


2. SPECKLE-CORRELATION SENSOR

Laser speckle techniques can be used as a non-contacting optical method to determine strain, as was
originally introduced by Yamaguchi (4) and later optimized by Manser (2). Laser speckles are
formed if coherent light is reflected off an optical rough surface. For practical purposes, the surfaces
of most materials are very rough on the scale of the wavelength of visible light, thus they yield fully
developed speckles if illuminated. They are formed by the interference of dephased but coherent
wavelets emanating from different microscopic elements.

Constant illumination and observation geometry give a particular subjective speckle pattern which
is characteristic for a certain (imaged) surface element and moves in a well defined way when that
surface element is displaced. Consequently, the speckle pattern can be used as the natural markings
printed by the laser light.

This behaviour permits determination of relative displacement of surface elements of material
specimens before and after thermal loading by simply tracking the movement of the speckles
associated with it. Usually this tracking is evaluated by different kinds of pattern tracking
algorithms. In the present study a digital laser speckle correlation technique (LSC) is used. The
resulting displacement vector is derived from the location of the maximum of the digitally
calculated two-dimensional cross-correlation estimate (for details see (2, 3)). The optical
arrangement to determine strain within a specimen is depicted in Fig. 1. schematically.
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Fig.1: The optical arrangement of the laser-speckle-correlation system using two CCD-area cameras
for thermal strain measurements

In order to determine strain € of the specimen two more or less distant surface elements are tracked.
By determining the surface element displacements Asurf I and Asurf II, taking their spatial

difference 4! and dividing by a selectable baselength [, any strain value can be determined as
follows:

g=Al/ly = (Asurfy— Asurfy) / Iy
The coefficient of thermal expansion o is calculated by differentiating the expansion function:

a=de/ dT = (1/ 1) x (dVdT)



The technical arrangement of the laser extensometer set-up consists of an illuminating system and
two displacement recording systems. The illumination is done by two collimated laser diodes with
maximum power output of 15 mW and a wavelength of 680 nm providing beams of 3 mm in
diameter each. The displacement recording is performed by two lenses (separated by the base length
lo) with a selectable focal length and two standard CCD cameras feeding their signals into a PC-
based frame grabber, where the signal processing occurs.

For a selected baselength of 20 mm a strain resolution of 2.10 ~° can be achieved. Since loading of
specimens, surface oxidation and phase transformation etc. may cause distorsions of the speckle
patterns resulting in decorrelation. To overcome such effects a repetitive reinitialization of the
image acquisition system is performed. Therefore A/ is taken as a sum of individual displacement
increments. Details are described in (3). The laser speckle correlation method in combination with
heating chamber is suitable to determine the thermal strain of two-dimensional structures such as
foils of various materials. No surface preparation is required.

The correlation of two 64x64 pixel subimages to give one displacement vector requires
approximately 1 second of computation time per pair of images. Higher loading rates or faster
surface changes (i.g. oxidation processes) call for a higher measuring rate. To cut down processing
time, one-dimensional processing would be preferable over two-dimensional methods. However,
specimens loaded using commercial tensile testing equipment or thermally loaded in a furnace for
thermal strain measurements not only experience pure mechanical stresses but also show rigid body
motion and torsion. To overcome these problems, a new system was designed, based on a 4f-optics,
which uses an optically performed transformation of the speckle images, producing an almost one-
dimensional speckle pattern which is detected with a line-scan sensor oriented in the strain direction
(10). Placing an aperture having a long and narrow slit into the Fourier-plane of the optics, as
shown in Fig. 2. It allows alteration of the spectral composition of the objects image, formed by
again applying the Fourier-transforming property behind the second lens. Image processing applied
to the Fourier-filtered image results in a very fast system, which is insensitive to torsion and to rigid
body motion of the specimen perpendicular to the straining direction and allows up to about 100
measurements per second. The displacement resolution of such a system is in the order of 100 nm
resulting in strain resolutions of better than 1 x 107, depending on the selected baselenght.
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Fig.2: Fourier - transforming properties of the imaging system using 4f optics in combination with a
line camera



3. Experimental

As shown in Fig. 3 the testing system consists of a specially designed heating chamber in
combination with the laser sensors. Special emphasis was placed on precise alignment of the foil to
the laser sensor in order to obtain linear thermal expansion , thus the furnace was placed on a x-y

stage. In order to avoid the effect of detrimental vibrations the entire testing device was mounted on
an optical table.
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Fig.3: Principle of the combination of a Laser-Speckle-Correlation-System and a specially designed

heating chamber for determination of thermal strain of thin foils, forming the Laser-Speckle-Based
Dilatometer (LSBD).

The reliability of the LSBD was tested by measuring the thermal strain of 6 mm diameter rod of the
NIST Standard Reference Material for Copper (SRM 736) , (9), between RT and 300 °C. It could
be shown that with the LSBD a reproducibility of 1.5% in thermal strain can be achieved resulting
from different runs, Fig. 4. The time for thermal equilibrium was 10 min at every test temperature.
Only in the temperature region near 300 °C the deviations become larger, because of ongoing
surface oxidation. This oxidation can be avoided by performing the measurements under argon
atmosphere or by limiting the temperature runs to about 230 °C, where oxidation of copper surface
was negligible.

For measurements of thin foils the thermal contact between foil and heating surface was performed
by use of a thin film of silicon thermal paste. This procedure also reduces wrinkling of the foils. The
thermal paste remains viscous over the entire testing temperature, so that the strain measurements
are not influenced by any mechanical effects. Otherwise defocusing of the image and distorsion of
the correlation function can occur because of change in the speckle quality.

The dimensions of the tested Cu foils are 10 mm x 29 mm and with 35 pm thickness. The
baselength of the laser sensor was 20 mm, but depending on the used detector this can be varied
between 10mm and 40 mm.

To avoid errors due to the development of thermal stresses in the specimen during strain
measurements, the temperature should be uniform and stable throughout the specimen at the time of
measuring data of expansion.




The PID-controlled furnace achieves temperature stability of +/- 0.5 °C at every equilibrium
temperature. To avoid surface oxidation of the specimen, the measurements can be carried out
under argon atmosphere.

The thermal strain runs were performed from room temperature up to 250 °C typical for thermal
loading of electronic components. The strain values were measured in temperature steps of 20 °C,
every temperature was hold for 5 min to reach thermal equilibrium before measuring the
corresponding strain value. Between these different steps a heating rate of 5°/ min was applied.
Taking the thermal strain results of three succesive runs of every foil, a fourth order polynominal
was fitted to the data. The derivation of these polynoms gives the CTE behavior as function of
temperature, Fig 5. The error of measurements of the linear thermal expansion coefficient is in the

order of 1 ppm per °C, the strain resolution is about 1.5 % between different succesive runs on one
sample.
4500 -

4]
4000

E 1. fun

N w2 un >
3500 1—) | 3. run /

« reference valies SRM

3000 }— 73 -
2500 - //
2000 / u
1500 /
1000 -
500 -

0 50 100 150 200 250
Temperature °C

Thermal strain, ppm

Fig.4: Reproducibility test of the LSBD on NIST SRM 736. Deviations between three succeeeding
runs are not larger than 1.5% up to a test temperature of 250 °C.
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Fig.5: CTE for ED and rolled foils (5), for a detailed description of the microstructure see (7)



4. Results and Discussion

To investigate the applicability of the laser system for thermal strain measurements thin Cu foils
processed by electrodeposition (with a thickness of 35 um) were selected with different
microstructures and different initial grain sizes. A summary of their characteristic microstructures,
heattreatment and texture information is presented in Table 1.

Table 1:Microstructural information of the material (Cu-foils (35um);
annealing treatment: 180°C/30 min)

Foils Chemical Microstructure Grain size Texture Remarks
Purity (um)
%
Equiaxed, 0,3 (23 °C) Random I;ltg.h tpomt
AM 99,99 no growth twins ’ N in(z) and in clec .
disL. density high 2,0 (250 °C) <=y planes concentration
’ y e yP near GB and
GR 3 Columnar morphology <220> fibre in 1113, /G\i:é)n 20
(high 99.99 parallel (z), numerous 2,0(23°C) (2) ch: sters y
prof%le) , growth twins, 3.0(250°C)  x-y plane: microvc;ids,
equiaxed in x-y plane random gas bubbles

For a detailed description of characteristic features see also (5,7). The results for CTE behaviour for
three materials are shown in Fig. 5. The initial grain sizes are indicated.

For the CTE values at room temperature, an off-set for the foils compared to the pure copper
reference material could be ascertained. The foils exhibit higher CTE values compared to the bulk
material over the entire temperature range investigated.

The increase of the grain size of all foils during the thermal strain measurements is similar as for
tensile testing at various temperatures (6), however cannot be fully responsible for the observation.
Taking into account the high point defect concentrations near or in the grain boundaries (7), an
increase of CTE can be understood, at least qualitativly, supposing formation of vacancy
agglomerates, voids and gas bubbles at grain boundaries resulting in a weaker bonding between the
grains. A similar observation was obtained on a study of Young's modulus as function of
temperature. A corresponding relation between the temperature dependence of Young's modulus
and the CTE data as function of test temperature may be interpreted on the inherent instability of
the non-equilibrium microstructure of ED material. A SEM investigation of the ED foils supports
the formation of voids, etc. at grain boundaries.

It is also known, that introduction of additives to the electrolyte during the deposition process of
copper foils, dramatically changes the foils softening pattern (6) and may also influence the
microstructure and thus the CTE values, Fig. 6.
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Fig.6: Effect of 30 minute anneal exposure on microhardness of 35pm ED Cu-foils. Most foiltypes
show a sharp drop of hardness (softening) when a certain annealing temperature is exceeded, (6).

5. SUMMARY AND CONCLUSIONS

The laser based non-contacting strain sensor has a simple optical arrangement easily adaptable to
various heating devices and is characterized by high strain resolution in the order of 1.10 3,

This system allows the determination of thermal as well as mechanical response of thin foils and
films of materials without any special surface preparation. Thermal properties such as thermal strain
and coefficient of thermal expansion have been successfully measured with high accuracy (strain
resolution 1.5%, uncertainty in CTE determination 1 ppm/°C) using a special heating chamber in
combination with the laser based strain sensor.

Structures with minimum size of at least about 10 mm in one dimension are required. Investigations
can be performed over a wide range of testing temperatures corresponding to real test conditions of
the microelectronic devices.

It could be shown, that there is a pronounced difference in the thermal behavior of thin foils
compared to bulk material. A marked change of CTE of ED foils with temperature was attributed to
the special non-equilibrium microstructure.

Use of published bulk material parameters like CTE values is questionable for example for FEA or
warpage analysis of thin foils or multilayers. The data obtained from the thermal strain
measurements can give useful information for the design of microcomponents by means of FEA-
simulations, which are necessary to design reliable microelectronic components.

The LSBD system can also be applied e.g.: for the study of thermal warpage behavior of
multilayered structures or determination of glass transition temperatures of polymer components -
used in printed wire boards; for the determination of anisotropic CTE data; for the use of non
standardized geometries and for studying phase transformations in electronic materials.
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