XVII IMEKO WORLD CONGRESS
Metrology for a Sustainable Development

September, 17 — 22, 2006,

Rio de Janeiro, Brazil

ESPI TECHNQIUE FOR MEASURING MICRO-TENSILE PROPERTI ES OF THIN FILM
MATERIALS

Yong-Hak Huh *,Dong-lel Kim? Chang-Doo Kee®

1 Center for Environment and Safety Measurement, &&esearch Institute of Science and Standards, Taépweayhhuh@kriss.re.kr
2 Department of Mechanical Engineering, Chonnam Matit/niversity , Kwang-joo, Korea, yuilmuie@krisskr

% Department of Mechanical Engineering, Chonnam Natit/

Abstract: In-plane ESPI(electronic Speckle Pattern
Interferometric) technique was developed to meashee
micro-mechanical properties for thin film materialBhe
properties were determined from the micro-tengiless and
strain curve by measuring micro-tensile strain inroisized
specimen 0.5um thick and 20Qum wide. The specimen was
monotonically loaded by the micro-tensile loadingtem
developed in this study. The micro-tensile straiming

niversity , Kwang-joo, Korea , cdkee@chonnankma

technique, was introduced to measure micro-tensile
properties for thin film materials, Au and TiN. Bpply the
ESPI technique successively for measurement of the
properties, subsequent strain measurement algoritias
developed to continuously obtain the strain dataindu
loading. Furthermore, the resolution of the strain
measurement was improved by using the newly deeelop
algorithms for enhancement of the sensitivity.

tensile loading was measured using the in-plane | ESP

technique. In order to continuously measure theairstr
during loading, the subsequent strain measureme
algorithm was developed. Furthermore, sensitivity t
measurement of the strain was enhanced by pha
estimation algorithms: sinusoidal fitting technigquend
object-induced dynamic phase shifting techniqueingJs
these algorithms, the micro-tensile stress-straines were
generated. It is shown that the sensitivity wasdased by 6
times to a maximum

Keywords: ESPI technique, micro-tensile properties, thin
film materials, subsequent strain measurementjtagtys

1. INTRODUCTION

As nano technology is expected to be a core teolgol
in future, micro/nano materials required for fahting the
M(N)EMS have been actively developed. Propertiethese
materials may be significantly essential for evahg the
reliability of the system, as well as in design,nuacturing
process and usage.

Several testing methods have been proposed to measu

the micro-mechanical properties for nano/micro-male
including thin films.[1] In order to obtain the eotastress-
strain curve and determine the reliable propeiigshese
methods, strain measurement technique, which carmsée
in measurement of the strain corresponding to thess
generated during mechanical loading, may be esdeftie
novel strain measurement techniques, like
technique[2], DIC[3] and laser interferometry [4,Bjc.,
were proposed instead of using the conventionairstfages
or extensometer.

2. STRAIN MEASUREMENT ALGORITHMS
nt
2.1. Subsequent strain measurement algorithm

€ ESPI is one of the most appropriate methods fohlhig

sensitive measurement of out-of-plane and in-plane
displacement/strain in non-contact. For in-planePES
technique, two collimated laser beams, generateth fa
laser source, illuminate the specimen surface ataleq
incident angle® on either side of the surface normal.
Interference speckle patterns may be produced by
superposition of the scattered lights. As the speni is
deformed, the interference speckle patterns areeth@nd
fringe patterns are also varied. By comparing agki
pattern representing the reference object statettandther
representing a deformed state, the value of defaomavill

be calculated. Speckle correlation fringes obtairad
subtracting the intensity of the deformed surfawanf that

of the initial surface state can be presented efoifowing:
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, Where i indicates the frame at the initial state,
indicates that at the deformed state, afy@is the phase
difference introduced in the original object beanmre do
object deformation. Andg (= @-@) represents the random
phase, andy, @, a5, @ are the amplitude and phase of the

Ispdeam scattered from the surface in initial statd ahthe

reference beam that is used, respectively.

During tensile loading, the deformed states of the

specimen can be presented by a sequence of spexdidens,

In this study, in-plane ESPI(Electronic Specklet&at compared with a reference speckle pattern. Thus, th

Interferometry) technique, as a laser interferognetr Number of the fringe patterns varies with amountthuf
deformation of the specimen: the number of fringes



increased as the deformation of the specimen g&tively  one or two fringes as this relation. Based on tthiation, as
large. Therefore, the relatively large deformatinakes the shown in Fig. 2, the fringe pattern within the nfitmge,
fringe patterns, compared to a reference patteecoime corresponding to relatively small deformation, cae
considerably complex and indiscernible. It mearst tihe presented as a part of the sine wave. Thus, tlaiuely
deformation beyond its considerable level cannot bemall deformation can be determined by fitting the
measured reliably and the amount of the deformatiomtensities, presenting as the pattern within intege, with
corresponding to subsequent load levels can not ke function of sine. By following this sinusoidalttiing
determined. Therefore, in this algorithm, seveedérences, procedure for the modulated intensity, the serigjtito in-
rather than a reference image, are taken durifgidokile  plane deformation measurement may be enhanced.
loading, as shown in Fig. 1. Several patterns, areghto a
reference frame, are subsequently taken and therast
pattern is selected as a new reference. Compart: toew
reference, several frames are subsequently taken.
Succeedingly, the same procedure is iterated tdoad. To osf
get reliable deformation data during test, the isdbion
interval against the renewed reference should bpt ke
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2.2. Algorithm for enhancement of sensitivity

e . Fig. 3. Theoretical variation of fringe patterns with increasing tensile
The sensitivity to measurement of the strain by IESPdegformaﬂon g9e P 9

technique can be physically defined and the maximum

sensitivity may be approximateN2. However, in order to _ . S . . S .
measure the micro-strain in the smaller scaled copjike fringe pattern within the interfringe, object-indutdynamic

MEMS and thin film materials, the more increasedphase shifting technique[6,7] can be used. Thengities of

measurement sensitivity than the maximum theoreticdN€ Pattern at an arbitrary point within the subssgly

sensitivity, which can be obtained by counting thember geformed Eeld are ;/aried ,Witg Iohad levels, a? smt;inig.
of fringe over the testing section in common, mag b S: AS can be seen from Fig. 3, the amount of thseguent

required. Therefore, to get the enhanced sengititit deformation can be simulated with the phase sHifthe

deformation measurement, the deformation within aﬁntensit_y. Thus, in this technique, the phase stéih be
interfringe should be quantitatively analyzed. determined by N-bucket method. In this study, 4ketc

method is used. From the speckle patterns obtdipgrhase
As found in Eg. (1), high frequency noise is in&ddn  shift, 72, according to 4-bucket, phase map is determined.

the light intensity of the speckle pattern. It d@removed The inclination angle of the phase map may be used

by Gaussian low pass filtering. The modulated isitgnof  calculating the strain. To enhance the sensitivitlye

the fringe patterns over the specimen test seatiay be patterns within the interfringe should be used afcalate

varied with a frequency between interfringe. THtsan be  the phase shift. Then, the deformation correspanttinthe

simulated in sine wave, as shown in Fig. 2. Duringnterfringe can be detgermined.

subsequent tensile deformation, the amplitudet®ftaves

for each speckle pattern, representing the diftedeformed

states, may be nearly identical. Therefore, all ftiege 3. MICRO-TENSILE TESTING SYSTEM

patterns corresponding to the subsequent deforrtegdss ) ) )

can be described as a sine function with the sanpitude 31 In-plane ESPI system for micro-tensile strain

and different phase,l = Asin(@X) . Figure 2 shows Measurement

examples for describing the modulated speckle dialith

As another algorithm for obtaining the phase of the



In-plane ESPI system for micro-tensile straingenerated from a He-Ne laser were exposed on gw@rspn
measurement during micro-tensile loading was agednd  with an incident anglep, of 45. Speckle patterns were
beam generated from a He-Ne laser source with @gpaic  captured by CCD camera, equipped with zoom lend) wit
22 mW was split into two identical beams in intéysi two-dimensional array of 640x480 pixels. Five image
These laser beams, which are symmetric with redpeitte  speckle patterns per second were taken during léensi
observation direction, were exposed on the surfsicthe loading with the frame grabber with a capture cépad 30
tensile specimen. Image of the speckle patternymed by frames per second. After tests, the tensile strams
simultaneous illumination of the surface was focusae the  measured using the algorithm, as stated above,tHer
screen of the CCD camera through a magnifying I&he.  continuous measurement of micro-tensile strain.
speckle pattern images were sequentially captuneceal
time through a frame grabber and digitally stored.

4. RESULTS AND DISCUSSION

3.2 Micro-tensile testing 4.1 Measurement of micro-tensile strain
Using subsequent strain measurement algorithm, the

emicro—tensile strain data for thin film materiadsy and TiN,
were acquired as shown in Fig. 6. From the contoap of

dhe correlation fringes over the specimen surfabe, in-
plane deformation over the surface can be detednine
counting the fringe spacing. The in-plane deforomativas
galculated as the following:

Micro-tensile properties for Au film 0.am thick and
TiN film 1 pm thick, were measured using the micro-tensil
loading system, as shown in Fig. 4, developed ig gtudy.
These two thin films were prepared by deposition o
respective silicon wafers using sputtering techeiqlihe
specimen for thin films had a parallel length ofmgh and a
width of 200um. The actuator consisted of the system wa
driven by linear motor with stroke resolution o64m and _nA
the maximum displacement of 10 mm. The load cedl ha ' u= 2cosf @
maximum capacity of 500 mN.
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The micro-sized tensile specimens were fabricated b ()
eIeCtromaCh'mng procgss, a§ shown in F'.g' S. m'm?n Fig. 6. Typical micro-tensile stress-strain curve
was installed on the grips with UV adhesives. Mitgosile
test was carried out in displacement control aiag rof Here,\ is the wave length of laser light source (632.8nm

10plm/mln During tensile testing, dual illumination for He-Ne |aser), n represents the number of caticai



fringes and® means incident angle of dual illumination (b), could be fitted into a sinusoidal type like .E@).

lights. From this deformation, the strain on thst teection
was calculated as the following;

£= 2D, cosd ©)

Here, D, represents spacing between two fringes. Using

Eqg. (3), values of micro-tensile strain for thesén tfilms
were determined as shown in Fig. 6.

The sensitivity to the tensile deformation measwst
was enhanced by phase estimation between integfrivith
sinusoidal fitting algorithm and object-induced dymic
phase shifting technique described above. The sittea of
all speckle fringe patterns could be describechanform of

sine wave function likd = ASin(wX). As shown in Fig.
7, the maximum and minimum intensities of each dein
pattern, corresponding to the successive deformati@re

nearly identical, respectively. So, the intensitéshe fringe

patterns along the specimen axis for all framesldcdne

represented in the following wave with the diffargmhase,
w, and the same amplitude, A.

I=Asin(ax-0)+y, 4

Furthermore, the interfringe pattern like Fig. 8¢@uld be
fitted into the sine function, as well. From th&dd curve,
the phase of the pattern was determined and ttenstr
corresponding to the fringe pattern could be cakad using
the following relationship.
wl

E=———
47f cosd

, Wwherew and A are the phase determined from fitted
curve and wavelength of laser source, respectieiy, f is
the length of inter-pixel. The micro-tensile straiata(open
symbol) obtained by this procedure are plotted ig.
along with the data(solid symbol) determined byttarous
strain measurement algorithm. As shown in Fig. t6isi
found that the sensitivity was enhanced by 5 ~nGes,
compared to the sensitivity determined by the cwatus
strain measurement algorithm.

(5)

In Fig. 6, the strain data determined by objectizet
dynamic phase shifting technique are plotted aleith the
data obtained by the continuous strain measurement
algorithm and phase estimation with sinusoidalinfitt
technique. As stated before, the phase of the dripattern
was estimated from phase map. The map was caldulate
from four phase-shifted interferograms, shiftedphase of

where A andy, were 12.3 and 29.7, respectively, for AuTv4, by discrete Fourier transform. Figure 8 shows a

film. Using this algorithm, the fringe patterns, stsown in
Fig. 8
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Fig. 8. Typical fringe patterns fitted into the sire function

example of the phase map and the unwrapped phgséoma
Au thin film. From the phase map, phase anglecould be
determined and the corresponding strainwas calculated
by the following relation:

= Atana
4rrsin @

(6)

As shown in Fig. 6, the sensitivity of the straiatal
determined by the object-induced dynamic phasetisgif
technique is enhanced, compared to the sensitibity
continuous strain measurement algorithm.

The sensitivity to strain measurement by thesephase
estimation methods might be increased with numbler o
speckle fringe pattern images acquired during lensi
loading. Therefore, it is expected that the sevigjtican be
increased within a limited range by updating testapeed
and image sampling speed.

4.2 Micro-tensile stress-strain curves

As shown in Fig. 6, the strain data, calculatechwiite
subsequent strain measurement algorithm, could
correlated to the stress generated on the filmdnticuous
micro-tensile loading. From these data, the miemsile
stress-strain curves for Au and TiN thin films were
determined. Furthermore, using strain values measur
according to the sensitivity enhancement algorithihe
stress-strain curves were presented in Fig. 6 alaitiy the
curve using the data obtained by subsequent strain
measurement algorithm. As can be seen in Fig.e5¢ctinves
determined using the sensitivity enhancement glyos
like sinusoidal fitting and object-induced dynanpbase
shift algorithm were identical to the curve by sedpsent
strain measurement algorithm. Therefore, from thetsess-

be



strain curves, elastic modulus, yielding strengtmsile
strength, and elastic-plastic properties can berdened.

(b)

Fig. 9. Phase map calculated from discrete Fourier

transform (a) and unwrapped phase map by the additin
of integral multiples of 2n(b)

4. CONCLUSION AND SUMMARY
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In-plane ESPI technique was developed to measure in

plane tensile strain in micro-sized specimens of and Au
thin film materials with thickness of im and 0.5pm,
respectively. The micro-sized tensile specimens R0
wide and 2 mm long, were prepared using

electromachining process. The micro-tensile stfairthese
materials was measured with subsequent strain mezasuat
algorithm developed in this study. Furthermore oatgms
for enhancing the sensitivity to measurement oplane
tensile strain were suggested by sinusoidal fitingthod
and object-induced dynamic phase shift method. Aling
to algorithms for enhancement of sensitivity, mitzasile
strain data between interfringe were calculated.wls
shown that the algorithms for enhancement of timsitgity

suggested in this study make the resolution ofnleasured

strain increased.
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