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Measuring In-plane Resonance for Crystalline Silicon Wafer

Using Electronic Speckle Pattern Interferometry Method

Student : Jhih-Yuan Jheng Advisor : Dr. Ching-chung Yin

Department of Mechanical Engineering

National Chiao Tung University

ABSTRACT

The crystalline silicon wafers of commercial 6-in photovoltaic cells have the
thickness as thin as 200 um. They have both good flexibility and brittle material
property. The in-plane resonance in a thin plate has sparse modal density and
can be potentially used to characterize the integrity of a crystalline silicon wafer.
This research integrates an experimental system to measure the characteristics of
in-plane vibration for a thin plate. Both resonant frequency and mode shapes can
be in sequence measured effectively. This system comprises an electronic
speckle interferometer for measuring in-plane displacement and a set of
broadband conical transducers, which are used to actuate and measure structural
vibration. The measuring system was identified through a series of comparisons
between experimental and numerical results. The speckle fringes for in-plane
resonant modes will drift from the thinner region to the thicker one according to
the numerical simulation. In addition, the supporting boundary conditions
seriously influence the calculated resonant frequencies. Any deviation between
forward calculation model and the real measuring condition will lead to

unexpected inverse results of material properties. This study benefits the



accomplishment of defect detection in photovoltaic cells based on the variations
of in-plane resonant frequencies and speckle fringes caused by material

discontinuities.

Keywords: Crystalline silicon wafer, in-plane resonance, electronic speckle

interferometry, broadband conical transduce
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Method 2 1 7 e Ak B3> Ve 78 NE Y > @ & g ghik o7 o
HEMMEApAR AR > 2R EEE D E M ]  RTREREY T
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2.3(0) 7 > RIEFFHEL o
fz45(Contraction) :
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D=eS+¢°E (3.1)
PR g Voigt £ 7 iE > B4 B R FESRE (tenson) i it E e 2 AN T
Lt e B SE RS R CT L AT BT T GBEM k| B L (matrix
of elastic stiffness): e % /& % ¥ #ic+E"E (matrix of piezoelectric constants) > e’ %
et L DAT B ELTH%A © LAIRETHIT F i
F&' (matrix of dielectric constants) -

TR ZEE LT AR E e M2 REBE O HELPRELS

C, C, Co 0O 0 0
C12 Cll Cl3 0 O
e |Cs Cs G O 0
0o 0 0 C, O
0 0 0 0 C,
0 0 0 0 0 Cgf

(3.2)

o O o o

e=[{0 0 0 e, 0 O (3.3)

RS X TR ¥ T

g, 0 0
=0 g5 0 (3.4)
0 0 &

A AN EL)T BB AT
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2 415 H#Fe )& IRAE S E P ESPI Spde 4 50t i
@) (b) Deviation=
Mode ESPI Driving Measured Frequency M‘xlOO%
Frequency (kHz) (kHz) (a)
1 21.35 21.4 0.23
2 46 46.9 0.02
3 48.52 48.4 0.25
4 63.295 64 1.11
5 70.72 71 0.4
%42 % fa# Ao PR JRAR S E R ESPI Spdeof 5 i
@) (b) Deviation=
Mode ESPI Driving Measured Frequency M‘xlOO%
Frequency (kHz) (kHz) (a)
1 46.1 46 0.22
2 58 58.2 0.34
3 68 67.8 0.29
4 72.45 72.7 0.35
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% 5.1-1 ¥ S # %’f};ﬁ’» ERRF < %@/F'J;é‘(l)

Jear b & ¢ C =165.7 C, =63.9 C,,=79.6 (GPa)
initial guessed converged

parameters deviation parameters deviation
C, 167.257 165.72
C, 64539 63.92 0.014%
Cuy 80.396 79.6
C,  169.014 165.72
Cp 65.178 63.92 0.014%
Cyu 81192 79.6
C, 170.671 165.73
Cp, 65.817 63.93 0.022%
Cuy 81.988 79.6
Cy 172.382 170.52
C, 66.456 68.74 2.97%
Cu 82784 78.34
Cy 157415 165.73
Cp, 60.705 63.92 0.016%
Cu 75.62 79.6
Ch  149.13 165.69
Cp, 57.51 63.89 0.04%
Cu 71.64 79.6
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7 5.1-2 H fo &7 At B & 14 4238 T acplzA(1)

Joacp & : C,=1657 C,=639 C, =796 (GPa)

initial guessed converged

parameters deviation parameters deviation
Cy  140.845 165.73
Cy, 54.51 -15% 63.93 0.017%
Cu 71.64 79.59
C,  139.188 165.73
Cp 53.676 -16% 63.93 0.017%
Cuy 66.864 79.59
C, 137.531 161.49
Cp, 53.037 -17% 68.27 -5.75%
Cyu  59.252 62.45

61



% 5.2 5 B # A B E AR T Bl

Yz gz P 1% © E=169(GPa) v=0.22
initial guessed converged
parameters deviation parameters deviation

E 185.9 169

10% 0%
v 0.242 0.22
E 202.8 169

20% 0%
v 0.264 0.22
E 204.49 169

21% 0%
v 0.2662 0.22
E 206.48 170.95

22% 27.9%
v 0.2684 0.3402
E 152.1 169

-10% 0%
v 0.198 0.22
E 148.729 169

-12% 0%
v 0.1936 0.22
E 145.34 169

-14% 0%
v 0.1892 0.22
E 141.96 169

-16% 0%
v 0.1848 0.22
E 138.58 169

-18% 0%
v 0.1804 0.22
E 135.29 160.43

-20% -31.88%
v 0.176 0.0909
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2531H L7 AFF ERER()

B4 4l : C,=1657 C,=639 C, =796 (GPa)

O O

B
SN

initial guessed converged objective function
Parameters Parameters (107
Cy 169.8425 211.77
Cp 65.4975 107.74 8.4707
Cu 81.59 66.78
Ch 173.985 207.67
Cp 67.095 86.09 3.8682
Cu 83.58 63.32
C, 178.1275 210.16
Cp, 68.6925 89.63 4.105
Cu 85.57 63.32
Cy 182.27 212.09
Cp 70.29 108.12 8.4725
Cu 87.56 66.65
Cy 186.4125 207.59
Cp, 71.8875 86 3.8678
Cu 89.55 63.33
Cu 190.555 207.48
12 73.485 85.84 3.8683

91.54 63.36

63



#532H AP AFF ERESE

B4 4l : C,=1657 C,=639 C, =796 (GPa)

O O

~
N

initial guessed converged objective function
Parameters Parameters (10‘4)

Ci 170 222.4
Cp 50 118.22 8.47644
Cu 100 65.53
Cy 180 207.87
Cp 40 86.24 3.86806
Cu 110 63.34
Cy 190 212.01
Cp, 40 108.01 8.46259
Cuy 120 66.93
Cy 200 122.63
Cp, 30 88.234 20.7468
Cu 130 93.278
C, 222.4 222.51
Cp, 118.22 118.34 8.47711
Cu 65.53 65.52
Cy 160 211.87

12 65 107.92 8.46312

80 66.92
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b
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FEM Calculated FEM Calculated
ESPI Driving Frequency (kHz) Deviation= Erequency (kH2) Deviation=
Mode  Frequency (kHz _ _
quency (kHz) Cnh 165.7 M‘ %x100% Cy 299 4 ‘M %x100%
C, =1 63.9 -(GPa) (@) e L =l118.22 (Gpa) (a)
Cau) (796 C,| |6553
1 21.35 21.194 0.73 21.441 0.43
2 46 47.055 2.29 46.591 1.28
3 48.52 50.762 4.62 69.029 1.05
4 63.295 64.211 1.45 64.878 2.5
5 70.72 72.588 2.64 72.631 2.7
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5

B+ 4 : E =169(GPa)

v=0.22

initial guessed converged objective function
Parameters Parameters (10‘4)
E 165.62 163
2.1481
1% 0.2156 0.2758
E 162.24 162.98
2.14713
1% 0.2112 0.2746
E 158.86 162.92
2.1471
1% 0.2068 0.2749
E 155.48 162.9
2.14466
1% 0.2024 0.274
E 152.1 162.98
2.1467
1% 0.198 0.2749
E 148.72 162.98
2.147
1% 0.1936 0.2742
E 145.34 162.95
2.147
1% 0.1892 0.2746
E 141.96 162.9
2.1469
1% 0.1848 0.2743
E 138.58 162.91
2.147
1% 0.1804 0.2738
E 135.2 162.93
2.1473
1% 0.176 0.2748
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% 5.6-2 5 f# A F EEE(

B A Adk . E=169(GPa) v =0.22

initial guessed converged objective function

Parameters Parameters (107

172.37 162.92
2.1471

0.2244 0.2749

175.76 162.95
2.1472

0.2288 0.2746

179.14 162.93
2.147

0.2332 0.2751

182.52 162.98
2.1474

0.2376 0.2754

185.9 162.96
2.1474

0.2464 0.2738

189.28 162.98
2.1473

0.2464 0.2748

192.66 162.99
2.1471

0.2508 0.2748

196.04 162.98
2.1474

0.2552 0.2749

199.42 162.95
2.1477

0.2596 0.2753

202.8 162.95
2.1477

0.264 0.2733
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() (b) ()
ESPI Driving FEM Calculated Deviation= FEM Calculated Deviation=
Mode
Frequency (kHz Frequency (kHz _ Frequency (kHz _
quency (kHz) quency (kHz) (a) (b)‘x100% quency (kHz) (@) =) 100%
[E,]=[169x10°,0.22] (a) [E,]=[162.9x10°,0.274]
1 46.1 47.61 3.63 46.658 -1.21
2 58 57.384 1.06 56.555 2.49
3 68 70.65 3.9 68.636 0.935
4 72.45 74.68 3.08 71.753 0.962
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Simulation Simulation
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C,=639 C,=796 (GPa)

initial guessed converged

parameters deviation parameters deviation
Cy 160 172.97
Cp 60 -7.2% 64.54 1.8%
Cuy 70 79.6
Cy 150 218.04
Cp 50 -18.62% 88.68 18.35%
Cu 60 67.4
Cy 140 157.02
Cp, 40 -30.03% 12.5 -33.65%
Cu 50 67.45
Cy 180 181.48
Cp 70 6.23% 73.04 6.62%
Cu 80 76.44
Cy 190 197.76
Cy 80 17.64% 89.36 17.48%
Cu 90 74.22
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Jc#P & : E=169(GPa)  v=0.22

initial guessed converged
parameters deviation parameters deviation
160 174.36
-1.2% 8.86%
0.2 0.252
155 174.28
-13.23% 8.7%
0.18 0.2514
150 174.35
-19.26% 9.2%
0.16 0.2535
180 174.28
7.8% 8.9%
0.24 0.2523
190 174.26
15.3% 8.81%

0.26 0.2519
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Si wafer on X-stage
T s s 00—
Transducer | Com:puter
on Z-stage |
g I Controlled
oump electronics
I

B 1.1RUV £ 8l 4 [3]

77



N
\

Lock-on
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detector [ spectrometer
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Sample on
the moving

: stage
v

Bl 1.3 %55 % % 2l 4 4[8]

Cooled CCD Camera

Polycrystalline-Si Obijective Lens
Solar Cell
N “aannaas Light Emission

' | Forward Bias
V

B 1.4 % 3k 2Rk [9)]
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I

# 3.3 = % Solid45[22]

J

M,N,O,P

J

Tetrahedral Option-
not recommended

Surface Coordinate System

T T S

® 3.4 =% Solids[22]
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Getting Started | Time Record ~ Frequency Response | Power Spectrum

dB ref 1.0E+0

35-1 —_— -
20000 20500 21000 21500 22000 22500 23000 23500 24000 24500 25000 25500 26000 26500 27000 27500 28000 28500 29000 29500 30000

dB On ( P ] mwrap;a‘\ase@ convert to degree ( ]

DAQ Configuration ~ Source Settings | Processing Settings

amplitude [V] ;’ 5.00 E=ria =Lg frequency spacdng ;’ linear

start frequency  stop frequency  number of steps
DC offset [V] ﬂ 0.00

o) wo00.00 £ 9s000.00  f)l 100 j—
Fj 3' ‘YH repeat off <rop

B 4.3 £pEF LabVIEW 258 ¢ * /i @

NATIONAL
NSTRUMENT
c 5 Computer

z [ | 666@°

= p° NIPXF1033

MODEL 411A101
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AFG3102 & CCD control l Firstcapture | Second capture |

YISA resource name

‘Rest Time (ms)
P4 GPIBO:11-INSTR [+ 'J,'! 2000
.F;'equem:y (Hz) Waveform Function

) 19800 o sine 0
_Channel (0: Channel 1)
7 }i Channel 1 0

ERERE —RANE_REEEEE [
First Amplitade (Vpp)
72 )
‘Second Amplitude (Vpp)
473
Camera Name path 1
% camd =l aDoisbm
path2
;1‘ D:\OZD bmp

Tab Control

B 413 ESPI 7 2 #ri¢ * 2. LabVIEW #&3¢ /i

&

Bl 414 467 T 4k B T A3FFEY 0 W ESPI 2 Ble p =4 U
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