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New Direct Methodology for Cleanliness Measurement in Hard disk drive Manufacture
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Abstract

This paper presents methodology for a new direct
cleanliness measurement in hard disk drive manufacture. The principle
of the methodology is light scattering to measure fine value cleanliness.
By obtaining the angle of receiving light scattered from particles or
contaminants, the intensity of scattering light is obtained by calculating
the difference between the intensity of light scattered from particles plus
the surface and the intensity of light scattered from particles only. The
results analyzed using computer program are used to obtain the number
and size of the particles.

Keywords: Light Scattering, Hard Disk Drive, Particle
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Optical Characterization of Particle on Surfaces of
Hard Disk Drive

IN. Rungcharoen and 2W. Pijitrojana
Department of Electrical Engineering,
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Klongluang, Pathumthani 12120
'narongpun@gmail.com, pwanchai@engr.tu.ac.th

Abstract- This work proposes a new direct method for
cleanliness measurement on surfaces of hard disk drive products
using light scattering technique. Light scattering technique is one
of the method to characterize the unknown particle and
contaminants. The simulation of light scattering system of particle
are done to obtain parameters, such as intensity of scattered light,
positions of detectors, and position of light source. These
parameters are used to design the whole system. The scattered
light intensities from the system are scattered from both particle
and surfaces of product. To extract the scattered light intensity of
particle from of surface of product, the angles of both particle and
surface are defined at first step. After obtaining the accurate light
scattering of particle, the computer program is used to analyze for
determining the sizes and number of particle on hard disk drive
surface.

Keywords; light scattering; hard disk drive; particle; light source;
intensity; detector; contamination

I. INTRODUCTION

Generally, the measurement of particle on hard disk drive
surface is classified into two methods [1]. 1) Direct method is
actually to measure cleanliness on the part of interest by
directly inspecting and analyzing the surface of the part such as
using Microscope. 2) Indirect method is used to extract the
particle of interest from the part and then inspecting the
particle for the subsequent processing such as Scanning
Electron Microscopy (SEM).

Mainly, the hard disk manufactories usually use the
indirect method because of obtaining higher efficient
measurement. However, the indirect method is not convenient
for high production manufacture due to complicated processing
and long time of measurement as well as non-reuse items after
extracting.

In the year of 1991, Yuzo MORI and team [2] found a
measurement for particle sizes and amount on raw Si wafers by
using a light-scattering method. Next, in the year of 2000,
Daniela Fontani and team [3] have studied a light-scattering
method and developed a system for measuring a flat surface
using light scattering techniques.

This paper presents the measurement of particle on
surfaces of components of hard disk drive by complying the
scattered light intensity upon a light-scattering method. In
order to obtain an accurate result, the value of scattered light
on particle and the value of light scattering on hard disk drive

surface were extracted by identifying the angles of both
particle and hard disk drive surface. This method supports to
decrease a cleanliness operation time and to maintain a
mechanical products for reusing.

Il. THEORETICAL REVIEW

A. Light scattering

The incident light generates three types of the
scattered light: reflected light, refracted light and diffracted
light [4]

The categories of light scattering can be divided by
the parameter value of particle sizes as following equation:

_ 277,'am0

A
a is the radius of particle.
m, is the refractive index of particle.

A is the wavelength of incident light.

(24

)

Thus, « >>1 (Based on Mie Scattering Theory)
a <<1 (Based on Rayliegh Scattering Theory)

B. The principle of scattered light of particle base on Mie
Scattering Theory

The scattered light of particle having a>> 1 is
calculated based on Mie Scattering Theory [5] which the
vertical polarization is occurred on the round particle.
According to above matter, the intensity of incident light and
scattered light can be written as:

Ly =1, 0 2

I, is the intensity of incident light.

7 is the length between particle and detector of
scattered light intensity.

O, is the vertical polarized scattering light.

Where scattered light intensity with horizontal polarization is
proportional to incident light intensity by equation:
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HH 0 o Y HH 3)
O, is the horizontal polarized scattering light.

Also, scattered light intensity of a particle without polarization
based on Mie Scattering Theory is defined as follows:

Iscar - 10 2 O-scat (4)

o is the average of o, and o,, which o , O, are

at

defined by equations:

c,=—-i , O, =—i (5)
'Y

Where i and i, are the intensity function of calculated from the
infinite series.
Thus, o is equal:

2

o, == +i,) (6)
87T

scat

Where and i, are given by formulas (7) and (8) respectively:

o0 + -

i = 2ntl [a”ﬂ'”(cosg)'i‘hﬂfﬂ (0050)] (7)
= n(n+1)
201 2

i :‘ - [a"T”(cosg)‘{'h”ﬂ'”(0089)] (8)
= n(n+1)

z .z are expressed in terms of the Legendre polynomials

functions.
a and b are the parameters defined from equation of parameter
values of particle size (a ).

C. Roughness light Scattering Theory
The incident light on roughness surface presents the
scattered light on surface [6] which the scattered light intensity

is equal 7, =(pp”) . If the value of s is obtained by nominal
roughness, it is given by:

N Taty

LTy g <<l (9)
2L

(po")=c"pi+
T is the correlation distance.

o is the value of roughness.

L is the length of surface.

g is the value of surface roughness level.

Each surface has different roughness which is defined by the
value of ¢:

¢=v o’ (10)
Where p, and . are given by:

P, =sinc(V, L) (11)

27T
v, :7(sin01 —sinez) (12)

6 is the incident angle.
6, is the reflected angle.

On the other hand, 7, represents the scattered light intensity on
extreme roughness surface as following formula;

<,0P*>:TF \/?c p( V"ZT ZJ by & >>1 (13)
.o wlo

And V, is obtained from:

27T
v, :7(00591 +cos92) (14)

I1l. DESIGN OF EXPERIMENT

1. The measurement of scattered light of particle on a flat
surface

To measure particle size and amount by light
scattering, the value of s _ is defined by 635 nanometer of

wavelength light, types of particle are 41,0, ,si0, andrio,, the

273

rang of size of particle is 0.2 - 0.6 um and the refractive indices

values of particle are 1.76, 1.45, 2.75 respectively. The
refractive index of material (Al 6061-T6) of mechanical
product surface is 1.525.

AN

“ﬁ&”b’\h

Fig. 1 Light scattering on particle.

Refer to Fig. 1, based on Mie Scattering Theory
(a>> 1), the incident light s is reflected at the scattered

angle which is equal @ and ¢ , as shown in equation (1).



The result of correlation between ;_ and scattered
angle of example flat surface containing sio, particle with the
size of 0.2 un is found that the highest intensity of scattered
light is 0.84772. Under scattered light of 3-dimensional semi-
spherical surface, the angle of scattered light is 60° (at point A)
with maximum intensity as shown in Fig. 2. Similarly,

scattered light intensity and angle of other types and sizes of
particle are shown in Fig.3.

thetas

Fig. 2 The relation between s, scattered light of particle on

flat surface, and the highest intensity of scattered light at point
A

The maximun intensity of pariticle each type.

4
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Particle size (0.2 - 0.6um)

Fig.3 The maximum intensity of scattered light of
particle 47,0, , SiO, and TiO, with sizes of 0.2-0.6 Lim .

273"

2. The measurement of scattered light of roughness surface

To measure light scattering of roughness surface, fig.
4 shows the diagram of incident light angle and scattered light,
the wavelength of light incident is 635 nm and the value of
roughness is 0.5.

Fig 4. Light scattering on roughness surface.

According to Fig. 5, the incident light is reflected at
the scattered angle which is 6, by equations (9) and (13).

These formulas are related to the value of roughness g by
equation (10).

According to the relation between the value of 7 and
scattered angle on roughness surface with 0.5 u=, it is found

that the maximum scattered light intensity is 0.00473. Under
the scattered light of 3-dimensional semi-spherical surface, the

scattered angle is 48" (at point A) with maximum intensity as
shown in fig. 6.

Fig. 5 The relation between the value of 7 and scattered angle
on roughness surface, and highest intensity at point A.

3. The measurement of scattered light of particle on roughness
surface

This section combines the method of part 1 and 2 to
measure the scattered light intensity of particle on roughness
surface as following diagram (fig.6).

\

Fig. 6 Scattered light of particle on roughness surface

From Fig. 6, the scattered light intensity of particle on
roughness surface is presented by 7 and the scattered light of

roughness surface is presented by r . To design system of

particle measurement, there are three steps. First step,
scattered light intensity of particle on roughness surface is
obtained. Then, the scattered light intensity of roughness
surface is extracted from the value of:_as shown in Fig 7.
Then, the scattered light intensity, 7, is collected and analyzed

to obtain the value of cleanliness of surface of products.

scat scat

Fig. 7 Three steps of particle measurement system.



From the calculations, simulations, and the above
results, the cleanliness measurement system was designed as
shown in fig.8. The system composes of a laser with
wavelength of 635 nm, 17 light detectors, and collimator
system. The light detectors are divided into 2 sections. Section
1 of detectors is used to detect 9 points of the scattered light
intensity of surface s at different angles ranging fromo’w9o".

Section 2 of detectors is used to detect 8 points of the scattered
light intensity of particle and surface : at different angle

ranging fromo’w° . The position of section 2 of detectors is
located perpendicularly to the position of section 1 of detector
as shown in fig 8. The signals from the detectors are amplified
and converted to digital signals, then these signals are passed
to the above process (as shown fig.7) using computer software.

||

Data Acguisition broad |

Fig. 9 The equipment setup.

IV. Conclusions

This work presents the method of a direct
cleanliness measurement on surfaces of hard disk drive. The
scattered light intensities, both, of particle and surfaces of hard
disk drive are measured and then analyzed by using computer
program. The sizes and number of particle in surfaces of hrad
disk drive are obtained.

The system has been implemented using light
source, 635 nm wavelength diode 17 light detectors- 9
detectors for scattered light intensities of surfaces and 8
detectors for scattered light intensities of particle.

The advantages of the method are not only a direct
method but also the product can be recleaned and the yield is
improved.
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Abstract

This paper proposes a methodology for cleanliness
measurement using Bidirectional Reflectance Distribution Function
(BRDF) [1]in 3 cases: BRDF on surface of recording media of
lubricant (nzo) [2], BRDFlopo on roughness surface with roughness
average [3] (Ra) 0.1, 0.2, 0.5, 0.6, 0.8 and 1 pm, and BRDF_ for size
measurement of Polystyrene latex (PSL) [4] particle, which has
spherical shape, on smooth surface. By the results of experiment in 3
cases are incident and reflection of light that perfect angles at 890, 85 and
89 respectively. The simulations of the model are obtained by software
called Modeled Integrated Scattering Tool (MIST). [5] The results of
the simulations lead to new design systems of cleanliness measurement

effectively.

Keywords: BRDF, PSL, MIST, Ra, Particle
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Abstract

This paper proposes a comparison of the results from
experiments, which is average integrated intensity of Rayleigh
scattered light [1], to model of Bidirectional Reflectance
Distribution Function (BRDF) [2]. The software called Modeled
Integrated Scattering Tool (MIST) [3] is used to model BRDF,,
on smooth surface mode. First, the linearity of average

integrated intensity of scattered light is compared to size of

particle, ranges from 100 to 600 nm with types of Ag, Au, SiC,
AlLO

,0,, and SiO, on Si wafer surface [4]. The results are both

linearities. From the results, sizes of particle ranged from 100 to
600 nm with types of TiO,, Al,Q,, and SiO, on lubricant (n”’,) [5]
recording media surface are obtained. The wavelength of the
light source in this research is 448 nm. In conclusion, the
average integrated intensity of scattered light can be used to
design systematically to find sizes of particle with types on

recording media surface in hard disk drive industries precisely.
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Abstract-This work aims to obtain the well-implemented x 1078 T T ,r‘//
measuring system to characterize particle of sizes ranged from £ . %5 Lasec Pl Py
. . 2 =) A=4A8 T o y
200-600 nm., type of SiO; [1], on surface of Lubricant (n; ) o 10-10[— Spot des.8um e
recording media [2], at 635 nm of wavelength of incident light. = r 4 ;5‘:;’ - .
The system has an incident and reflective angles at 89 which is E 10-12 £ :' ;/
based on the principle of Mie scattering theory [3]. Moreover, the = L ¥ <7 4
intensities of scattered light from simulations based on BRDF,,,, A R d
[4] are compared to the results of experiments from David E 1 P 7’
W.Hahn [5]. For the conclusion, the system based on our design 2 [ /f’; 5 e
will be implemented to measure the particle sizes and types :_" 10-16 ://,: .—-—S;igu,‘
accurately and efficiently. 8 4 2
Keywords:  Light scattering theory, BRDF,,, Particle i L1 |
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characterization, Rayleigh scattering, Mie scattering
Diameter of particle Dp nm

I. INTRODUCTION Fig. 1 The experimental results of Yuzo MORI [6]

CCD Camera i

Nowadays hard disk drive technology has been developed op | SBCmem i
to have smaller size, and it seems that particle and Came| | i i
contaminations are bigger compared to the size of hard disk head [T Micosoope
drive. These particle and contaminations cause damages of the sy i e e
inner items of hard disk drive during production process. As Afflmer |
this reason, researchers are interested in studying and finding q Bean
methods to characterize particle and contaminations. One of Expander
the methods is to use light scattering technology to analyze | Foausing
sizes and types of particle and contaminations of nanometer lens
(nm) class. — el 8i watir

The group of Yuzo MORI [6,7] have studied measuring reflector r%xm 4-Axis
system to measure sizes ranged from 1-30 nm of particle on PMT | S
Silicon (Si) wafer surface with refractive index 1.5, and types 'JM'_—
of Ag, Au, SiC, ALLO; and SiO, with refractive indices 0.23, ' :

Signal Control Unit_ |-—————

1.46, 2.46, 1.76 and 1.45 respectively [1]. The wavelength of .

the incident light is 448 nm. The results based on Rayleigh m“m;fﬁ?;ﬂﬁtgzgs ON THE
Scattering Theory [8] are the average intensities of scattering Si WAFER SURFACE

light for five types of particle. The results and diagram of the

measurement system are shown in Figure 1 and Figure 2. Fig. 2 The measurement system of Yuzo MORI [7]



The other group of David W. Hahn [5] have researched on
scattering light based on Mie Scattering Theory [3]. The
experiment is setup using a light source of wavelength 532 nm
to characterize spherical particle of size 1.7 micrometer (um)
with refractive index 1.4. The scattered angles vary from 0 -
180 vertically in an area and the incident angle, 0;, is 90. The
results are shown in Figure 3.

o

m=1.4-0i
A=532 nm

il

L
100 120 140 160 180

Diff. Scattering Cross Section (om® sr™)

-

0 20 40 80 80
Scattering Angle (deg)

Fig. 3 David W. Hahn, the result of scattering for the particle
size of 1.7 um based on Mie scattering theory [5].

In this paper, we use the principle of Bidirectional
Reflectance Distribution Function (BRDF) to model and
design the system using MIST program [11]. In order to study
the characteristics of scattered light from particle on surfaces,
the BRDF,,,; simulation based on Rayleigh and Mie Scattering
theory are specified. Then, the results of the simulations are
compared to the experimental results of Yuzo MORI [6] using
Rayleigh scattering theory and David W. Hahn [5] using Mie
scattering theory. It is confirmed that the model and designing
of the system are well-defined and lead to implementation of
the real measurement system for both size and type of particle,
size ranged from 200-600 nm and type of SiO,, on surface of

Lubricant (n;) ) recording media of hard disk drive [2].

II. PRINCIPLES AND THEORIES

A. Scattering principle

The Light scattering is the alteration of the direction and
intensity of a light beam that strikes an object, the alteration
being due to the combined effects of reflection, refraction, and
diffraction [3] as shown in Figure 4.

Diffraction

Reflection
i

incident light beams

Fig. 4 Phenomenon of scattering particle [3]

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

a="P
) (D

D is the diameter of particle

A is the wavelength of incident light
a<<] [Based on Rayleigh Scattering Theory]
o>>1 [Based on Mie Scattering Theory]

Where

B. Rayleigh Scattering Theory

Rayleigh Scattering

A

— Direction of incident light

Fig. 5 Rayleigh scattering [9]

According to Figure 5, the incident light on small particle
means o<< 1 value, which the phenomenon of scattered light
equaling the scattering intensity occurs all around. It is called
Rayleigh scattering theory as following formula [2].

2
(1+cos’ ) (27 DY\ n?-1
lpay =lo————|— | | = > 2)
2R A 2 n°+2
I, is incident light intensity
0 is the scattering angle

R is distance of scattered
n is refractive index of particle

C. Mie Scattering Theory

Mie Scattering

——— Direction of incident light

Fig. 6 Mie scattering theory [9]

Refer to Figure 6, the incident light on particle means o>>1
value, which the phenomenon of scattered light have high
scattering intensity in the inverse direction of incident light. It
is called Mie scattering theory as following formula [3].



4 6
Invie = 1o %(27”} (%) (iJ_ +i||) 3)

Where i}, i are the intensity function of calculated from the

infinite series.

D. Principle of Bidirectional Reflection Distribution Function
(BRDF)

BRDF is property of the incident light on material occur
optical interaction three characterization; Reflected light,
Transmitted light, and Absorped light which is called Energy
conservation [10], shown in Figure 7.

Reflected Light Incident light
Transmitted Ahsarption

Fig. 7 BRDEF’s 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 per formula (4).
Output Signal L,

Input Signal  E;

BRDF = 4)

L, is quantity of light reflected in direction o,
E; is quantity of light arriving in direction o;
®; is incoming light direction

o, is outgoing reflected direction

Due to formula [4], it is considered by the incident light
angle and reflected light angle as following formula [5].

dby @uh0d)
dg;  (4.4)

0; is the zenith angle of incident light

¢; is the azimuthal angle of incident light

0, 1is the zenith angle of reflected light

¢, is the azimuthal angle of reflected light

BRDF(6,,4.,6,,4,) =

Occurring of the incident light angle and the reflected light
angle under BRDF principle is described as geometric
structure as Figure 8.

Fig. 8 Geometric structure on BRDF surface

Refer to above BRDF principle, BRDF,,; mode on MIST
program shall be analyzed particle on surface as following [9].

) 2
Gij € 2 (6)
A 1 Ngph +2

1
—x

cosf cosf, A

BRDFpart =

N/A is density of scatters within the illuminated area
F is structure factor that depends upon the correlation
between different scattering centers.
ngpn is refractive index of particle

€ is a unit vector parallel to the incident electric field.
qijis Jones scattering matrix value

III. COMPARISON OF THE RESULTS OF BRDF,;,zxr SIMULATION
TO THE RESULTS OF YUZO MORI’S GROUP BASED ON
RAYLEIGH SCATTERING THEORY

Comparing the results of Yuzo MORI’s experiment based
on Rayleigh scattering theory to the results obtained from
BRDF,,: simulation defined by using the average sum of
intensities of scattered light from 360 points and the same
conditions of the incident and reflected angle at 89'[12] are
well matched. Both results are linearly increasing with sizes of
particle increasing as shown in Figure 9. This confirms our
model and system design based on BRDF principle.

Total intensity of scattering light & diameter of particle
1E07

1E-08
1808
1E10 Rt e
1611 ) /
1812 e

. -1 g

1E-13
——| Au

1614 P B

Total intensity of scattering light {BRDF)

1845 b Al203

Si02
1E-16

1nm 2nm 3nm 4nm Snm 7nm 10nm 20nm 30nm

Diameter of particle (nm)

Fig. 9 The results of BRDF,, simulation at 89 incident and
reflected angle under conditions of Yuzo MORI’s experiment.



IV. COMPARISON OF THE RESULTS OF BRDF,,zr SIMULATION
TO THE RESULTS OF DAVID W. HAHN’S GROUP BASED ON MIE
SCATTERING THEORY

To confirm our model and system design definitely, we
compare the results of David W. Hahn’s experiment based on
Mie scattering theory to the results of BRDF,, simulation
defined by using the intensities of scattered light at the
incident and reflected angle of 89and under the same
conditions. The results are also well matched as shown in
Figure 10. Therefore, we are able to conclude that our model
and system design are well-defined.

“u“"‘

tion (B RDF)

Scatlering Cros

Wi
s
=

Scatiering Angle (deg)

Fig. 10 BRDF,, simulation for the particle size of 1.7 pm
(m =1.4-01) with wavelength at 532 nm.

V. THE RESULTS OF BRDF,,xr SIMULATIONS BASED ON
RAYLEIGH AND MIE SCATTERING THEORIES.

Rayleigh & Mie Scatteringat = 635nm
o

1nm

2nm

3nm

4nm

5nm

7nm

10nm

20nm

30nm

——100nm
——200nm
300nm
400nm
500 nm

600 nm

Fig. 11 Rayleigh and Mie scattering at 635 nm wavelength for the particle
type of SiO,, sizing ranged from1- 600 nm on ( n]2)O ) surface.

In order to understand the relationship between the results
based on Rayleigh scattering and the results based on Mie
scattering, we simulate and compare the results based on both
Rayleigh and Mie scattering as shown in Figure 11. From
Figure 11, it is shown that the patterns of Rayleigh and Mie
scattering can be classified as shown in Table 1. The
wavelength of the light source is 635 nm. The first group of
particle with sizes ranged from 1-100 nm gives a<<l and
Rayleigh scattering is obtained. Figure 11 shows concentric
circles, the smallest circle means the size of particle is 1 nm
and has lowest intensity of scattered light. The light intensities
are increasing according to the sizes of particle are also
increasing. The biggest circle is for the particle with size of
100 nm. The second group of particle with sizes ranged from
200-600 nm gives o>>1and this means that Mie scattering is
obtained. The patterns of Mie scattering are shown as
directional closed loops and increasing due to the sizes of
particle are increasing; it means that the intensities of scattered
light are also increasing.

Table 1: o value and the relationship between D particles
sizing ranged from 1-600 nm at 635 nm wavelength.

a = nD/A
Diameter (D) | Parameter (o]
1 nm 0.005
2 nm 0.010
3 nm 0.015 ;
4 nm 0.020 E
3nm 0.025 =
7nm {(l.<<1) 0.035 E
10 nm 0.049 E
20 nm 0.100
30 nm 0.150
100 nm 0.494
200 nm 1.000
300 nm 1.484 g
400 nm (o>>1) 1.978 @
500 nm 2,473 b=
600 nm 2.968

Figure 12 and 13 show the patterns of intensities of
scattered light based on Rayleigh and Mie scattering
respectively. The patterns of Rayleigh scattering are circles, it
means that the particle with sizes ranged from 1-100 nm
scatter the same light intensities in every direction. It opposes
to Mie scattering, instead of circles, the patterns of Mie
scattering are directional closed loops with maximum light
intensity pointing to one direction. Both models are under the
same conditions, as with the incident and reflected angles of

89, Si0, particle with refractive index 1.45, and Lubricant (. )
recording media surface with refractive index 1.5.



Ray leigh Scatteringat 2= 635 nm
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Fig. 12 Rayleigh scattering at 635 nm wavelength for SiO, particle
Sizing ranged from 1-100 nm on (n} ) surface.

VI. DESIGN THE MEASUREMENT SYSTEM
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Fig. 14 The measurement system design based on Mie
scattering.

From the results above, it leads to design the measurement
system as shown in Figure 14. According to our main purpose
to characterize the SiO, particle with sizes ranged from 200-
600 nm, we design the system based on Mie scattering and
obtain all the parameters for system design. The photo
detector only moves from 0 - 180 to measure the intensities of
scattered light. The angle of incident and reflected light is 89.
The samples can be moved and controlled automatically. The
interpretation of signals from the system can be done by using
computer and software.

Mie scattering theories at A = 635 nm

Mie Scatteringat A= 635 nm

3

——200nm
300 nm
400nm
500 nm
600 nm

180°

Fig. 13 Mie scattering at 635 nm for SiO; particle, sizing ranged
from 200-600 nm on ( nj, ) surface.
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