

A]Oaﬁ tan*'(§f§1>5 1)
k(27)?
where Iy is the incident laser intensity, T, is the
ambient temperature, t is irradiation time, A is
the absorptivity, k is the thermal conductivity, K
is the thermal diffusivity, and o is the Gaussian
beam radius

If T(0,t)=T,, the melting temperature, then
the laser melting intensity, [,,(0), required in time
t can be obtained from equation (1). I,(0) is
essentially independent of time when t>>»?/8K
or when the thermal diffusion length
(~(Kt)"*>>w. The radius of the beam focus on
the surface, o, will have profound effect on I,, (0)
when t is long, but has no effect at short
irradiation times. When the work piece is moved
at a speed U, relative to a stationary laser beam
delivering an absorbed power, AP, to the surface,
the threshold for conduction welding can be
obtained from the following approximate
solution to the heat equation [2,16,17]

_ AP Ulx+r) 9
Tr)=1 = 27w Kr exp|:—( 1k )i| @

T(0,0)-T, =

where the coordinate system is as shown in Fig.
(1) and r=(x*+*+z%)"?

Laser
Beam

Velocity

/ y
),

F4

Fig. (1) Coordinate system for laser beam heating
by a scanning source

The formation of a keyhole is possible when
only high intensities of laser beams are used.
Welds produced in this way often have aspect
ratios (depth/width) of almost 10/1 or more. To
obtain such high aspect ratio, the laser needs to
act as a line source of energy throughout the
depth of the material rather than point source
acting, from the top surface only. This keyhole
takes the form of a narrow deep hole surrounded
by molten metal [17-19]. As the melt becomes
rapidly heated by the laser, a severe thermal
gradient is setup. The center of the melt
approaches the boiling point while the edge
remains at the melting point. [4,5]. This thermal
gradient is associated with a surface tension
gradient. The higher surface tension at the
relatively cool edges of the melt acts to pull the
liquid away from the center which causes the
geometry to change, Fig. (2).

The shape of the melt improves the
absorptivity in that area and this causes
temperature to rise further. The increase in
central temperature amplifies the depth of the
central depression by a combination of surface
tension effects and the initiation of surface
boiling which increases the pressure on the
center of the melt. The depression depth
amplification continues until a keyhole is formed
(Fig. 2¢). The narrow deep hole is prevented
from collapsing by the vapor pressure of the
boiling liquid surrounding it. For a planar surface
and an incident beam with a Gaussian intensity
profile, the temperature at the center of the beam
focus (r=0) is given by Eq. (1) except that
1(0,f)=T, the vaporization temperature, thus:

r-1, =20 o 2l
k,(27)" o
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The linear vaporization rate (speed) in this
case is:
yx_ PO 4)

P
where S(7) is the mass evaporation rate, p is the
metal density [2,9]

At the onset of vaporization, where laser
intensity is highest, gas is ejected from the center
of the weld pool in the case of a Gaussian or
quasi—Gaussian laser intensity distribution
[6,17]. The liquid is then subjected to a recoil
pressure equal to the vapor pressure, P(T):

P(T):ﬁ(T)[Z”kBT } 5)

m
and will flow from the center of the weld pool
out toward the periphery. Here kg is Boltzman’s
constant, m is the average mass of an
evaporating atoms, and T is the surface
temperature.

In keyhole welding, the laser process results
in deep welds with narrow melt pool and HAZ
width. Cooling the carbon-steel, between 800°C
and 500°C, when the martensite forms are very
critical for welds and for determining the
microstructure changes in this thin area and
hence; the HAZ boarders around the melt zone
[20]. For this purpose, the present model and
experimental work can be used for prediction of
HAZ boundaries as a function of isothermal

Molten zone

(a)

.

(b)

"

I
1
I
I
1
I
Boling point l
I
I
]

Temperature
gradient

Melting point

Surface
tension
gradient
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contours till approaching the last temperature
that the microstructure changes stopped
significantly. From our model, equations (6)
were used to determine the point (A) and line (p)
heat source strengths) by applying the
temperature required in order to find the
maximum width at that temperature to represent
the HAZ lateral distance.

q,U _1
87k K(T, -T,)
and
__4qf (6)
lu 27Z-k(Tm_TVO)

where, ¢, is the power absorbed by the point

source in Watts and q £ is the power absorbed by
the line source per unit length in Watts/mm.

The HAZ width is the subtraction between
the maximum weld width and the maximum
lateral width.

3. Experiment

A CO, laser beam, operating in the TEM,;
mode, with three different powers was used to
perform fifteen butt-welding joints of 12mm
thick (BS4360) C/Mn steel. Table (1) shows
laser and work piece parameters while Table (2)
summarizes all welds measurements obtained.

Vapour (c)

Pl

Melt

Fig. (2) The creation of a keyhole type weld pool
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4. Results and Discussion

4.1. Thermal Input and Welded Area

The thermal input (P/U), defined as the laser
power over the processing speed, has come out
into view because of its role that conjugates both
common behaviors of power and speed effects
against other affected parameters such as, welded
area welded depth and HAZ. Here, the cross-
sectional welded area is also considered as a
common factor of both maximum width and
penetration depth. Thus, the importance of a plot
between welded area and thermal input emerges
from its collective representation of the weld
profile which can be controlled by the thermal
input practically.

Figure (3) illustrates this relationship where a
narrow weld profile is obtained when using small
thermal input while a wide profile results in from
large thermal input values. It should be noticed
that of up to 0.6kJ/mm, the behavior is more or
less the same for the three powers (7, 8.5 and
10kW). At higher values, the welded area
increases more at the lower laser power. Thermal
input and welded area are more significant
among other factors such as power, travel speed,
top maximum width, stem width and depth to
adjust the weld quality.

4.2. HAZ Results

Table (3) illustrates the HAZ values
calculated at 800°C compared with the
experimental values for the exact 15-samples
with suitable choices of A, p and C. The weld
maximum width of the melt pool is recorded in
to recall the differences for the HAZ width
measurement.

The departures that can be seen between
some of the experimental and calculated HAZ
values may be attributed to the ideality of the
theory against different conditions that facing the
experimental work. It is irrational that the HAZ
is less or equal to the maximum width of the melt
pool as can be seen in samples 5, 6 and 13. There
are some far values from the expected listed for
samples 2, 7, 8, 14 and 15. Figure (4) shows the
experimental behavior of HAZ with the weld
travel speed at different laser powers used, while
Figure (5) shows a comparison between
behaviors of the experimental and theoretical
values of the HAZ lateral widths versus travel
speeds for 7.0 kW input laser power. In all cases,
the laser welds obtained at high travel speeds
have narrower HAZ than those obtained at lower
speeds.

Figure (6) shows a relationship between the
HAZ and the thermal inputs at two different laser
powers. As thermal input increases, the HAZ
width increases too. This confirms the concept of

computational adjustment between the welding
parameters to produce as narrow as possible
HAZ.

Table (1) Laser data and Material parameters

Laser and material Description
parameters

Laser CO;

Power (kW) 7.0,85,10
Mode TEMo+

Focal spot (mm) 0.5

Shielding gas jet He, flow : 50 I/min

Steel type BS43660 C/Mn
Thickness (mm) Steel.

Therm. conductivity k 12.0
(W/mm.°C) 0.019385
Thermal diffusivity K (mmZ/s) 12.5

Melting point (°C) 1547

Ambient Temp. (°C) 27

120.0

WELDED AREA (mm2)

0.0 T T T T T T T

0.40 0.80 1.20
THERMAL INPUT (kJ/ mm)

Fig. (3) Thermal input versus welded area

4.3. Temperature Fields

Figure (7) shows the isothermal contours for
temperature gradient surrounding the isotherm of
the fusion zones of samples (6) and (15)
respectively as two different arbitrary examples.
Table (4) illustrates the values of (A) and ()
being used to calculate each isotherm which is
represented by a maximum top width and stem
width for the temperatures (1547°C, 1200°C,
1000°C, 800°C, 600°C and 500°C) as points for
temperature gradient. The c¢ value here is
considered to be zero. These fields are calculated
using the present model for any temperature
wanted including the three main microstructure
affected temperatures that marked at both
figures.
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Table (2) Laser and welds parameters used in the fifteen experiments

. Laser Travel Max. width | Stem width Welded Area

Exper‘ll':)ment Power | Speed We:dm:;pth Thel';rj'/i::pm (mm) (mm) (mmz) Exp.
(kW) (mm/s) Expt-Cal. Expt-Cal Cal.

1 7.0 5.0 12.0 1.40 9.5-9.54 8.0-8.04 105-105.5

2 7.0 7.5 12.0 0.93 8.0-8.06 6.5-6.52 87-87.5

3 7.0 10.0 11.0 0.70 7.0-7.08 4.0-4.03 61-61.1

4 7.0 12.5 10.0 0.56 6.0-6.02 4.5-4.5 53-52.6

5 7.0 15.0 9.3 0.47 5.0-5.08 3.3-3.3 39-39.0

6 7.0 25.0 7.4 0.28 4.0-3.96 2.5-2.47 24-23.8

7 8.5 7.5 12.0 1.13 6.0-6.0 4.0-4.1 60-60.3

8 8.5 10.0 12.0 0.85 5.5-5.56 3.0-3.04 51-51.6

9 8.5 12.5 11.8 0.68 5.05.01 2.7-2.76 46-45.8

10 8.5 15.0 11.5 0.57 4.5-4.54 2.0-2.01 37-37.7

11 8.5 20.0 11.0 0.43 4.0-4.0 2.5-2.54 36-36

12 8.5 25.0 10.0 0.34 3.5-3.57 2.0-2.01 28-27.9

13 8.5 35.0 8.5 0.24 3.0-3.05 1.5-1.504 19-19.4

14 10.0 10.0 12.0 1.00 6.0-6.04 4.0-4.02 60-60.4

15 10.0 15.0 12.0 0.67 3.5-3.5 2.8-2.84 38-38

Table (3) HAZ results calculated at 800°C compared with experimental values and maximum widths according
to suitable choices of A, p and C

- HAZ Lateral Width
Laser Strength of Strenath of Specific (mm)
Sample Power Point source Line s%urce location of Max. Width
No. (kW) A point source (mm)
M Cc Exp. Theo.
1 7.0 0.30 2.50 0.0 9.5 16.0 14.0
2 7.0 0.75 3.06 0.0 8.0 14.4 11.0
3 7.0 2.11 2.47 0.0 7.0 9.6 9.0
4 7.0 2.98 3.77 1.0 6.0 7.0 7.6
5 7.0 243 3.1 0.0 5.0 6.0 6.0
6 7.0 6.5 4.46 0.0 4.0 3.6 4.7
7 8.5 0.44 2.03 0.0 6.0 17.6 9.0
8 8.5 1.02 2.03 0.0 5.5 12.0 8.0
9 8.5 1.47 2.19 0.0 5.0 8.0 7.0
10 8.5 3.33 2.02 1.0 4.5 8.8 6.0
11 8.5 11.23 3.22 2.0 4.0 4.8 5.0
12 8.5 4.66 3.17 0.0 35 4.0 4.3
13 8.5 9.60 3.39 0.0 3.0 3.6 3.6
14 10.0 1.11 2.46 0.0 6.0 10.4 8.0
15 10.0 0.48 2.61 0.0 3.5 8.8 5.0
Table (4) The isotherm data for temperature values used
1547°C 1200°C 1000°C
Sample
Max. Stem Max. Stem Max. Stem
No. A M A M A M
width | Width width | width width | width
3.4 2.35 4.0 25 4.31 | 2.98 4.2 2.8 5.17 3.47 5.5 3.0
. 800°C 600°C 500°C
6.46 | 4.46 | 4.7 | 3.3 8.61 | 5.95 | 5.1 | 3.7 10.34 | 714 | 5.3 | 3.9
1547°C 1200°C 1000°C
0.251 | 1.371 | 3.5 | 2.8 0.32 | 1.74 | 4.0 | 3.5 0.38 | 2.10 | 4.4 | 3.9
15 800°C 600°C 500°C
0.48 | 2.61 | 4.9 | 43 0.64 | 3.48 | 5.5 | 4.9 0.76 | 4.20 | 5.8 | 5.3

16 © Iraqi Society For Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.)



5. Conclusion

The focused nature of the laser spot gives rise
to very narrow welds and HAZ which had been
tackled in this work. With this narrow HAZ, the
welded joints were completed with minimum
amount of melting and heat input to the
component. This has reduced thermal distortion
and hence gave more accurate weld assemblies
with a minimum change in the physical
properties of the samples. In table (3), the HAZ
obtained  theoretically = shows  noticeable
departures from practical in four samples which
are: 2, 7, 8, and 15. At the same time it shows
very close or relatively close results compared to
practical in the rest 11 samples. If we consider
the differences between ideality of the theory and
the circumstances that may accompany the
practical work, the results could be regarded
good. Our model was used to determine the
isothermal contours for temperature gradient
surrounding the isotherm of the fusion zones.
This gives a good picture about the HAZ lateral
width during laser welding which is important
when investigating the microstructure changes
and accordingly the hardening and the cracks
formation.
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Introduction

For some time the UK vacuum community has called
for an annual national meeting incorporating both
technical and commercial elements. Following the
successful VS-1 meeting held at Daresbury in
February 2010, we wanted to build upon this
foundation to provide something for everyone in our
unique community: including FREE training seminars
for new vacuum users, technical talks for the more
experienced vacuum user and a vacuum equipment
exhibition for everyone.

We are pleased to announce that the VS-2 meeting
will be held at the Ricoh Arena, Coventry on 18/19
October 2011. The format of the meeting will be
different to that originally scheduled to take place at
Diamond / RAL in March. However, plans are well
advanced and a full programme will be published by
30" June. The two days are distinct vacuum related
meetings:

Tuesday 18" October 2011. RGA10 — the 10"
meeting of the successful Residual Gas Analysers
User Group.

Wednesday 19" October 2011. Advances in
Vacuum Pump Technology.

In addition, Training Modules will be held both days as
originally scheduled.

The meeting dates and venue have been chosen to
coincide with Vacuum Expo 2011 — a vacuum
manufacturers exhibition that is held in conjunction
with Photonex 2011 (Light & Imaging Technology) with
‘cross over’ to Thin Film technology.

The meeting is being organised by the Vacuum
Symposium UK + RGA User Group committee with
support from the IOP Vacuum Group and British
Vacuum Council. Separate meeting rooms are being
provided by Xmark Media, the exhibition organisers.

REGISTRATION to open by 30th June

Some student travel bursaries are available to help
students to attend the meeting, these will be
considered on a case by case basis. For details please

email students@rgausers.org

Delegates wishing to register for this event please
follow the following link Delegate Registration (Link not
yet enabled)

Training in Basic Vacuum Practice is also now
available FREE OF CHARGE. To register please
follow the link Registration for Training (Link not yet
enabled)

Companies wishing to EXHIBIT at Vacuum Expo
should contact the exhibition organisers direct
WWW.vacuum-expo.com.

FREE - Training Seminars

During the two days of the 2" Vacuum Symposium UK
we will once again be offering training seminars FREE
of charge.
Our specialist trainer, Dr. Austin Chambers, will
deliver two training seminars on each day as follows:

e Basic Vacuum Principles
Morning of Tuesday 18" October & Wednesday 19"
October 2011

® Vacuum In Practice

Afternoon of Tuesday 18" October & Wednesday 19"
October 2011

The training will be delivered in the form of an informal
lecture/tutorial style. Places are limited and so you are
encouraged to register early.
To register please follow the link Registration for
Training

Accommodation

Details to be announced.
Useful Web Sites

IOP Vacuum Group

RGA User Group
ASTeC

Cockeroft Institute

Venue

The meeting will take place at the Ricoh Arena,
Coventry.

How To Get There

Ricoh Arena, Coventry

Organising Committee

The Organising Committee are the trustees of Vacuum
Symposium UK comprising Robin Hathaway, Joe
Herbert, Sunil Patel & Steve Shannon

Meeting Organisers

Day 2: Joe Herbert - STFC
Day 1: Robin Hathaway - SS Scientific

Exhibiting Companies
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Development of an Inverted
Optical Tweezers with Full
Motional Control

In this work, the purpose was to develop a working inverted optical tweezers
setup, to optimize the gradient force, and to measure the drag force exerted by
the setup when trapping and manipulating yeast cells three-dimensionally.

A working optical tweezers setup was created and optimized by maximizing the
gradient force. Yeast cells were successfully trapped and manipulated three-
dimensionally. The trap’s radius of control was approximately Sum and the
stability of the trap lasted greater than an hour. Thirty percent power efficiency
was achieved by careful alignment procedures. The tweezers exerted a 0.9pN
force when manipulating particles on the xy-plane and a 0.4pN force when
manipulating particles up the z-axis. Both forces were within the required range

for optical manipulation techniques in the biological field (Wang, 1999).

Keywords: Optical tweezers, Full motion control, Gradient force, Manipulation
Received: 27 April 2010, Revised: 01 October 2010, Accepted: 01 June 2011

1 Introduction

Optical tweezers, or laser traps, were first
introduced by Ashkin in the 1980s [1]. Using
focused light rays, they allow the non-invasive
trapping and manipulation of micro-particles in
all three dimensions. Optical tweezers are used
frequently in biological applications such as
isolating cells and their organelles [2] or micro-
manipulating cells to redirect their growth [3]. In
this setup, regular yeast cells, immersed in tap
water, were manipulated.

Electromagnetic radiation carries energy and
momentum. An interaction between this
radiation and matter can result in the transfer of
linear momentum to the particle [4]. This
principle is the underlying basis of laser-
activated traps that confine atoms or particles in
the Mie Regime, where particle diameter >>
wavelength of laser beam [5].

Laser traps, more commonly referred to as
optical tweezers, use a single-beam laser to
transfer momentum and manipulate micron-sized
particles in a fluid medium. For optimal trapping,
the index of refraction of the particle must be
greater than that of the surrounding medium.
When a light ray passes through the particle, it
refracts and the photons’ velocity and
momentum decrease. The change in momentum
exerts a series of forces on the particle that are
governed by the direction in which the light
refracts — forces act in opposite reactionary pairs
so when the particle causes the light to refract
down, the light exerts an upward force on the
particle.

According to Fig. (1), when the light rays
pass through the particle, they refract and a

ISSN 1813-2065

ALL RIGHTS RESERVED

gradient force, caused by the higher intensity
rays, always pushes the particle towards the
focus while the scattering force pushes the
particle in the direction of propagation. Gravity
always exerts a downward force on the particle

[6].
\_\/
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Fig. (1) The thicker arrows represent a higher
intensity than the thinner ones

The key forces acting on the particle can be
classified as the gradient force, the scattering
force, and the force of gravity (Fig. 1). The
gradient force is caused by the light’s Gaussian
intensity profile where the center has the highest
light intensity (Fig. 2).

Force exerted when these central rays refract,
causes the dominant gradient force which pulls
the particle towards the focus of the beam. The
gradient force acts towards the focus of the light
beam (Fig. 1) and is called the restoring force as
it pulls the particle towards the point of highest
intensity, thereby trapping it. The stronger the
net gradient force, the stronger the trap [7]. The
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scattering force is caused by the radiation
pressure exerted in the direction that the beam
travels and so this force always acts in the
direction of the laser beam’s propagation. The
third force is the force of gravity which
perpetually pushes the particle downwards.

Fig. (2) The laser beam’s Gaussian intensity profile
makes the beam very intense in the center

As the intensity of the focus increases, the
magnitude of the forces, exerted on the particle
by the beam, increases. The intensity of the focus
can be maximized through careful alignment
procedures that ensure that the highest beam
intensity enters the aperture of the objective that
is used to focus the beam onto a particle.

In a regular optical tweezers, the laser is
positioned above the sample and the light moves
downward to trap the particle so the scattering
force acts downwards, along with the force of
gravity. Thus, the gradient force, which pulls the
particle to a single point, thereby trapping it,
must counteract both the scattering force and
gravity (Fig. 3a). To create a gradient force
strong enough to trap cells while counteracting
these forces requires a high power laser.

Since the laser used in this project was
an inexpensive one with 23mW power, an
inverted optical tweezers setup was created to
maximize the net gradient force produced in
order to trap particles. In an inverted optical
tweezers, the laser is positioned underneath the
sample and the laser beam travels upward. As a
result, the scattering force also acts upwards
while gravity pulls the particle downwards. So,
the scattering force and gravity act against each
other and the gradient force compensates less for
the other two undesirable forces (Fig. 3b).
Consequently, the net gradient force is greater
and the trap is stronger, allowing a laser of lower
power to trap and manipulate particles.

The net force acting on a particle by the
tweezers, or the trapping efficiency, can be
gauged by measuring the maximum velocity at
which a particle can be dragged by the tweezers

in the fluid medium, commonly known as drag
velocity. This can then be used to calculate the
drag force exerted, using Stokes’ equation.

Beam Fgaa

FS(‘?I“

Fgl'avity

(a)

Fsmtt

Fgl'a d

Beam Fgravity

(b)

Fig. (3) (a) Regular optical tweezers: The laser beam
travels down so both the scattering force and
gravity act down while the gradient force has to
compensate for both to push the particle towards
the focus and trap it. (b) Inverted optical tweezers:
The beam travels up so the scattering force acts
against gravity and the gradient force compensates
less for the two

Yeast cells were the chosen sample particles
for trapping and manipulating. The experiment
was conducted in the Mie Regime as the particle
diameter, approximately 10um for a yeast cell, is
much greater than the wavelength of the He-Ne
red laser beam used. Yeast cells have a greater
index of refraction than water, the fluid medium
in which the yeast cells were placed. Thus,
incident light would refract and the gradient
force necessary for trapping would be produced.
Moreover, yeast cells are transparent so more
light would transmit and refract, rather than
reflect, increasing the gradient force exerted.

2 Design and Construction of Optical
Tweezers

The laser beam emitted from the laser was

collimated and was reflected off of the first gold

plane mirror. It was then sent into a telescope,

consisting of two lenses, where it was resized

and re-collimated. The beam was then reflected
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off of the second mirror and was sent into the
third lens (Fig.4).

The third lens converged the beam and
brought it to a focus 160mm before it reflected
off of a dichroic mirror (a specially coated mirror
that transmits and reflects certain wavelengths of
light depending on the angle of incidence) and
entered the objective. The objective focused the
beam onto the stage where the sample of yeast
cells was placed.

The illumination light emitted from a Kohler
illumination LED was focused onto the stage.
Then, it passed through the objective, transmitted
through the dichroic mirror, reflected off of the
third mirror, and came to a focus on the CCD
element 160mm away. A green filter was placed
before the CCD camera to eliminate stray laser
reflections entering the camera.

LASER

Inverted
Microscope

CcCD
Camera

Fig. (4) The aerial view of the setup is shown. My,
and M; are regular gold plane mirrors. L4, Lz, and L;
are plano-convex spherical lenses. The red light is
the laser beam and the green light issuing from the
inverted microscope into the CCD camera is the
white illumination light which has been passed
through a green filter

A red He-Ne laser beam with wavelength
632.8nm, 23mW power, and a partially Gaussian
intensity profile, was used. Three gold plane
mirrors were used to reflect the beam with
attached micrometer knobs to adjust the angle of
reflection in all three dimensions. Plano-convex
spherical lenses were used, having focal lengths
of 25.4mm, 150mm, and 170mm respectively. A
dichroic mirror, which reflected 80% of He-Ne
red light and transmitted regular white light
incident at a 45-degree angle, was used to
separate the two wavelengths of light as they
both passed through the objective. The objective
was 40x and had a numerical aperture of 0.85. A
Nikon inverted microscope was used and a
Kohler illumination LED was attached above the
microscope to provide light for imaging. A CCD
camera without a focusing lens was used and so
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the beam was brought to a focus directly on the
CCD element.

The laser beam’s path was carefully aligned
in all three dimensions to ensure that the highest
beam intensity entered the objective. Higher
intensity in turn would produce a stronger
gradient force on the particle, strengthening and
optimizing the trap.

Tllumination

Stage

Objective

DM

Filter

Fig. (5) The side view of the microscope is shown
with the red laser beam entering from the third lens
and the white illumination light (represented as
yellow) emitting from the illumination above the
stage and entering the CCD camera through a green
filter. D, and D, are dichroic mirrors

The laser and all other optical elements were
screwed into an optical table and kept at low
heights to avoid vibrational aberrations and
increase stability. A level was used to ensure that
all optical elements, especially the laser, were
perfectly horizontal.

Horizontal laser alignment was verified by
measuring the vertical height of the beam just
after the mirror and after a short distance away.
These heights should be the same if the laser’s
path did not deviate from the horizontal xy-
plane. Micrometer knobs were used to three-
dimensionally adjust the plane of the mirror,
hence the alignment of the beam, until these
heights were the same.

Similarly, the lenses were placed on a
translational stage with micrometers. The laser
beam’s diameter after exiting the first two lenses
was measured both initially and after traveling a
distance away. Both diameters had to be equal if
the beam was collimated and this was ensured by
adjusting the distance between the two lenses.
Also, to verify that the lenses were exactly
orthogonal to the beam, the lens reflections were
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checked and adjusted until they traveled straight
back into the laser.

Light rays entering the objective, and later
the particle, at steep angles undergo more
refraction and thus exert more gradient force on
the particle. To increase the gradient force, the
light rays entering at steep angles should have a
high intensity. However, at the same time, the
total intensity of the beam entering the objective
should also be maximized so that the focus has
increased intensity and the trapping forces are
maximized. To determine the appropriate central
section of the beam that should enter the
objective, the beam profile was measured.

The laser beam’s profile was measured using
the pin-hole method. A small hole was translated
across the width of the laser beam, one
thousandth of an inch at a time, and a
photodetector was used to measure the intensity
of the laser at each point (Fig. 6). The data was
then graphed to form the beam profile (Fig. 7).

Translation Stage
| Pinhole

PD

Fig. (6) The beam profile measurement was made
using the above apparatus. The intensity of the
laser beam across its cross-section was measured
using a photo detector, one thousandth of an inch
at a time
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Fig. (7) The curve represents the beam’s intensity
profile. The part of the laser beam that isn’t shaded
would be the ideal part to enter the objective as the
small high intensity peaks enter the objective from
the steepest angles, increasing refraction and the
gradient force. The central component of the beam
ranges from 13 to 53: a width of approximately 40
thousandths of an inch

In contrast with a regular Gaussian curve
(Fig. 2), small high intensity peaks were found at
the ends of the beam profile. Since these peaks
would maximize the intensity of the light rays
entering the objective at the steepest angles, they
were included in the desired central section of
the beam to enter the objective, marked by the
unshaded region (Fig. 7).

These measurements were then repeated after
the laser was rotated 90 degrees, using the same
pinhole method (Fig. 8). High intensity peaks are
still apparent at the sides and these are
incorporated in the desired central component
again, ranging from 6 to 43: a width of
approximately 37 thousandths of an inch.

Laser Beam Intensity Profile 2
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Fig. (8) The curve represents the beam’s intensity
profile after rotating the laser 90°

Due to the high intensity peaks found on the
sides of the beam profile, the ideal central
component of the beam to enter the objective
was determined to have a width of approximately
40 thousandths of an inch in both measurements.
This central width had to be enlarged to fill the
aperture of the objective, which was 6mm wide.

The central region of the beam, determined
earlier to be 40 thousandths of an inch,
approximately 1.02mm, had to be expanded
approximately 6 times to fill the 6mm wide
aperture of the objective. This was done by
creating a telescope using two plano-convex (to
reduce spherical aberrations) lenses of focal
length ratio 1:6. The laser beam was passed
through lenses of focal lengths 25.4mm and
150mm respectively; the lenses were separated
by a distance of the sum of their focal lengths —
175.4mm so that the collimated beam that
entered the telescope would also leave collimated
(Fig.9).

The yeast cells, immersed in water, were
placed on a standard glass slide. To achieve
three-dimensional trapping and manipulation, a
rose chamber was created to add depth to the
slide. A doughnut-shaped hole was cut in the
center of a square of 100pm-thick parafilm. The
parafilm square was then sealed onto a glass
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slide using a heat gun. The yeast cells were then
placed within the chamber created by the hole in
the parafilm and a Size 0 cover slip (100pum-
thick) was placed on top. The glass slide was
then placed upside down on the stage of the
inverted microscope (Fig.10).

— 1 "
— .

fi+ts

Fig. (9) The laser beam passes through the 25.4mm
focal length lens and then the 150mm focal length
lens. The two lenses are separated by a distance of
f1+f, so that the beam exits the telescope collimated
again and the beam is expanded to 6 times its
original width.

Ilumination

v
| Glass Shide
| ‘ Sample ‘ Parafilm ‘

Rose
Chamber

Cover Slip

Objective

]

Fig. (10) The illumination light is represented by the
dotted arrows. It passes through the rose chamber
and exits through the objective while the laser
beam, represented by the solid arrow, passes
through the objective, and comes to a focus inside
the rose chamber.

The yeast cells and the focus of the laser
beam were imaged using a CCD camera. The
white illumination light was provided by the
Kohler illumination attached above the inverted
microscope. The light traveled through the rose
chamber and entered the CCD camera. However,
the camera required an expensive long focal
length lens to focus the imaging light onto the
CCD element. So the original short focal length
lens on the camera was removed and instead of
using a focusing lens, the illumination light was
brought to a focus directly onto the CCD
element. As the objective was 40x, the
illumination light converged to a focus 160mm
after exiting the objective, which was where the
camera was placed.
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The laser beam and the illumination light had
to follow the same path entering and exiting the
objective respectively so that when the CCD
camera was imaging a certain depth in the rose
chamber, the focus of the laser beam would also
be on the same horizontal plane. Thus, a third
lens was used in the setup with a focal length of
170mm (Fig.5). It brought the laser beam to a
focus 160mm before entering the objective so
that it followed the same path as the illumination.
The video input from the CCD camera was
projected onto a standard black-and-white
monitor for observation of the laser trap. The
total magnification was measured to be 1750x.

3 Trapping and Calculations

In this section, the methods of trapping and
manipulating the yeast cells three-dimensionally
are described. Moreover, calculations measuring
the power efficiency of the setup and the drag
force exerted by the setup on the cells in all three
dimensions are examined.

The laser beam was focused and directed into
the sample. By adjusting the microscope stage
until the yeast cells were in focus, the intended
plane of view was obtained. From that position,
the laser beam was manipulated onto a specific
cell to trap it.

After trapping a particle, the focus of the
laser beam was manipulated to change the
direction of the gradient force, which in turn
moved the particle. By slightly changing the
angle of the laser beam’s propagation with one of
the micrometer knobs on the second mirror, the
focus and the particle was moved on the xy-
plane. For three-dimensional trapping, or
movement along the z-axis, the distance between
the laser’s focus and the stage was altered
slightly by turning the micrometer on the fine
adjustment knob of the microscope.

The trapping distance of the trap was
approximately Sum and stability of a trapped
particle lasted for more than an hour.

A power meter was used to measure the
power of the laser beam after every optical
element (see Fig.11). No particular optical
element greatly reduced the power of the setup.
Starting with 23 mW and ending with 7 mW, the
setup had an overall power efficiency of
approximately 30%. The 7 mW power that exited
the objective exceeded the minimum 5 mW
power needed to trap 10um-diameter particles,
such as yeast cells [8].

The trapping efficiency of an optical tweezers
setup can be gauged by the highest velocity at
which a particle can be dragged in the fluid
medium by the laser’s focus — the drag velocity.
This can be used to calculate the net drag force
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that the beam exerts on the particle to manipulate
it in a given dimension [9].

Stokes’ equation for drag force at low

velocities is:

F, =—6I1nrv

where 7 is the fluid viscosity which is 10~ for
water, the medium used, r is the radius of the
particle, which is approximately 5 micron for
yeast cells, and v is the drag velocity.

The drag velocity of the particles was
calculated by determining the maximum distance
a cell could be dragged in the horizontal plane
using the tweezers in a given interval of time.
The distance was measured directly on the
monitor and was divided by 1750 to account for
the magnification. The average drag velocity was
0.01 mm/s. Thus, using Stokes’ equation, the
drag force exerted by the trap was 0.9 pN.

Power Loss Measurements

15 1

104 H
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Intensity (mW)
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Optical Elements

Fig. (11) The graph shows the power of the beam
after each optical element. The initial power of 23
mW was eventually reduced to 7 mW as the beam
exited the objective.

A similar method for calculating the drag
velocity at the z-axis was used. For manipulation
in the third dimension, the stage was lowered by
using the micrometer on the fine adjustment
knob of the microscope, thereby moving the
focus of the laser beam up inside the chamber.
However, due to aberrations caused by
refraction, the distance the stage was lowered did
not equal the distance the focus moved up inside
the chamber. This difference was especially
significant at high angles of incidence (Fig. 12).

Thus, an equation was created to model the
distance the focus moved up, Ax, for any
particular value, d, that the stage was lowered,
depending on the angle of incidence of the light
rays. a is the height of the cover slip (100pum)
and 0 is the incident angle of the light ray.

n;8in0; = n,sind, and n,sinb, = n3sind; = n;sind,
by Snell’s Law

0, = sin"((nl/nz) sin®;) and 0; = sin"((nl/n3)
sinf;)
w = d*tanf; = a*tan0, + (x-a)*tan6s
x = (d*tan®, — a*tan(sin' ((n,/n,)sind, )))
/ tan(sin” ((ny/n3)sin®))) + a

Since the numerical aperture (NA) of the
objective is 0.85 = nsin6, the maximum angle at
which a beam could enter the objective is 58°.
The distance the focus moves up (x) for any
angle of incidence (0;) between 0° and 58° was
calculated and graphed for the stage moving
distances (d) of 80, 90, and 100pm (Fig.13).

Water; n=1.33 X
8;
92 ,
Cover Slip; n=1.51 9 a |d
Ca, -
<>
Air; n=1 w

Fig. (12) The ray trace shows the path of light
without refraction in dotted lines while the actual
path is shown in red. The light refracts between two
interfaces: air-cover and cover-water.
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Fig. (13) The graph shows the distance the focus
moved up (x) in microns for differing angles of
incidence. The three lines show results for d = 80,
90, and 100p.

Thus, when the stage moves up 10um, the
focus moves up 13pum (Ax) for the central rays,
with low values of 6, and 19um (Ax) at the
steepest angles, with high values of 6;. On
average, it can be assumed the focus moves up
16um for every 10um the stage is moved.

Using the above calculation, the drag velocity
was measured for the z-axis in the same method
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as that for the xy-plane and was approximately
1.14pm/sec. Using the Stokes’ equation, the net
drag force was 0.1pN.

However, unlike movement in the xy-plane,
the gravitational force acts against upward
movement in the z-axis. The velocity of a
particle falling to the bottom of the chamber was
measured to be 3.2um/sec. Using Stokes
equation again, gravity exerts a 0.3pN force
downwards on the particle.

Thus, since the net force is 0.1pN up with
gravity exerting a force of 0.3pN down, the
tweezers actually exert a drag force of 0.4pN up.

4 Conclusions

A working optical tweezers setup was created
and optimized by maximizing the gradient force.
Yeast cells were successfully trapped and
manipulated three-dimensionally. The trap’s
radius of control was approximately Sum and the
stability of the trap lasted greater than an hour.
Thirty percent power efficiency was achieved by
careful alignment procedures. The tweezers
exerted a 0.9pN force when manipulating
particles on the xy-plane and a 0.4pN force when

IRAQI JOURNAL OF APPLIED PHYSICS

manipulating particles up the z-axis. Both forces
were within the required range for optical
manipulation techniques in the biological field
(Wang, 1999).
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Nanostructure Dopants
TiO, Films for Gas Sensing

Nanostructure TiO, doped with noble metals such as (Ag, Pt, Pd, Ni) thin
films were prepared by Pulsed Laser Deposition (PLD) on SiO, and Si (111)
substrates. The thin films structures were determined by X-ray Diffraction
(XRD). XRD pattern shows an increase in the average size of the crystalline
grains with the range (11.6-25) nm in the all film samples. The morphology
properties were determined from Atomic Force Microscopy (AFM), which
shows that the grain size of the nanoparticles observed at the surface
depend on the type of metal dopant.TiO, doped with 3 % Pt metal has the
smallest grain size of (11.6nm ) and RMS roughness values of (28 nm). The
produced thin films in this study have been exposed to 50 ppm CO gas
concentration.TiO; doped with noble metal has sensitivity of higher than
pure TiO2 .TiO, doped with Pt metal deposited on Si (111) has 23 %
maximum sensitivity to CO gas with optimum operation temperature of

250°C.

Keywords: Pulsed-laser deposition, TiO, doped thin films, Nonstructural, Gas sensor
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1. Introduction

Gas sensors based on semiconductor metal
oxide thin films focused numerous research
efforts during the last few years. Among them,
titanium dioxide (TiO,) has been investigated
due to its sensing properties in front of hydrogen
[1], carbon monoxide and oxygen [2],
hydrocarbons [3,4], or humidity detectors [5]. Its
sensing capability has been proved to improve
with the addition of metal dopants as Ce and W
[6], Cu [7], Nb and Cr [8], or Pt [4,9].

TiO2 exists in three crystal phases: rutile,
anatase and brookite. Rutile phase TiO2 is the
most common crystal phase in nature.
Conversely, anatase is not as thermodynamically
stable as rutile. Thus, the synthesis of pure
anatase phase TiO, thin films is a difficult task.
On the other hand, it is known that anatase
possesses a higher photocatalytic activity than
rutile and, thus, better gas sensing properties
[10.11]. Indeed, the photocatalytic activity
enhances the sensitivity of gas sensors by the
photo-induced molecular transformations which
take place at the catalysts’ surfaces [12]. A
number of recent studies have been directed to
TiO, films doped with metal dopants like Cr, Nb,
Pt, and Al [13-16]. Except for the improvement
of photocatalytic properties, these dopings can
also inhibit

Unwanted crystallites growth or phase
transformation [17,18]. Many deposition
techniques for TiO, films have been explored
such as chemical vapor deposition (CVD) [17],
atomic layer deposition (ALD) [21], and pulsed
laser deposition (PLD) [19,20]. Recently,
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sputtering [22,18,23-25] has become the most
commonly used technique for the deposition of
titania due to its controllability and simplicity.
Different processes may lead to different
microstructure in the films prepared [26,23]. In
this regard, a systematic study of the influence of
sputtering  parameters and post-deposition
annealing will be necessary. The PLD process is
particularly efficient in producing oxide thin
films, while offering ease in controlling the
physical, chemical and structural properties of
the films [18].

In this paper, we report the successful growth
of doped and undoped TiO, thin films on (001)
SiO; and Si (111) substrates by PLD. Besides the
structure and Morphology as a function of
dopant metals, we investigated the gas sensor
properties of the deposited thin films.

2. Experiment

2.1 Film preparation

The deposition was carried out using Q-
switched Nd:YAG laser with a frequency second
radiation at 532nm (pulse width 7ns repetition
rate 10HZ) and fluencies energy 1.2 J/cm®. The
studied films were prepared by from pure TiO,
and (1-3 wt.%) (Pt,Ag,Ni,Pd) doped TiO, targets
films were grown by pulsed laser deposition on
an optically Flat glass substrates kept an on-axis
distance of 4cm from the TiO, target. The
chamber was kept at vacuum pressure of 107
mbar as shown in Fig. (1). The TiO, disc was
ablated from 10-100 pulses (10-20min) to get
single layered thin films. During the deposition
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the substrate temperatures (7;) were kept at
500°C under 10™ torr oxygen pressure.

Fig. (1) Experimental setup

2.2 Film characterization

The crystalline structure of the films was
determined by X-Ray Diffraction (XRD)
measurements (Philips PW 1050, A=1.54A)
using Cu ka. The surface morphology was
examined Atomic force microscopy (AFM-
Digital Instruments NanoScope) working in
tapping mode. The gas sensor measurement by A
Hewlett-Packard Systems 5890 Series I GS
system. The produced thin films in this study
have been exposed to 50ppm CO gas
concentration.

3. Results and discussion

TiO, films doped with noble metals (Ag, Pt,
Pd and Ni) at percent (1,2 and 3 wt %) under
oxygen pressure of 107 torr, 500°C substrate
temperature and 1.2 J/em® laser fluence on Si
(111) wafer are shown in Fig. (2). At 1wt%
concentration, the film shows diffraction peaks
located at 20=25.28" and 20=37.8°, which belong
to anatase A(101) and A(004) peaks respectively,
according to standard pattern of anatanse TiO,.
Rutile peak R(110) at 26=27.6° can be observed
in the XRD profile of noble metals doped TiO,
concentration at 1wt%, as shown in Fig. (2a).
The existence of rutile phase in TiO, could
reduce the photo-catalytic activity of both the
doped catalysts and increase reflectivity. Figure
(2b) shows the doped TiO, films diffraction at
2wt% concentration of noble metals the peaks of
rutile R(110) decreasing and (FWHM) increasing
of anatase peak A(101). When 3wt %
concentration of noble metals doped TiO, peaks
of rutile R(110) disappear and the anatase peak
A(101) increasing in (FWHM) as shown in Fig.
(2). The full-width at half~-maximum (FWHM) of
the (110) rutile and (101) anatase peaks were
also evaluated to analyze the variation of grain
sizes in the films doped. From the peaks shown
in Fig. (2¢), it can be concluded that 3wt% (Ag,
Pt, Pd and Ni) doped TiO, films generally have
smaller grain sizes (15.7, 11.6, 21.5 and 19nm).
The increased doping level of 3wt% might have

to the increased potential energy of atomic
diffusion barrier and further results in the
inhibition of anatase to rutile transition and grain
growth.

Overall, it can be seen that all XRD patterns
of doped TiO; films did not show any significant
changes. These results indicated that dopants
have no effect on the anatanse structure of TiO,
films. XRD analysis also did not detect the
dopant phase. These due to the low concentration
of dopants. Thus, no dopants peak can be
observed in this research when the dopants
concentration was (1-3wt%).

The AFM images of the TiO, /Si films
dopant with noble metals sample are presented in
Fig. (3). Thin films have been deposited at fixed
substrate temperature of 500°C and at oxygen
pressures of (5x10"" mbar) and 1.2 J/cm® laser
fluence energy density . The AFM images of the
Ag, Pt, Pd and Ni doped TiO, thin films show a
uniform granular surface morphology. The
average grain diameter was evaluated from the
plane view images at range (15-20nm). The tilted
image reveals grain heights of a few tens of
nanometers. The RMS roughness increases with
noble metal percent due the presence of the fine
dispersed phase. The samples are very rough
with RMS values (28, 26, 23 and 24 nm) for thin
films doping with 3% (Ag, Pt, Pd and Ni)
respectively as shown in table (1).

Figure (4) shows the sensitivity as a function
of operation temperature in the range (100-
400°C) for TiO, pure and doping with noble
metal at different concentrations (1%, 2% and
3%) which are deposited on glass and Si wafer
(111) at fixed oxygen pressure 5x10" mbar and
1.2 J/em?® laser fluence energy density. It can be
seen in Figure (4) that the sensitivity of all the
films increases with the increasing in the
operating temperature, reaching a maximum
value corresponding to an optimum operating
temperature which is 250°C for all the samples.
Above this temperature, the sensitivity to CO gas
for all sample decreases at about 400°C. The
high temperature operation of the sensor make
the life time of the sensor become shorter and
increasing resistance thus required more
electricity for operation. It is believed that the
oxygen could be removed or lost from the bulk
of the metal oxide materials at high temperatures.
This suggests that the response of the sensor may
decrease at higher temperatures since there will
be more oxygen vacancies which led to less
occurrence of CO oxygen reaction. The response
of the undoped sensor to CO gas is relatively
low, and the maximum response is (0.5 %) at
250°C.
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Fig. (2) XRD patterns of TiO. films grown on Si
Doping with noble metal of (a) Ag, (b) Pt, (c) Pd%
and (d) Ni
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Noble metal doping(Ag, Pt, Pd and Ni)
increases the sensitivity of TiO, sensors to CO
gas and improves the sensor response at which
the sensor response is maximized (3.3%) at
250°C for TiO, doping 3% Pt. The sensing
process depends on the surface roughness which
increases detection sensitivity doping TiO, films
have higher value of sensitivity from pure TiO,
because the surface roughness of doping TiO,
higher than pure TiO,.

TiO, deposited on silicon has sensitivity
higher than TiO, deposited on glass as shown in
Fig. (5). Table (2) shows the sensitivity values of
TiO, pure and doping with different noble metal
concentration at operation temperature T=250°C.

Table (1) Structural and morphological
characteristics of the TiO, Pure films deposited at
different noble metal doping at Oxygen pressure
5x10" mbar with 500°C substrate temperature and
1.2 Jlcm® laser fluence

ALL RIGHTS RESERVED

AFM of X-ray of
RMS
plane grain plane grain Sample
roughness
size (nm) size (nm)
28 nm 61 15.7 TiO, :3% Ag
26 nm 12.4 11.6 TiO2 :3% Pt
23 nm 23 215 TiO2 :3% Pd
24 nm 20.5 19 TiO2 :3% Ni
25
—e— TiO2 Pure
20,
20 1 —A—Ti02:3% NI
—8—Ti02:3% Pd
3-15 ——Ti02:3% Ag
.; —=— Ti02:3%Pt
‘»
o=
o 10
(7]
5
0 T T T T

0 100 200 300 400 500

T(C)
Figure (5) Sensitivity for TiO,/Si pure and doping
with 3% (Ag ,Pt ,Pd ,and Ni) films for CO gas at

different operation temperature at laser fluence 1.2
Jiem? with 0, pressure=10'1 mbar
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Table (2) Sensitivity values of TiO, pure and doping
with different noble metal concentration at
operation temperature T=250°C

Samples Sensitivity

TiO; pure/glass 0.5
TiO- :1% Ag /glass 1.7
TiO, :2% Agl/glass 23
TiO, :3% Ag/glass 2.7
TiO, :1% Pt/glass 2.2
TiO, :2% Pt/glass 3

TiO, :3% Pt/glass 3.3
TiO- :1% Pd/glass 15
TiO; :2% Pd/glass 1.9
TiO, :3% Pd/glass 2.2
TiO; :1% Nilglass 0.85
TiO; :2% Nilglass 1.2
TiO, :3% Ni/glass 1.5
TiO, pure/Si 75
TiO; :3% Ag/ Si 17

TiO; :3% Pt/ Si 23

TiO; :3% Pd/ Si 15

TiO; :3% Ni/ Si 12.5

4. Conclusions

From the obtained results, conclusions can be
made for sensing performance of TiO, pure and
dopant it with noble metals modified sensors.
Pure TiO, showed poor response to CO gas.
TiO, thin film doped with 3% wt Ag, Pt, Pd and
Ni was the most sensitive element to CO gas.
The optimum operating temperature for CO gas
sensing was 250°C. TiO, thin film doped with
Ag, Pt, Pd and Ni would be suitable for
fabricating the CO gas sensors. The sensor TiO,
doping with Pt showed good selectivity to CO
gas. TiO, deposit on Silicon has sensitivity to CO
gas higher than TiO, deposit on glass
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1. Introduction

Lasers find widespread application in
materials processing. They are successfully
applied in industrial processes including welding,
cutting, drilling, ablation deposition and surface
treatment [1, 2]. The interaction of a high power
laser beam with material has many applications
including chemical analysis, micromachining
and pulse laser deposition of thin films. The
laser-material interaction involves complex
processes of heating, melting, vaporization,
ejection of atoms, ions and molecules, shock
waves, plasma initiation and plasma expansion.
The resulting crater and laser material interaction
are dependent on the laser beam parameters
(pulse duration, energy, and wavelength), the
solid target properties and the surrounding
environment’s condition [3.]

Silicon is the most commonly used
semiconductor in optoelectronic devices and
silicon photodiodes are often used in industrial
applications as reliable devices for light to
electricity conversion. High operation Silicon
photodiodes are manufactured according to their
spectral  responsivity. These features are
especially important in the field of optical
radiometry in which measurements of
photometric and radiometric quantities have to
be done with a high level accuracy. The
description of high accuracy interpolation of
quantum yield of Silicon photodiode detectors in
the near UV is presented by Toomas et al [4].
The results of the of the quantum yield
calculations and of measurements obtained by
use of a Silicon trap detector are presented.
James G. et al [5] investigated the I-V
characteristics and responsivity of photodiodes
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fabricated with silicon that was micro structured
by use of femtosecond laser pulses in a Sulfur-
containing atmosphere. The Silicon surfaces
irradiated with high intensity nanosecond laser
pulses in the presence of Sulfur-containing gases
have near unity absorption from near UV
(250nm) to NIR (2500nm) at photon energies
well below the bandgap of ordinary Silicon [6].

Microstructures develop spontaneously on
Silicon surface under the cumulative short laser
pulses irradiated in  different ambient
atmospheres [7,8]. The texturization of Silicon
by ultrashort laser pulses enhances the absorption
of light through the following phenomena [9-12]:
(1) incoming light rays that are reflected from
one tilted (by texturing) surface may strike
another surface resulting in an increased
probability of absorption, and therefore reduced
reflection, (2) the light rays refracted within the
silicon propagate at an angle, causing them to be
absorbed closer to the junction than this process
could occur in the case of planar surface which is
especially relevant in material with diffusion
lengths comparable to or less than the cell
thickness, (3) photons which are reflected from
the rear surface coming back to the front can
encounter a tilted silicon surface, improving the
chance of being internally reflected, either at the
silicon interface or at the glass surface, and
providing next chance for absorption. The third
phenomenon is referred to as light-trapping, and
gives an improved response especially to infrared
light [13].

The silicon substrate is the most costly
component in the solar cell. Reducing the wafer
thickness drives down the cost as does the
replacement of monocrystalline silicon with
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lower cost poly-silicon or mc-Si, which is made
from a less energy intensive process. However,
this cost efficiency comes with a price. Reducing
wafer thickness risks lower strength, difficulties
in handling, thermal breakage and lower light
trapping capability. Mc-Si has higher metals
contamination and material variability, generally
poorer electrical performance, poorer structural
integrity, and lower thermal stability [14]. One of
the most technological methods of formation of
periodically  structured resistive mask is
recording the interference pattern from two
coherent light beams on the substrate with
photoresist. Using this method, it is possible to
fabricate a mask with apertures that looks like
parallel strips with a period of submicrometer to
a few micrometers (holographic diffraction
grating). If to carry out the double exposure for
two mutually perpendicular orientations of the
substrate, we shall obtain a two dimensional
grating, i.e. mask as periodically located holes or
islands (depending on conditions of exposure
time and etching). This technological method has
been named as interferential lithography.
Interferential lithography has been lately used for
fabrication of one-dimensional nanostructures

[15], production of the master mold for
nanoimprinting lithography [16],
The paper presents results on the

development of surface texturing by means of
laser processing and investigation of the
influence of laser texturization on the operational
properties of the photovoltaic cells in order to
enhance the absorption efficiency of the Silicon
solar cells.

Xy2
Nenomatric control stage

M1; IR mimony
M2 : LV mimor

2. Experimental Part

Silicon samples had the following
parameters: thickness ~330um, resistivity 1Q.cm
and area 2x2cm. In order to decrease light
reflection coefficient, front surface of the cell has
been textured. The texture in the form of
perpendicular grooves has been produced by
means of Coherent Legend Ti: Sapphire laser
facility generated horizontal linear polarised
light, pulsed at a 1-kHz repetition rate, with pulse
duration of 130-fs at a central wavelength of 800
nm. The output beam from the system had a laser
power of ~3W in the Gaussian mode with a
diameter of ~7mm. The schematic of the
experimental setup is shown in Fig. (1). The laser
beam was attenuated by a diffractive optic
attenuator and its frequency was doubled by a
BBO crystal, generating fs laser irradiation at
400nm wavelength. A smaller integrated fluence
is created by neutral density (ND) filter placed
between the reflection mirrors. The laser beam
passed through two UV mirrors to reduce the
residuals IR radiation. The laser beam was
focused to ~8um diameter by a 20X Nikon
microscope objective with a 0.45 numerical
aperture (NA), 10mm focal length and long
working distance of 8mm. The sample under
study is mounted on a PC controlled Aerotech x-
y-z translation stage (ANT-25LV) of 2.5nm
resolution and the fabrication process was
viewed by a CCD Camera. The experiments
were performed by translating the sample along
the x-direction so that the laser beam scribed
parallel structures, line by line along x-axis.

Falaser

Fig. (1) Sample irradiation set-up (FS femtosecond pulse laser source, M1 IR mirrors, M2 UV mirrors)
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The experiments using Si samples involved
two main steps of investigation: (1) the influence
of laser power variation while the irradiation
spacing is constant into the sample, (2) the
structural dimension created at different spacing
with the fixed pulse energy while the translation
speed is constant in all irradiation processes.

3. Results and Discussion

Silicon captures incident light with each pass
through the bulk. As the industry manufacturers
point of view, moves to thinner substrates,
capture efficiency drops. To overcome this
bottleneck, the structure is modified to generate a
longer internal light path and to prevent the
incident light from exiting the cell. A textured
surface has good light capture properties to allow
the light to enter the cell. The rear surface
reflects internal light back into the cell substrate,
Fig. (2). The texture on the front bounces
internally reflected light back into the cell. In
addition some cell designs will relocate the front
contact to further enhance the light collection
area.

2 Reflocied lght v Reflected light
o Absorbed ight
BareSiarfac Micro-Nano texured SI surfacs

Fig. (2) Texturing effect on the light reflection and
absorption

The texturing processes are commonly used
to suppress optical losses, but they are optimized
to absorb only at a limited wavelength range. A
different method to reduce reflection is to texture
the cell’s surface due to the fact that texturing
offers angled surfaces making some light rays
bounce from one surface to another enlarging the
incident photons optical path length and
increasing their internal reflection. This enlarged
optical path, found in textured surfaces, provides
a change in the angle of incidence allowing the
refracted photons to be absorbed closer to the p-n
junction of the cell. This oblique coupling of
light will produce an increase in the generated
current.

The two-dimensional periodic structure on Si
(100) surface was formed using the double
exposure by two directions line mapping
(irradiation), with the orientation of Si sample for
two exposures differed by 90°. The value of
exposures and time of selective etching were
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chosen so that the samples under study looked
like periodically located islands of photoresist
(the structure period in two mutually
perpendicular directions makes 9um). The form
of hillocks was close to cylindrical. Vary spaced
or close structures reduce reflectivity, so that
spacing could be varied in this study is an
advantageous condition. A more profound
understanding of such light trapping mechanism
is needed. Table (1) shows a comparison of the
electrical properties of the Si cells (open circuit
voltage V,., short circuit current I, Fill Factor
FF, and efficiency Eg). As seen, samples even
utilizing low cost technique shows 18.4 and
21.3% increasing efficiency for one dimension
and two dimensions texturing. This is clear for
sample with two dimensional irradiations
compared with sample without irradiation.
Scanning Electron Microscope (SEM) images
of the stuctures obtained in air environment. One
line scan was performed at a fixed scan speed.
Aperiodic structure (lines) was formed and
observed in nanometer range. The SEM images
shows a semi periodic structure known as ripples
or grooves in submicrostructer and were found
after laser irradiation, see Fig. (3). Thus,
inexpensive technology using femtosecond laser
pulses allows forming high-quality Si cells.

4. Conclusion

As a conclusion, we believe that the use of
this approach leads to enhance Si cell efficiency.
The low intensities defining the laser irradiation
drastically change the scale of the surface
reshaping process, promoting the formation of
nanostructures and the interaction between
surface roughness and/or smoothness lead to
increase the number of pulses contributing
certainly to rapid nanochannels formation with
vary spacing. The irradiation process provides
formation of Micro-Nano meter periodic
structures on substrates with a large area using
single or double exposition. The technology is
much cheaper and simpler than the electron
beam lithography.
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Table (1) The voltage-current parameters of the Si cell before and after irradiation process

No Cell lsc(mA) V,c(mVO0) FF =3
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3 2 dimensional irradiated sample 720 655 0.7404 12.5
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