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Ultrasonic Alignment of Nematic Liquid Crystals (III)
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ABSTRACT

The report presents an investigation on acoustic
guided wave propagation in a glass substrate coated with
the poly-vinyl-alcohol (PVA) layer. The PVA layer is
modeled as a hypothetical isotropic solid with viscosity.
Dispersion and attenuation curves, mode shape, surface
trajectory of plate, and pressure difference in fluid layer are
numerically simulated. With increasing frequency, the
concentrations of displacement, stress, and energy flow
occurs near the top surface of plate for Ag mode and the
bottom surface for Sy mode, respectively. The gradient of
pressure different and its uniform distribution are directly
related with the shape and amplitude of surface trajectory
of plate. However, the pressure difference with variations
in thickness and viscosity of PVA layer plays an important
role on realignment of PVA molecules. After curing
process the well-ordered alignment layer will have
significant influence on the molecular alignment of liquid
crystals.

Keywords: Lamb waves, viscous fluid loading, dispersion,
attenuation, alignment layer.
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Lamé modes (points a to g) Special modes (points o, p, q)
Mode type Ay A A, As A, [As] A;
Frequency (MHz) - 4.370 8.805 13.389 5.230 6.401 9.067
Wavenumber (mm™") - 1.002 2.034 3.134 0.792 0.562 1.544
Velocity (mm/ps) - 4361 4.329 4.272 6.604 11.389 5.872
|u3|/max(u,) at X3 =0 - 66.421 55.707 96.893 0.0061 63.483 0.0140
Mode type So S S, Ss [S2] Ss [Ss]
Frequency (MHz) 2.183 6.575 11.071 15.752 5.233 6.413 9.072
Wavenumber (mm™") 0.500 1.512 2.572 3.716 0.792 0.562 1.544
Velocity (mm/us) 4.366 4.348 4.304 4.239 6.608 11.412 5.876
|us|/max(u;) at X3=0 263.654  55.909 64.027 131.850  54.494 0.0046 22.759
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Clockwise (cw) trajectory of the particle at X3 =0

Mode type So A Sy A, S, A; Ss
Frequency (MHz) <2.183 <4388 <6.610 <8858 <11.128 <13438 <15.797
Wavenumber (mm™)  <0.500 <1.010 <1528 <2058 <2598 <3.156 <3.736
Velocity (mm/us) >4366 >4344 >4326 24304 >4283 >4258 >4.228

Counterclockwise (ccw) trajectory of the particle at X; = H

Mode type So A, S A, S, As Ss
Frequency (MHz) <2.179 <4357 <£6.535 <8713 <10.891 <13.064 <15.241
Wavenumber (mm™) <0498 <0996 <1494 <1992 <2490 <2986 <3.484
Velocity (mm/us) >4.375 >4375 24374 >4374 >4374 >4375 >4375




Attenuation log,,(Np/mm)

Frequency (MHz)

PR IR B AR AR o

Bl 4

Frequency (MHz)

A 38 S R R AR e

5
4 -
Fluid film L
h / 2
¢ ' ) =T
> 3 |
[0) g
X, 5,1
z
H g
1 -
Y \ L
 / Plate 0=
0
X,
M1 M) 2 THEeESes LW -
0.005
0.004
e g
£ £ 0.003
= Z
£ z
3 E 0002
£ <
2r 0.001
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
0 2 4 6 8 10 12 14 16
Frequency (MHz)
Bl 3 Api# B4 5 ALY AR o
T
001 [ 0.01
o \
F |
0.001 [ 0.001
E g E
N U\ N R W S A S S £ o
[ 5 C
Z
0.0001 | = 0.0001
E &
- E -
1E-005 E d S 1E-005 E
F o
b <
1E-006 1E-006
1E-007 L1 1E-007
0 2 4 6 8 10 12 14 16
Frequency (MHz)
Bl 5 A Bom 300 58 e R R H B Ao W6

1 2 3 4 5

Wavenumber (1/mm)

RIS T s



Amplitude of max(Ap) (GPa)

100

)

1

Ratio of |u,]/max(u

0.1

0.01

#
|ues)/max(u,) ¥ <R >

Ratio of [u;/max(u,)

E o rd
£ & &
- a2
I 4 /J "\Q d
L] 3 v
i LI P v f
F ] ! 7
84 L\' ' f
I 1 1
I ! U
| |
P T R S S SR S SR S
0 2 4 6 8 10 12 14 16
Frequency (MHz)
7 TR R A X, =0 R

FELTO ) A R o

Frequency (MHz)

B9 T FERRN X, = H iSRG E
|y /max(u,) ¥ 8B > FELTO ) A pEE o

0.1

0.01

0.001

0.0001
1E-005-""nl-|-|.|...
0 2 4 6 8 10 12 14 16
Frequency (MHz)
Bl 11 d Ak & X, =04 £ Ap ¥ -

Amplitude of max(u,) (mm)

Amplitude of max(ux,) (mm)

Amplitude of max(Ap) (GPa)

1
0.1
0.01 3
0.001
0.0001 3
1E-005 L
0 2 4 6 8 10 12 14 16
Frequency (MHz)
B8 TF FERRU B X, =0 hindu Bt R IF
}H—&E] ’ ?‘3 %B;u rOJ fJ« % )llﬁ‘ﬂé&é—’— °
1
0.1
0.01 3
0.001
0.0001 3
1E-005
0 2 4 6 8 10 12 14 16
Frequency (MHz)
W10 T4 FRbpUm b X, = H chiofh u, bt 3R 15
HHH o #5TO ) ML upEe o
1E
0.1 E
0.01

0.001
0.0001
1E-005 L L—
2 4 6 8 10 12 14 16
Frequency (MHz)
Bl 12 R¥AE X, =—hd/B4 L Ap H8R -



2009 Ty ~ LR B E AT ou TR

N MLERE AT I Ty
34 S5 1 NSC 98-2221-E-009-007
HiFHL:98#82 1p1r99&£9? 30P

o

Sl R RE A B RRIES AL

- S EHBE

2009 & I = AR e R E AT 3T € (2009 Asia-pacific Conference on Non-Destructive
Testing) p » 2LpL3% 4 B+ € (The Japanese Society for Non-Destructive Inspection) =3 #% o
APCNDT 4] ig 4 ¢ F 33 # % ehfp e o K@KW£@@ﬁw@£§g’4&11ﬁir$
PRZEBIF AR RS AT ¢ B AT - BT o AER ERAD AR REE R
zZ e ERY SHEFT gRIFP 2009 F 117 08p 1 13 p > K3~ X o

fikih® 2R AR

LR 3 Bl e #05  * &7 3 (Fundamental and applied research)
LR R PR A 3R 2R 22 B (Equipment design and development)
LRI R B 2R Fé/@’# (Inspection and testing application)

LR e R R4 & 3 P (Codes and standards)

LR R PIR T PTRE F R 2 (Training, education, qualification and certification)
M B2 HH i-—(MaterlaIs characterization)

}_ F* % ¥ 4. & (Safety and reliability)

> %7 (Security)

i e %5 K J& * (Bio-medical applications)
H 1 (Others)

© ©o N o gk~ wbdE

[EEN
o

>

BT RA LGOI OBAMER R/ e RERFIF AR S ERFRT 2 A D

ERELEF TR LGN FFERETFHNL00 4 > & R i & 2 4m
m#%ﬁﬁnﬁﬁﬁﬁm”TM%&’"iﬁgﬁ NE BRI G ERYEG B
Hig e o F e enALE A R SR OB R 0 Bk AR SRR A 0 AR
mT AR RER DR THIRE LT

o
=3

Fa Mt g Reamh e AU r AR S VR A 0 B AT RET
432117 13 p % + 9:50 1 10:15 e GS9-2 H-= » = 1 ¥ 4 5 p # Tohoku University &
Prof. ShienRi - A G &~ 4%

Ching-Chung Yin and Tzu-Kuei Wen, “Application of ESPI to detect detection in solar cell
substrates,” The 13th Asia-Pacific Conferences on Non-Destructive Testing, Yokohama,
Japan., 8-13 November, 2009.



AW AR IH R P AF LW EaY > FE AL AR L RE gyl &
RS AE R AR BN S e R E S T SR REMS B #;ﬁﬁﬁ
B FREF IBFETAEFREERY o AT R Ik HFITL AR
AP AR ES LR R o P A X 2 g}z A bR g g WE
FRAFGTMAL B alde A2 2 RF PR, - %R ZHT THELETR R
HE AR  RETE AP P A D ATk ?”(Ewawﬁﬂk R ek pr
T B ERERPGHTRILS T ke A g gt > ARt 4G o
EHAN R o

AR anE P d Sz Stk T iER > 5d B uRIE g #Eﬁé'b‘#%
Flenfe s REEIER  ERGY SN ER Y L ERERAPAFG MR p B E
- g ehiz- BEE S IR E

2009 APCNDT ## % ¢ R 4 o g 4 B y+#c 5% Short Courses » 4 # 7% % &) b » 2k
13 ﬁ.ﬁ./} B 4o

1. Current status and future strategy of national energy R&D program and overview of related
NDE research in Korea

Harmonization of NDT practice: Experience of the third world country

Ultrasound Contrast Agents: Theory and Experiment

Research and development in NDE and component health monitoring

Safety assessment of nuclear power plant in the case of earthquake

o > N

F 304 SRR AT P AL A e R o BRI A
?Wﬁém?#‘”"xas v R WE R ETE T -%‘fé{i\‘%ﬁﬂjjéﬁﬁ‘ﬁ”’if’?‘ﬁi@ﬁ
IR AR T LRI R~ T S 2 N K 0§ RN B A R
% B

St

2009APCNDT”ﬁ g 4 %5‘% B AR Y BECRRZEY o7 Y b :",;n‘_%ﬁ:t’g% P8
el ‘a¢lﬁéﬁ m’a‘i’;\ %% o ¥ ¢b > d kit Short Courses ¥ 5 1 ”éﬁ{ii%
g R A W= g A= A Az 5 A = if(Imaging) = & - B &£ & e B

APCNDT —~ mm%#«‘* BB A oF o APCNDT cigh 2 B FA D0 0 Righ g/ K
po#am s 80 HIRPMPMATEFT &3 KERE -

2T TRLERRE
EAEEEEE E S



Application of ESPI to Defect Detection in Solar Cell Substrates

Ching-Chung Yin*, Tzu-Kuei Wen
Department of Mechanical Engineering, National Chiao Tung University
Hsinchu, Taiwan, R.O.C.

Key Words: Electric speckle pattern interferometry, Solar cell, Micro-defect

1. Introduction

Micro-defects are frequently induced in crystalline
silicon (c-Si) solar cell substrates during fabrication.
Optical inspection for micro-cracks in brittle c-Si solar
cell is extremely time-consuming because those cracks
appear with very thin widths and the crack surfaces are
mostly inclined to the middle planes of the substrates.
They could cause catastrophic destruction in the solar
cells during module manufacturing process or even in the
period of service. This paper presents a full field
nondestructive inspection for rapid defect detection in
¢-Si photovoltaic cells using electronic speckle pattern
interferometry (ESPI).

2. Method

The ESPI measurement provides the whole-field
displacement distribution for crack detection in the cells.
The speckle patterns were recorded at a wavelength of
532 nm using a DPSS laser. The c-Si solar cells were
uniformly heated in experiments. The thermally induced
displacement discontinue across the crack surface. The
discontinuity of interference fringes distinguishes the
appearance of micro-defect.

In experiment, the laser beam passing through
spatial filter and beam splitter was used to illuminate the
specimen. Speckle patterns would be produced as the
light was scattered by the rough surface of the object.
Interference fringes enhanced by speckle patterns could
be determined by subtraction of two pictures digitally
captured by a CCD camera at distinct temperatures
through the image processing technique based on Fourier
optics. The interference fringes produced by the specimen
without defects exhibit a number of ellipses with regular
patterns of bright and dark fringes which are concentric
with a point. Those points located on each fringe possess
the same magnitude of displacement. If the specimen has
defects, the interference fringes reveal discontinuous
tangential slopes or locally concentric ellipses in the
contiguous area around the defects or damages.

3. Results and Discussion

Fig.1 shows the out-of-plane ESPI image of a
undamaged solar cell. A number of displacement fringes
reveal that initial out-of-plane bending deformation
appears in the cell because both tin-strips and c-Si
substrate have different coefficients of thermal expansion.
Every point in the same fringe has the same out-of-plane

* E-mail: ccyin@mail.nctu.edu.tw

displacements in this specimen. The cracks in solar cells
were artificially made by pressing the central area or the
edge with a small pyramid-shaped diamond indenter. Fig.
2 shows the interference fringes regarding out-of-plane
deformation for a cell with an edge defect. The tangential
slopes of displacement fringes are discontinuous across
the edge crack which appears inside the dashed-line
circle.

Fig.1 Out-of-plane ESPI image of a undamaged
solar cell.

Fig.2 Out-of-plane ESPI image of a solar cell with an
edge defect appearing inside the circle.

4, Conclusion

A promising full filed nondestructive inspection
based on ESPI was developed. Experimental results and
numerical prediction for micro-defects of different sizes
have excellent agreement. The application of large
temperature gradient to c-Si solar cell will induce defect
propagating and should be prevented in ESPI inspection.
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Crack detection in photovoltaic cells using electronic speckle pattern
interferometry

Tzu-Kuei Wen, Ching-Chung Yin
Department of Mechanical Engineering, National Chiao Tung University
Hsinchu, Taiwan, R.O.C.

ABSTRACT

This paper presents a full field nondestructive testing method to inspect the micro-defects embedded in photovoltaic (PV)
cells by using electronic speckle pattern interferometry. The edge-clamped solar cells were heated to induce thermal
deflection. Interference fringe enhanced by speckle patterns correlated to thermal deformation were determined by
subtraction of two pictures recorded at different temperatures and image processing technique based on Fourier optics.
The interference fringes produced at the defect free specimen exhibit a number of polygons with regular patterns of
bright and dark fringes which are concentric with the center of the specimen. The thermal deformation will be
redistributed due to appearance of the defects. The heating-induced interference fringes become quite different from
those of the undamaged one. Tangential discontinuities of interference fringes or locally concentric polygon patterns
occur in the contiguous area around the micro-defects or damages. The application of large temperature gradient to
silicon substrates will induce crack propagation and should be prevented in ESPI inspection.

Keyword: silicon-based photovoltaic cell, electronic speckle pattern interferometry, micro-defect, thermal deformation

1. INTRODUCTION

Micro-defects are frequently generated in silicon-based solar cell substrates during fabrication. Optical inspection for
very thin cracks is extremely time-consuming. These defects usually result in catastrophic damages when the brittle
silicon substrates are manufactured in module process. They also cause the solar cells breaking down in service.
Micro-defects detection is an important issue in quality control of silicon substrates or solar cells. Manufacturers can
raise quality and avoid wasting cost if those damages could be detected in silicon/solar cells before being packaged.
Recently, there are a number of experimental techniques and approaches used for defect detection in silicon substrates
and solar cells for fast growing PV industry. These include photoacoustic methods [1-3], optical image process captured
from the silicon/solar cells by CCD (charge-coupled device) camera [4], resonance ultrasonic vibration (RUV) method
by applying ultrasonic vibrations of tunable frequency and adjustable amplitude to specimens [5-6], photoluminescence
(PL), and electroluminescence (EL) methods [7-8]. Each method has individual advantages such as detection for the size,
location of defects, etc. However, there is no inspection method which can examine for micro-defects in the whole cell
not only rapidly but precisely for PV industry up to the present.

In this paper, we present a rapid inspection method using electronic speckle pattern interferometry (ESPI) to detect both
the size and location of micro-defects in solar cells. ESPI is widely known and used for full field, non-destructive
inspection and deformation measurements. Speckle patterns would be induced while the light was scattered by the rough
surface of the object. ESPI is based on the slight changes in the scattered speckles determined by electronically
subtracting the speckle patterns before deformation from those captured after deformation happened in the object [9].
ESPI has been applied to measure heating-induced deflection of the specimen [10-12]. The displacement discontinuity
might occur on opposite sides of a crack under strains. The discontinuity results that speckle fringes have distinct
tangential slopes across the crack interface. The speckle fringes regarding heating-induced deformation in the solar cells
with defects will have different patterns rather than those free of damages. Evidence from the discontinuous tangential
slopes of speckle fringes significantly raises the probability of micro-defect detection in solar cells. The variation of
speckle fringes can be used to determine the size and location of micro-defects.



2. OUT-OF-PLANE ESPI
The schematic view of out-of-plane ESPI setup is shown in Figure 1. This optical measurement system is the same as
Michelson interferometer. The laser beam passing through spatial filter and beam splitter was used to illuminate the

specimen and the reference plane. The reflected beams from the specimen and reference plane come across the beam
splitter again and captured by CCD camera. The signal from CCD camera was then recorded by a personal computer.

o] “‘”
Laserjd

Spatial filter

HEAT SOURCE

Camera

Reference plane

Figure 1. Out-of-plane displacement measurement by ESPI

The intensity distribution at any point of the undeformed object can be expressed as
I, =u2 +u? +2u,u, cos(d, — ;) (1)

where U,,U,,¢,,d, arethe randomly varying amplitude and phase at a point on the object and reference plane. If a

deformation is produced at the object by mechanical load or thermal stress, the intensity distribution of light reflected
from the deformed object is given by

I, =u2 +u? +2u,u, cos(¢, — b, +9) )

where J is the phase change introduced due to the deformation of object. These two intensity distributions are recorded
in CCD camera and digitized in computer that converted to amplitude transmittance upon processing.

Itotal = I2 - I1

=2, U, [cos(d, — ¢r +8)—cos(d, — ¢ )] 3)

19 )
=4u, U, sin| ¢, — ¢, +— |sin| —
sm(d) ¢ stm[zj

Eq. (3) comprises two terms. The first term, sin((l)0 —or +6/2), is a higher-frequency modulation. The high spatial
frequency speckle noise was eliminated by using the image processing technique based on Fourier optics. The second
term, sin(8/2), is a low-frequency modulation varying between -1 and 1. The positive value of sin(5/2) indicates
brightness on the image. The brightness will be zero when d=2mn; m=0, £1, £2, etc. The correlated speckles
display bright or dark fringes as a result of the phase difference. The phase difference depends only on the out-of—plane
displacement component d, and the bright fringes are formed [13].
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3. EXPERIMENT RESULTS

The polycrystalline Si solar cells were used as specimens. Their sizes were 125 x 125 x0.2 and 175 x 175 % 0.2 mm. One
surface of the specimen was coated by anti-reflection film of thickness about 0.015 mm and spread with the regular
electrode pattern. The other surface had texturization and two major tin strips having a size of 125 x 4 x 0.01 mm. The
edge-clamped solar substrates were heated to induce deflection and generated speckle fringe patterns by using the
out-of-plane ESPI. A temperature controllable planar heater was used to provide heat flux to the object as shown in
Figure 1. A series of the specklegrams were captured every constant temperature increment by CCD camera, which was
controlled by LabVIEW program. Thermal loading was induced by heating the illuminated surface of the specimen. The
heater temperature was measured by J-type thermocouple through a module NI-9213, and displayed on PC. The
illuminating source was a DPSS laser at a wavelength of 532 nm. According to Eq. (3), the increment of contour was 266
nm. The whole specimen surface was illuminated by an expanded laser beam through a spatial filter. A high-resolution
CCD camera of 2448 x 2050 pixels was utilized. A couple of specimens were tested. Each had very a thin edge crack
which was artificially made by pressing a small pyramid shaped diamond indenter under a Matsuzawa digital rockwell
hardness tester. An eraser is used to knock at the small crack to induce crack propagation from its center location. Figure
2 shows the photo of a crack observed by Axioskop 40 POL microscope. The crack length was about 70 mm, and its
width was less than 0.005 mm.

(@) ' (b)
Figure 2. (a) The visual length of a diagonal edge crack is about 70mm. (b) The width of the crack is less than 5 pm,
measured by Axioskop 40 POL microscope.

4. DISCUSSIONS

Figure 3(a) shows the out-of-plane ESPI image of a undamaged solar cell. A number of displacement fringes reveal that
initial out-of-plane bending deformation appears in the cell because tin-strips and silicon substrate have different
coefficients of thermal expansion. Every point in the same fringe has the same out-of-plane displacements in this
specimen. Figure 3(b) depicts the interference fringes regarding out-of-plane deformation for a cell with a small
artificially made edge defect. The tangential slopes of displacement fringes are discontinuous across the edge crack
which appears inside the solid-line circle.

Figure 4 shows the interference fringes recorded for the defect free specimen in temperature ranges of 37.4—-37.6°C
and 37.4-37.8°C, respectively. The speckle pattern exhibits a number of polygons with regular patterns of bright and
dark fringes which are concentric with the center of the specimen. The shape of polygon speckle pattern depends on
specimen constraints. The number of fringes is increased due to large temperature increment applying to the specimen.
The fringes indicate out-of-plane displacements of the specimen. The maximum displacement was generated in the
center of the specimen. Those points located on each fringe possess the same magnitude of displacement. The number of
ESPI fringes shown in Figure 3(b) is about twice of that in Figure 3(a) because of double temperature increment.

Figure 5 reveals speckle fringes of the specimen with an edge defect shown in Figure 2. The fringe patterns for defect
free specimen shown in Figure 4 are quite different from those in Figure 5. Two major differences between these ESPI



fringe patterns are found. Firstly, the tangential slopes of contiguous speckle fringes are discontinuous across the crack
interface. The uniformity of heat flux transferred from planar heater to the specimen was changed due to the diagonal
edge crack in the specimen. It causes the discontinuous displacements at opposite sides of the defect. Secondly, locally

(b)

Figure 3. The out-of-plane ESPI image of a solar cell without damage (a) and the same cell damaged with an edge defect
appearing inside the circle (b).

J
|
_!

(a) 37.6-37.4C (b) 37.8-37.4C

Figure 5. The interference fringes were recorded for the specimen with defects at different temperature changes. The
mark circular and rectangular regions are the initiating point and arrest point of crack extension, respectively.



concentric polygons are divided into two fringe systems in the central region of specimen by the crack. In addition, the
crack shown in Figure 2(a) is over the half diagonal length of the specimen (76 mm), which is longer than the visual
length 70 mm. The thermal deflection was redistributed over the whole specimen. The second phenomenon observed in
the specimen was caused by the non-homogeneous heating-induced deformation. The new maximum displacement
would be removed and its location depends on the crack extension and various constraint conditions. The number of
fringes in adjacent locally concentric polygons might be different. Optical inspection for a very thin micro-defect in the
solar cell is very time-consuming. However, a clear recognition of the heating-induced speckle patterns provides us an
effective and rapid inspection for micro-defects in solar cells.

5. CONCLUSIONS

This paper presents a full field nondestructive inspection for micro-defects embedded in PV cells by using ESPI. To
achieve consistent conclusion, we have confirmed that each defect-free specimen had the similar speckle patterns under
the same constraints, temperature increment, etc. If the specimen had micro-cracks or defects, the interference fringes
regarding heating-induced deflection would be different from the undamaged one. The fringe pattern for solar cell
produced by laser speckle could be useful to diagnose size and location of very thin micro-cracks.

Only edge defects were considered in this work. The defects were made artificially by a small pyramid-shaped diamond
indenter. It is found that the speckle fringes for a small crack are not continuous across the edge crack. It indicates the
displacements discontinue across the crack surface. The fringes in the front of crack tip appear with discontinuous
tangential slopes. It could be used to characterize the crack length. In addition, the interference fringes on the opposite
sides of a long crack have their own individual concentric fringes.
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