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Mongkol Wannaprapa®,

Narongpun Rungcharoen?, and Wanchai Pijitrojana®, Non-members

ABSTRACT

This work aims to obtain the perfectly measure-
ment system for 200-600 nanometer of particle size,
type of SiO5 on surface of Lubricant (n2’) recording
media of hard disk drive, at 448 and 635 nm of inci-
dent wavelength. This system uses an incident and
reflective angles equally, 89°, based on the principle
of Mie scattering theory. Moreover, the system is ap-
plied to compare an intensity value of scattered light
between of BRDF ;¢ simulation model and of exper-
iment result of David W. Hahn light scattering. For
the conclusion, this system could measure the particle
sizes and types accurately and efficiently.

Keywords: Scattering Intensity, BRDF ¢ Simu-
lation Model, Mie Scattering Theory, Particle Sizes,
Particle Types

1. INTRODUCTION

Although a hard disk drive has been nowadays de-
veloped to smaller size, it is low efficiency and causes
damage to the inner components of hard disk drive
because of contaminated small particle during pro-
duction process. As a result, ones are interested in
studying to use the scattering technologies for ana-
lyzing the sizes and types of particles, which are in-
dicated at level of nanometer (nm) scale.

For example, Yuzo MORI and his team studied on
“A New Apparatus for Measuring Particle Sizes of the
Order of Nanometer”. They innovated the measure-
ment system on Silicon (Si) wafer surface of refractive
index at 1.5 within particle sizes of 1-30 nm, includ-
ing five types of Ag, Au, SiC, Al,O3 and SiOs which
respectively contain the refractive index of particle at
0.23, 1.46, 2.46, 1.76 and 1.45 [1], with the incident
light at 448 nm of wavelength.

The result based on Rayleigh Scattering Theory
[8], the average measurement of scattering intensity
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for five particle types, comparing with 1-30 nm of
particle size which is consequent to particle types and
sizes. The result and diagram of the measurement
system are shown in fig.1 and fig.2.
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Fig.1: Yuzo MORIs experimental result based on
Rayleigh scattering theory [6]
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Fig.2: Yuzo MORIs measurement of particles on
the Si wafer surface [7]
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Besides, David W. Hahn [5] had researched on light
scattering based on Mie Scattering Theory [3]. His
experiment used scattered light at 1.7 micrometer of
spherical particle with refractive index of 1.4 and 0°-
180° of incident angles vertically at particular area
with wavelength of 532 nm and 90° of 6; angle, as
shown in fig. 3.

m=1.4-0i
A=532 nm
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Fig.3: David W. Hahns light scattering at 1.7 m
base on Mie scattering theory [5]

In this work, we use the principle of Bidirec-
tional Reflectance Distribution Function (BRDF) [4]
to model and design the system using Modeled In-
tegrated Scattering Tool program (MIST) [11]. In
order to study the characteristics of scattered light
from particle on surfaces, the BRDF,,¢ simulation
model based on Rayleigh and Mie scattering theories
are specified patterns. Then, the results of the sim-
ulations are compared to the experimental result of
Yuzo MORI [6] using Rayleigh scattering theory and
David W. Hahn [5] using Mie scattering theory. It is
confirmed that the simulation model and designing of
the system are well-defined and lead to implementa-
tion of the real measurement system for both size and
type of particle, size ranged from 200 to 600 nm and
type of SiOg, on surface of Lubricant (n%) recording
media of hard disk drive [2].

2. PRINCIPLES AND THEORIES
2.1 Scattering Principle

The light scattering is the alteration of the direc-
tion and intensity of a light beam that strikes an ob-
ject, the alteration is due to the combined effects of
reflection, refraction, and diffraction [3] as shown in
fig. 4.

This phenomenon is based on Rayleigh and Mie
scattering theories, which « value classifies the type of
scattered light. The formula is defined by the particle
size and reciprocal wavelength of the incident light [1].

D
i 1)

D is the diameter of particle
A is the wavelength of incident light

o=

Diffraction
Reflection —
Refraction
T
incident light beams "

Fig.4: Phenomenon of scattering particle [3]

Where « < 1 [Based on Rayleigh Scattering Theory]
a > 1 [Based on Mie Scattering Theory]

2.2 Rayleigh Scattering Theory

Rayleigh Scattering

v

Direction of incident light

Fig.5: Rayleigh scattering [9]

According to fig. 5, the incident light on small par-
ticle with a@ < 1 value, which the intensity of scat-
tered light equal to the intensity of light scattering
occurs all around area, which is called Rayleigh scat-
tering theory as following formula (2).

14cos20 (27 (D\° (n2—1\?
ey =b—=m— % )\2) oz) @
Iy is incident light intensity
0 is the scattering angle

R is distance of scattered
n is refractive index of particle

2.3 Mie Scattering Theory

Mie Scattering

———— Direction of incident light

Fig.6: Mie scattering theory [9]

Refer to fig. 6, the incident light on particle with
a > 1 value, which the intensity of scattered light



286 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.9, NO.2 August 2011

has high scattering intensity in the inverse direction
of incident light, which is called Mie scattering theory
as following formula (3).

= Ioﬁ <2)7\T>4 <12)>6 (ir+d) (3)

Where i, , i) are the intensity function of computation
from the infinite series.

Iarie

2.4 Principle of Bidirectional Reflection Dis-
tribution Function (BRDF)

BRDF is property of the incident light on mate-
rial obtained from optical interaction with three char-
acterizations; Reflected light, Transmitted light, and
Absorbed light, which is called Energy conservation
[10], as shown in fig. 7.

Reflected Light Incident light
Transmitted Ahsorption

Fig.7: BRDFs light reaction [10]

Incident light = Reflected light + Transmitted light
+ Absorbed light

BRDF is considered by the ratio of reflected light
signal and incident light signal, as referred to formula

(4)-

BRDF — OutputSignal _ Ly (4)
InputSignal E;

L, is quantity of light reflected in direction w;

FE; is quantity of light arriving in direction w;

w; is incoming light direction

w,- is outgoing reflected direction

Due to formula (4), it can be considered by the
incident light angle and reflected light angle as fol-
lowing formula (5).

dLr (01, ¢ia ar) (5)

BRDF (9, i, 0r), ¢r = -1 05, 00)

0; is the zenith angle of incident light
¢; is the azimuth angle of incident light
0, is the zenith angle of reflected light
¢,is the azimuth angle of reflected light
To obtain the incident light angle and the reflected
light angle under BRDF principle, it can be described
as geometric structure as shown in fig.8.

> 21

Fig.8: Geometric structure on BRDF surface

Refer to fig. 8, the incident light angle of L; is
correlated to Solid Angle : dw which contains the in-
cident light angle of 6; and Azimuth angle of incident
light angle ¢; on xy plane in an area of dAi. If so,
the reflected light angle of direction Lr is correlated
to solid angle 6,., ¢, on xy plane. Thus, BRDF can
show geometric structure on half sphere as referred
to fig. 9.

Fig.9: BRDFs geometric structure on half sphere

Due to the spherical solid angle tariff (fig. 8), dw
and dE; triangle defined as follows:

dw = (height)(width) = (d0)(sin 0d¢)
= sin 0dOd¢ (6)

and dE; = L; cos8;dw; (7)

Thus, formulas (6) and (7) are defined small area
on spherical surface, as shown in fig 10, of solid angle
in BRDF direction between reflected light angle and
incident light angle.

sphere of radius 1

sinf \

IR

Lz \

Fig.10: Tariff of spherical solid angle
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Therefore, formulas (4) and (5) of BRDF take
place by formulas (6) and (7) on incident angle of
light as formula (8).

L,

"~ L, cosB;dw; (8)

Refer to above principle of BRDF, BRDFpart sim-

ulation model on MIST program will be analyzed par-
ticle on surface as following (9).

o QTR
nsph+2
9)
N/A is density of scatters within the illuminated
area
F is structure factor that depends upon the
correlation between different scattering
centers.
ngph is refractive index of particle
¢ is a unit vector parallel to the incident
electric field.
qij is Jones scattering matrix value

BRDF(GH ¢i7 97"7 ¢r)

1 NF

BRDFpgrt=——— ——
part cosf,cosf; A

3. RESULTS AND DISCUSSIONS

3.1 Results of BRDF,,¢+ Simulation Model
Comparing between Incident Angle and
Reflected Angle for Suitable Scattering
Intensity

To create BRDFp,, simulation model by defining
the incident angle and reflected angle, the conditions
are the laser source with 532 nm wavelength and the
incident light direction Li that affects the reflected
light direction L, at 6; and 0, angles as shown in fig.
11. BRDF .y value will be defined as formula (9) by
the incident light on particle with the size of 10 and
100 micrometer, the spherical shape of Polystyrene la-
tex (PSL) at refractive index of 1.59 [1] on Lubricant
(n2) recording media of hard disk drive as shown in
fig. 11.

Fig.11: BRDFs geometric structure on PSL parti-
cle, surface of Lubricant recording media of hard disk
drive

As the results of BRDF ;¢ simulation model com-
paring between incident and reflected angles at 1°,

45° and 89° under 10 and 100 micrometer, both inci-
dent and reflected angles at 89° contain the highest
BRDFpart value. We could conclude that the angle
for accurate and suitable measuring at 10 and 100
micrometer of particle size is 89° angle as shown in
fig. 12 and 13.
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Fig.12: Comparison between incident angle at (1°,
45°, 89° ) and reflective angle at (1°, 45°, 89°) on 10
micrometer of particle
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Fig.13: Comparison between incident angle at (1°,
45°, 89°) and reflective angle at (1°, 45°, 89°) on 100
micrometer of particle

From the incident and reflected angle at 89°, we
use it to compare the results of this paper to BRDF
simulation of Rayleigh and Mie scattering theory.

3.2 Yuzo MORIs Result compare with the
Results of BRDF,,¢ Simulation Model to
based on Rayleigh Scattering Theory

Comparison between Yuzo MORIs experimental
result and the results of BRDF ¢ simulation model
based on Rayleigh scattering theory are used to define
the number of angles measuring scattering intensity
at 360 points, incident and reflected angle at 89° un-
der the same as other conditions and variables, and
also is used to find the average scattering intensities.
The conclusion results of simulation correlated with
Yuzo MORIs real experiment. Because the increas-
ing ratio of light scattering intensity is associated to
the increasing particle size in ranged from 1 to 30
nm which the slope and linear with all five types are



288

shown in fig. 14. Thus, the results of this compar-
ison relates to the principle of BRDF .y simulation
model.
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Fig.14: Results of BRDF,qr+ stmulation model at
8% incident and reflective angle under conditions of
Yuzo MORIs experiment

According to above results, the number of particle
sizes has increased from 1-30 nm to 1-600 nm on sur-
face of Ag, Au, SiC, Al;O3 and SiO, types in order
to consider the correlation between sizes and average
of light scattering intensities as shown in fig. 15.
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Fig.15: Results of BRDFpqr: stmulation model at
1600 nm on Si wafer surface

Fig. 15 shows the relationship between the parti-
cle sizes continuously increasing in ranged from 100
to 600 nm and the intensity of scattered light linearly
increasing. Thus, we are able to apply BRDFpart
simulation model to define the average of light scat-
tering from 100 to 600 nm particle sizes on surfaces
of Ag, Au, SiC, Al;03 and SiO, types as shown in
fig. 16.

From the experiment, we measure three particle
types of TiOs, Al;O3 and SiOs. Si wafer is used in
the experiment instead of Lubricant recording media
of hard disk drive in order to observe the linearity of
scattering intensity.

Particle sizes in ranged from 100 to 600 nm and
type of particle: TiOs, AlO3 and SiOs relate to the
intensity of scattered light as shown in fig. 17. Ob-
viously, the intensity of scattering is directly changed
with the particle sizes in the pattern of linearity.
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Fig.16: Resulst of BRDFpart simulation model on
surfaces of Ag, Au, SiC, AlbOs and SiOs particle
ranged from 100 - 600 nm on Si wafer surface
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Fig.17: Results of BRDF,qr+ simulation model with
Ti05, Aly O3 and SiOy particle at 100600 nm on Lu-
bricant recording media of hard disk drive

3.3 David W. Hahns Result compare with
Results of BRDFy,,¢ Simulation Model
based on Mie Scattering Theory

In this case, it is similar to the results in section
3.2. The comparison between David W. Hahns ex-
perimental result and the results of BRDF ¢ simu-
lation model based on Mie scattering theory is used
to define the number of angles for measuring scatter-
ing intensity at 180 points. This results of simulation
correlates with the result of David W. Hahns experi-
ment. Consequently, the results of comparison relate
to the principle of BRDF 5+ simulation model theory
as shown in fig. 18.

3.4 Results of BRDF,¢+ Simulation Model
base on Rayleigh and Mie Scattering The-
ories

According to fig. 19 and 20, the results of Rayleigh
and Mie scattering theories are different. We can
combine these two scattering theories to consider the
correlation of sizes ranged from 1 - 100 nm and from
200 - 600 nm.

The first range of sizes of particle is 1-100 nm with
a < 1 value based on Rayleigh scattering theory as
shown in table 1. Firstly, the smallest particle size,
1 nm. , shown as the first inner-circle gives the low-
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Fig.18: BRDF,q,+ simulation model on particle at
1.7 pm (m =1.4-0i) with wavelength at 532 nm com-
parison with David W. Hahns
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Fig.19: Rayleigh and Mie scattering theories with
wavelength at 448 nm on SiOs particle sizing 1-600
nm on (n¥) surface

est intensity of scattered light. Secondly, the particle
size, 100 nm. , shown as the ninth circle gives the
highest intensity of scattered light. Finally, the other
particle sizes give the proportion of intensity of scat-
tered light. The second range of sizes of particle is
200-600 nm with « > 1 value based on Mie scatter-
ing theory. Similarly, the increasing of scattered light
intensity directly change according to the increasing
of particle sizes. The scattered light intensities of the
particle sizes ranged from 200-600 nm are higher than
of the particle sizes ranged from 1-100 nm.

Table 1 shows, the calculation of parameters of
« values according to the particle size of 1-600 nm
with X are 448 and 635 nm. For instance, o = (3.14)
(7x1079)/ (448 x 107?) = 0.049 (o < 1) shows that
scattering theory is based on Rayleigh. Similarly, «
= (3.14) (400 x 107)/ (635 x 1079) = 1.978 (a > 1)
shows that scattering theory is based on Mie. From
the calculations, we obtain the suitable patterns of

Rayleigh & Mie Scattering at . =635 nm
o

350" 10"

Fig.20: Rayleigh and Mie scattering theories at 635
nm wavelength on the particle type of SiOs, sizing
1-600 nm on (n®) surface

Table 1: « value presents the relation between D
particle sizing 1-600 nm and 448, 635 nm wavelengths

o = /A
Dimeter (D) | Parameter (a)
1om 0.007 0.0035
2nm 0.014 0.010
3nom 0.021 0.015 .
4om 0.028 0.020 E
S nm 0.035 0.025 £
Tom (oes<1) 0.0%9 0.035 s
10 nm 0.070 0.049 5
20 nm 0.150 0.099
30 om 0.210 0.148
100 nm 0.701 0.494
200 nm 1.402 1.000
300 nm 2.103 1.483 £
400 nm (oe>>1) 2.804 1.978 &
500 nm 3.504 2472 s
600 nm 4.205 2.967

scattered light intensities.

Clearly, fig. 21-22 and 23-24 show separately
for Rayleigh and Mie scattering theories with wave-
lengths at 448 nm and 635 nm.

Firstly, BRDF 4t simulation model is under con-
dition of @ < 1 in table 1 on particle size of 1-100 nm
at 448, 635 nm wavelengths as shown in fig. 21 and
22. The innermost circle: particle size of 1 nm at two
wavelengths gives the lowest light scattering inten-
sity and the outermost circle: particle size of 100 nm
at two wavelengths gives the highest light scattering
intensity respectively. Clearly, the results obtained
agree with Rayleigh scattering theory. Because the
pattern of these light scattering intensities are the
same pattern of Rayleigh scattering theory, i.e. there
are light scattering intensities all directions equally.

Secondly, BRDFpart simulation mode is under
condition of @ > 1 in table 1 on particle size of 200-
600 nm at 448, 635 nm wavelengths as shown in fig.
23 and 24. Similarly, both of the particle size of 200
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particle sizing of 200-600 nm on (n®) surface

and 600 nm, at two wavelengths, give the increasing
of scattered light intensity directly changed accord-
ing to the increasing of particle sizes and give the
same pattern of Mie scattering theory, i.e. the light
scattering intensities are the highest in the opposite
direction to the incident light. Clearly, the results
obtained agree with Mie scattering theory.

Finally, This BRDFpart simulation model is un-
der the same conditions and factors. For instance,
the incident and reflected angle are equal to 89° with

particle sizing of 200-600 nm on (n¥) surface

SiO4 particle at refractive index of 1.45 on Lubricant
recording media surface of hard disk drive at the same
refractive index of 1.5. Therefore, this leads to the
conclusion that BRDF ., simulation model can be
used to design and construct the system to measure
sizes and types of particle on Lubricant recording me-
dia surface base on Rayleigh or Mie scattering theory.
For this paper, the particle size is defined between
200-600 nm at parameter equal to a > 1 according
to Mie scattering theory.
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4. CONCLUSION

K .
e
_| Power W
*| supply

Fig.25: The measurement system for spherical par-
ticle on smooth surface based on the principle of Mie
scattering theory

According to the principle of scattering theory and
the results of BRDF simulation model of this work,
we can confirm the results of the BRDF compared be-
tween Yuzo MORIs Result and David W. Hahns Re-
sult are properly and appropriately. We can conclu-
sion that the BRDF simulation can be used in order
to measure for 200-600 nm, SiO2 particle on Lubri-
cant recording media surface base on Mie scattering
theory. Besides, the BRDF can measure other par-
ticles, other surfaces, base on Mie or Rayleigh scat-
tering theory. In the figure 25 shown, the design of
measurement system is implemented and tested base
on Mie scattering theory. The system consists of the
photo detector can be moved from 0o to 1800 angles
and detects the intensities of light scattering. More-
over, the suitable angle of incident and reflected light
is 89° angle and the samples are moveable and con-
trollable automatically. The signals of the system are
analyzed by using computer and software. Besides,
the system can be developed to measure other parti-
cle sizes and types in industry of hard disk drive.
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