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Abstract

In order to extend the application range of the so-called “grid method” to the micron scale and thus quantitatively characterize the
micromechanical behavior of metallic alloys, we report in this paper on the optimization of microscopic 2D gratings with pitches ranging
from 1 to 10um. After an overview of the state of the art on full-field kinematic measurements at the micron scale, the direct
interferometric photolithography technique, used to produce such gratings, is introduced. The shape of the gratings has been
characterized using an atomic force microscope and compared with the theoretical profiles. An optimization of the parameters involved
in the marking process is then presented. One of the goals lies in the measurement of displacement fields using spatial phase-shifting
concept which is briefly recalled. This optimization is achieved for two different optical techniques used to observe the grids namely
optical microscopy and white light confocal interferometry. Finally, a first evaluation of the performance of the measurement technique

is given and discussed.

Keywords: Full-field measurement; Grid method; Microscale; White light interferometer

1. Introduction

The thorough knowledge of the mechanical behavior of
materials requires a study of the physical phenomena at the
scale of the heterogeneities. Actually, the global behavior of
a material can be predicted from relevant microscopic data
through the use of homogenization schemes. A number of
powerful schemes are available nowadays. The major
difficulty of this approach remains, however, the determi-
nation of the local properties as the characterization of
the individual components of a material (single crystal for
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a metal, fibres and matrices for composites) is not enough
to predict the global mechanical properties. Indeed, the
interactions between the individual constituting elements
are not taken into account (defaults and grain boundaries in
a metallic alloy, interphase of a fibre reinforced polymer).
In this context, the development of quantitative displace-
ment and strain field measurements at this scale is an
important field of great interest and still remains a scientific
challenge.

As a part of the effort to understand better the local
behavior of metallic alloys, this work aims at developing a
microextensometric method designed to detect the initia-
tion of microplasticity. Indeed, plastic stretching of
polycrystalline metals involves a complex heterogeneous
distribution of strain fields depending on the crystal-
lographic orientations of the different grains. Locally,
strain values can be very high, even when the nominal
strain remains under the macroscopic yield point. This
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effect, called microplasticity, will drive the global response
of the material especially under high cycle fatigue.

At this scale, point measurements (with gauges for
instance) are no longer suitable. New techniques have to be
developed. An interesting alternative is the use of full-field
measurements. Based on optical concepts, these techniques
allow to get a mapping of strain fields over a large region of
interest. To study the onset of microplasticity, the required
strain resolution should be around 10™* with a spatial
resolution in the order of 30 um (typical grain size for the
material considered here, i.e., a low carbon steel). To the
best knowledge of the present authors, this target cannot
be reached with the available methods, as confirmed by
the following section.

2. State of the art

Several types of kinematic full-field measurement tech-
niques exist, with a number of them suitable at the micron
scale. At this scale, in addition to the usual criteria taken
into account to select one method (nature of the pattern,
algorithm of detection and processing), another important
issue has to be considered. The way the field will be
digitized (by white light observation, electronic microscopy
or scanning probe microscopy to cite only the major
options) is of a great importance as it can strongly
influence the metrological performances.

In order to position our work with respect to the current
state of the art, a survey of the existing techniques will be
proposed with the following logical organization:

e nature of the pattern encoding the surface to study;

e measurand and corresponding algorithm or method
used to extract it;

e procedure used to detect the signal.

2.1. Periodic pattern

The methods that use a periodic pattern to encode the
surface allow to study the displacement fields (phase shifting
methods) or directly the strain fields (manually exploited
moiré¢ method). The patterns used are often uni- or
bidirectional (cross) gratings obtained by different techni-
ques. These techniques will be shortly reviewed in Section 3.
The main advantage of these techniques is their high
resolution (directly depending on the pitch of the grating).
Three different types of algorithm can be distinguished, as
follows.

2.1.1. “Manually” exploited moiré

Moiré methods are based on the analysis of interferences
between a regular grating of parallel lines and another
grating of comparable pitch but deformed [1]. The first
grating is used as a reference whereas the second one is
attached to the surface of the sample. The resulting fringes
represent isovalue lines of the displacement component

perpendicular to the reference grating lines. The average
normal strain in the direction perpendicular to the lines can
be calculated over a region of interest as follows:
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where &, is the strain in the x direction, N, the number of
moiré fringes in the region of interest and /. the length
of the region of interest (in the x direction).

This “manual” exploitation provides a direct and simple
determination of a mean value of & over the region of
interest. However, this procedure leads to a poor sensitivity
as the manual fringe counting can be done only with a
resolution of about 0.5 fringe.

With the development of robust phase extraction
algorithms (see Section 2.1.2), this kind of fringe exploita-
tion has been abandoned at the macroscopic scale.
However, it is still used at the microscopic and nanoscopic
scales. Sometimes, the reference grating can be a numerical
one: there is no physical representation of it and the usual
interference phenomenon is replaced by arithmetical or
logical operations with a virtual reference grating gener-
ated by a computer [2]. The reference grid can also be the
grid of a CCD sensor associated with an optical micro-
scope with pitches going from a few micrometers to a few
tens of micrometers [3].

To reach smaller pitches, other techniques have to be
used. The “SEM-moiré” uses the scanning lines of a
scanning electronic microscope (SEM) as the reference grid
that allows to decrease the pitch down to 100 nm [4-7]. The
scanning lines of a focused ion beam (FIB) can also be used
[8]: the principle is the same as the SEM but electrons are
replaced by gallium ions (Ga™) which are heavier and thus
more sensitive to atomic displacement.

For sub-nanometric pitches, scanning probe microscopy
is required (AFM or STM) [9-11]. In some cases, the
atomic lattice can even directly be used as the sample
grating [9].

These techniques using SEM or scanning probe micro-
scopy present a very high spatial resolution; nevertheless,
the time needed to digitize the surface can be a limitation
(with transitional phenomena for instance).

@.1)

2.1.2. Phase extraction methods

In mechanics, when an interference phenomenon is
occurring (with coherent light or white light), it can be
easily demonstrated that the phase of the interference
fringes is directly proportional to the displacement of the
related geometric point. Thus, by determining the phase at
each point, the whole in-plane displacement field of the
considered surface can be known.

2.1.2.1. Semi-global detection by Fast Fourier Transform.
By applying a Fast Fourier Transform algorithm over a
given region of interest, it is possible to calculate the mean
value of its phase [12,13].



Zhao and Asundi used this technique associated with
optical microscopy, a SEM and an atomic force microscope
(AFM) [14]. The spacial resolution is p, the pitch of the
grating (833 nm), the displacement resolution is between p/N
and 0.5p (if NV is the number of pixels sampling one period of
the grid) .

2.1.2.2. Local detection by phase shifting methods. Phase
shifting methods allow to get the phase of periodic fringes
at every pixel and thus get the displacement field. By
applying a known phase shift between several recordings,
the phase can be calculated using linear combinations of
the different recordings [15].

The periodic signal processed by the phase shifting
algorithm can be moiré fringes [6,16,17]. This allows to
have a displacement value for each pixel of the recorded
image (obtained using scanning probe microscopy) and can
thus be a more quantitative extension of the traditional
moiré exposed in Section 2.1.1.

The fringes can also be obtained by moiré interferome-
try. This technique combines high displacement sensitivity
and high spatial resolution [18,19]. A thin cross-lines phase
diffraction grating is replicated onto the specimen surface
to study. The interaction between two coherent laser beams
with the deformed grating produces interference fringes
representative of the induced displacement. Localization
[20] and microscopic inspection of heterogeneous deforma-
tion in coarse-grained polycrystalline metals [21,22] can be
visualized with this method.

Finally, the periodic processed signal can also be the
grating itself [23] but until now, and to the best knowledge
of the present authors, this technique has not been applied
at this scale.

The main advantage of phase shifting methods asso-
ciated with periodic phenomena (gratings or interference
fringes) is their high displacement resolution (around a few
percents of the pattern pitch).

2.2. Random pattern (speckle)

The methods that use a random pattern allow to study the
displacement fields by temporal phase shifting methods
(interferometry) or by digital image correlation (DIC
method). Their main advantage is that preparation of the
surface to study is not always necessary. The roughness of
the surface can be used as the random pattern itself or
generate it when illuminated by a coherent light. However,
the nature of the signal induces a reduced signal to noise
ratio and a lower spatial resolution for the DIC methods.

2.2.1. Speckle interferometry (using phase shifting)

When a rough surface is illuminated with a coherent
light beam, the latter is reflected in all directions from the
surface. The reflected beams will interfere with one another
and generate a speckle pattern (multi-beam interferences).
By building up interferences between the speckle patterns
with the specimen at rest and loaded, regular fringes

directly related to the displacement are observed. These
fringes are then processed by a temporal phase shifting
algorithm to extract the displacement information for
every pixel [24,25].

A few applications of this technique exist at a microscopic
scale, for instance to study the mechanism of cracking of thin
films (with a displacement resolution of 0.3 um) [26] or to
study the deformation of a porous alumina membrane under
pressure [27].

2.2.2. Digital image correlation (DIC)

DIC methods give access to displacement information by
calculating the so-called cross-correlation function between
the unloaded and the loaded states [28,29].

Usually, the encoding is obtained by applying a layer of
white paint onto the surface and then spraying it with a
black aerosol. At the micron scale, this simple procedure to
get a random pattern cannot however be directly trans-
posed. A possibility is to project a titanium powder in a
polymeric phase at the surface of the sample [30]: this
technique allows to get images through an optical
microscope and a CCD camera with a sufficient contrast.
The application of such a technique is limited by the
resolution of the optical microscope. Another possibility to
obtain a random pattern is to use the “speckle effect”
introduced in the previous section [31]. At this scale, the
surface roughness itself can also be considered as a random
pattern by using scanning probe microscopy (AFM or
STM) [32-37] or scanning electronic microscopy (SEM)
[35,36]. The digitizing resolution of the profile can thus
reach a few nanometers (for a field of view of a hundred of
square micrometers for instance). One of the advantages of
the DIC methods is the fact that they do not always require
a difficult preparation of the surface. Moreover, they can
be adapted to 3D problems [38] even with original
applications such as medical ones [39]. Nevertheless, the
main drawbacks of these techniques are the low displace-
ment resolution as the measurements are noisy (due to the
random nature of the pattern) [40] and also a low spatial
resolution (depending on the size of the correlation
windows).

2.3. Summary and conclusion

Table | summarizes the studies mentioned in this section
and compiles the different references previously cited.

The aim of the present project is to characterize the local
mechanical behavior of metallic grains at the micron scale.
In order to achieve the required performances (strain
resolution around 10~* with a spatial resolution in the
order of 30 um), none of the above method were completely
suitable. The previous experience of some of the authors
with the grid method at the macroscopic and mesoscopic
scales led to the idea of adapting it at the micron scale.
However, in order to achieve this, two problems have to
be addressed. First, a grid has to be “printed” onto
the specimen. Direct interferometric photolithography was



Table 1
Summary of the existing techniques and corresponding references

Pattern Periodic Random
Measurand Strain Phase of fringe pattern Phase of fringe pattern (ESPI) Displacement
Algorithm/analysis Manually exploited moiré FFT Phase shifting Phase shifting DIC
Observation
Optical [3] [14] [20-22] [26,27] [30,31]
SEM [4-7] [14] [16,17] X [35,36]
AFM/STM [9-11] [14] [6,17] X [32-37]

thought to be both convenient and fast, compared to
scanning or mask lithography (see Section 3). Then,
the grids have to be digitized (i.e., “read”) in order to
determine the in-plane displacement field by the grid
method. Several alternatives were possible but neither of
them was found totally satisfactory. SEM scanning is
prone to beam shifts [41], limiting the strain resolution to
no more than 5 x 10~ and requires a small test machine
to go into the vacuum chamber. Digitizing times are also
rather long. Optical microscopy is cheap and flexible but
the very small depth of focus is a real problem because
some amount of out-of-plane deformation is difficult to
avoid during the test. The other point is that an intensity
contrast has to be present, which is more difficult to
provide with photolithography. As for using an AFM, only
very small fields of view can be obtained and, again,
the digitizing times are rather long. An alternative that
does not seem to have been used yet is to take advantage
of a white light interferometer, which is usually used for
surface roughness measurements. It will read the grid as
a surface profile and will be insensitive to out-of-plane
displacements. The only drawback is that there will be
a limitation in terms of grid pitch, with a minimum of
about 2pum but this is compatible with the above
requirements.

The next section presents the first step: the fabrication of
the grids by direct interferometric photolithography.

3. Making the grids

In order to manufacture a periodic grating with a micron
pitch on a surface, two major options can be distinguished.

On the one hand, sequential methods using the scanning
of a beam to “draw” lines with a periodic pitch at the
surface to be studied can be used. The beam can be an
electron beam [4,5,7,41-43] or a FIB [8,6]. The lines can be
directly milled on the studied surface (metallic for instance)
if the beam is powerful enough (especially with a FIB) or
on an additional layer of polymeric material. This kind
of lithography allows to produce grids with pitches from
a few tens of nanometers up to a few tens of micrometers
but it is time consuming and therefore not well suited
for large scale patterning. Another important limitation lies

in the size of the processed sample which is limited by the
size of the vacuum chamber.

On the other hand, the grating can be obtained by
photolithography using a photoresist deposited on the
sample. This is usually done through a mask [3,6,44,45].
The advantage of this technique is to produce gratings very
quickly. Usual pitches are from 1um up to a few tens of
micrometers.

In the proposed approach, no physical mask is used. The
grating is directly produced by the interference fringes of two
coherent laser beams on the photoresist (Fig. 1). Therefore, it
will be called: direct interferometric photolithography. This
type of photolithography has numerous advantages com-
pared to the mask lithography: the grid pitch and size can be
easily adjusted and the problems faced with mask alignment
are avoided. Another aspect is that, as it was shown on
porous silicon, if the material under study is “photosensi-
tive”, it allows a direct patterning without the need of any
photoresist [46].

In practice, the laser beam is first expanded and filtered
through a set of lenses and a pin-hole to get the required
diameter. It is then split-up in two beams of equal intensity
that are reflected by two mirrors onto the sample
previously coated with the photoresist. The pitch p of the
grid thus obtained is simply given by the interferometry
law:

. 2
~ 2sinf’

P 3.1

where A is the wavelength of the laser beam and 6, the angle
of incidence.

In order to obtain a 2D grid, the solution is to illuminate
first in one direction and then to rotate the sample by 90°
and illuminate a second time.

Although this patterning technique is not new, its
application to mechanics is quite original. Compared to
moiré interferometry that uses the same kind of gratings,
the grid making does not here imply a step of replication
from a master grid (assumed to be perfect) [18] as they are
directly marked onto the sample. This option is much more
convenient and easier as the replication process is difficult
to develop and can potentially reduce the quality of the
grids. To the best knowledge of the present authors, this
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Fig. 1. Interferometric setup.

direct marking of the sample has only been applied till now
to “electronic” substrates (such as Si or AsGa substrates)
that are perfectly plane and without polishing scars or
surface defects. Its application to an engineering material
such as steel is new.

The light source is a 150 mW, 441.6 nm wavelength single
mode (TEMyy) Helium—Cadmium laser (Kimmon Electric
Co. Ltd.). The interference fringes are exposed on a
positive photoresist (commercially referenced as Shipley
Microposit® S1813) spin coated on the sample, previously
polished down to a I pm finish, so as to get a layer with a
constant thickness of 0.5—1 pm (typically 6000 rpm during
30s). The sample is then soft baked at 120 °C on a hotplate
during 1 min 30s in order to evaporate the solvent from the
photoresist.

4. Characterization of the grating shape

In order to characterize the shape of the gratings
obtained with the direct interferometric photolithography,
their 3D profile was examined using an AFM (M35, Park
Scientific Instrument) (Fig. 2). These measurements have
been made for several exposure doses, 300mJ/cm?,
500mJ/cm? and 1J/cm? (these values correspond to the
intensity of the bright interference peak).

Theoretically, this shape should be sinusoidal (as the
interference fringes are). But in fact, the response of the
photoresist against the exposure dose is not linear but given
by the so-called “contrast curve” of the resist (Fig. 3).
When integrating this non-linearity, the theoretical shapes
can be plotted for different exposure doses and compared
to the experimental ones. Figs. 4-6 show an extracted
profile from the AFM measurements for the three different

exposure doses considered and the corresponding theore-
tical profiles. It can be observed that the profiles are
globally similar. The slight differences can be explained by
the fact that the illumination is not exactly homogeneous
and can be locally disturbed. Additionally, the substrate
itself is reflective and the incident beams can interfere with
the reflected ones creating fringes in the direction normal to
the surface of the sample. This will lead to a “‘staircase
effect” that can be seen on Fig. 2. This effect, well known in
photolithography, can be almost suppressed by using a so-
called antireflection coating (ARC) deposited prior to the
photoresist.

5. Optimization of the grids

In order to optimize the quality of the displacement
measurements that will be obtained, a preliminary study
has been carried out on the grids. The choice was to
concentrate the efforts on the major parameter involved in
making the grids, that is to say, the exposure dose. The
objective function to be minimized was the displacement
resolution: with the grid method, this parameter is directly
related to the phase noise.

5.1. The grid method [23]

This method is a geometric optical method to measure
displacement fields. The main assumption of this method is
to consider that the deposited grid perfectly follows the
deformations of the substrate.
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Fig. 2. 3D profile of a grating obtained with an AFM.
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Fig. 3. Contrast curve of the photoresist.
5.1.1. Phase modulation

The function of the grid is to be a spatial carrier. A cross
grid, which allows to get the two components of the in-plane

displacement, is considered here. The intensity reflected at a
point of coordinates (x,y) is

I(x,y) = Io(x,y) [1 + y(x,y) frgn <2:fx> frgn (2’2)} ,

(5.1)

where:

e Iy(x,y) is the mean intensity;
e (x,y) is the local contrast,
e frgn() is a periodic function which frequency is f = 1/p.

It must be noted that when the grids are observed with
an optical microscope, it is indeed the light intensity that
bears the information but when the white light inter-
ferometer is be used, the signal is a vertical position z(x, ).

The x and y information has to be separated before
being processed. A simple way to achieve this is to perform

a spatial averaging over one period in the discarded
direction.
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Fig. 5. Profile of the grating for an exposure dose of 500mJ/cm?. (a)
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Fig. 6. Profile of the grating for an exposure dose of 1J/cm?. (a) Practical
profile; (b) theoretical profile.

When a load is applied, the x and y displacement
fields can be considered as two phases superimposed to
the periodic signal. By detecting the phases at each
point before and after applying the loads and by
subtracting them, A¢, and A¢,, directly proportional
respectively to u, and u,, the two components of in-plane
Lagrangian displacement, are obtained all over the studied

surface [23]:

ux(xay) = _%Ad)x(xay)’
(5.2)
1y (x.7) = =3 -Ad, (x. ).

5.1.2. Spatial phase-shifting algorithm

It has been shown in the previous section that the
important parameter to be considered is the phase. An
appropriated algorithm has to be defined to extract it from
the intensity signal.

In Eq. (5.1), there is an infinity of unknown parameters:
A, 7, the phase and the Fourier coefficients of the frgn
function. Considering that the frgn function is harmonic,
the number of unknown parameters goes down to 3: 4, y
and the phase. It is therefore necessary to get at least three
equations to be able to solve the problem and extract the
phase from the signal. Two main approaches are available:

e spatial phase shifting: the information is searched at the
vicinity of the considered pixel;

e temporal phase shifting: the information is searched at
the considered pixel but on recordings taken at different
moments.

The first technique is chosen here because temporal phase
shifting is difficult to perform at this scale and also because
it leads to much longer acquisition times. The principle is
to get several samples Iy, k =0,1,..., M — 1 separated by
a constant phase shift J:

I = I(¢p + ko). (5.3)

These sampling points enable the determination of the
best fitting harmonic function. With this approach, the
general form of the phase detection algorithm is

M1y Ik‘|

¢ = arctanl k=0 5.4

iro ail
The quality of the phase strongly depends on the way the
ai and by coefficients are chosen.

By choosing a windowed-DFT algorithm (DFT stands
for ‘“‘discrete-Fourier-transform”) with a triangular win-
dowing, harmonics are eliminated up to the (N — 2) order
(N is the number of pixels sampling one period of the
signal) and the influence of the uncertainty on the
calibration (number of pixels per period i.e., N) is reduced
[47]. The latter can be written as follows:

SN k(I = Toy—x—1) sinRkn/N)
NIy + S0 k(Ti1 — Toy—g—1) cos(2kn/N)
(5.5)

¢ = arctan {—

Considering its numerous advantages, the windowed-DFT
algorithm has been chosen here.



5.2. Optimization of the exposure dose for an observation
with an optical microscope

As said before, it has been chosen to optimize the
exposure dose in order to minimize the average phase noise
obtained with the grid method for an image of a given grid.
In practice, two images of the same grid are recorded
(without loading the sample between the two recordings)
and their phase map is calculated. At a given point, the
phases obtained can be given by the following equation:

¢1 =¢+I’l¢1,

¢2 =¢+ Ng,» (5.6)

where ¢, and ¢, are the recorded phases, ¢ is the actual
phase and ng, and ny, are the recorded noises (assumed
here to be Gaussian). By subtracting the two phase maps,
only the difference of the noises remains:
(]52 — (bl =Ny, — Ny, . (5.7)
The variance of each phase noise is o-fb. The variance of the

subtraction ng, —ng, Wwill be 20%. The displacement
resolution can be quantified by the standard deviation of

the displacement which is equal to (p/2n) 205).

The exposure dose has been studied in the (100—
1600)mJ/cm® range with an increment of 100mJ/cm?
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Fig. 7. Phase resolution and percentage of relevant information obtained with an optical microscope plotted against exposure dose.
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(considering the maximum intensity of the bright fringe).
Tests have been made on 6 batches of 16 samples marked
with cross grids of 5.6 um pitch. Five different observations
have been carried out for each grid. Observations have been
made using an optical microscope with a 50x objective and
a CCD camera of 574 x 760 pixels with a sampling of 15
pixels per period. The average results are shown in Fig. 7.
Moreover, it has to be mentioned that during phase
shifting, regions of the image that do not present enough
contrast are not processed. No phase value is obtained for
the corresponding pixels. These pixels represent a loss of
relevant information. For each value of exposure dose, this
loss can be approximately determined. Fig. 7 also shows
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the percentage of relevant information as a function of the
exposure dose. The percentage of relevant information is
defined as the ratio between the number of pixels for which
a phase value is obtained over the total number of pixels.

By observing these two curves, a range of optimal intensity
can be determined: by choosing the exposure dose between
400 and 700 mJ/cm?, the displacement resolution appears
optimized and the percentage of relevant information is 100%.

The most probable explanation of this optimal range is
the following:

e under 400 mJ /cm?, the luminous contrast is not enough
to get a high-quality information: consequently, the
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relative part of the noise is very high and the percentage slopes are not (Fig. 6). The white/black pattern appears

of relevant information is quite low; twice within the pitch width. Consequently, there is a
® beyond 700 mJ/cm?, under the optical microscope, the strong influence on the first harmonic hence a high level
two flat surfaces are reflecting the light whereas the of noise Figs. 8-10.
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Fig. 11. Principle of a white light interferometer: (a) interferometric lens (“Mirau” type); (b) white light interference fringes.
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Fig. 12. Profile of an image of the grating obtained with a white light interferometric microscope for an exposure dose of 100 mJ/cm?.



In any case, the raw signal is rather far from a harmonic
one and this digitization technique has been abandoned.
The idea is to measure the surface profile using a white light
interferometer. This is the object of the next section.

5.3. Optimization of the exposure dose for an observation
with a white light interferometer

5.3.1. Principle of a white light interferometer [48]

White light interferometry is a non-contact, optical
technique for measuring surface topography.

White light, coming from an interferometric lens, passes
through a beam splitter, which directs the light to the
sample surface and a reference mirror (Fig. 11(a)). When
the light reflected from these two surfaces recombines, a
pattern of interference “fringes” forms. For each point of
the sample, maximum fringe contrast occurs when the
optical path difference (OPD) is equal to 0O (this effect is
much more obvious with white light because of its short
coherence-length). The reference inside the lens is adjusted
such as this maximum corresponds to the best focus
position (Fig. 11(b)): determining the z position of this
maximum amounts to determining the z position of the
considered point of the surface under study. For that, the
interferometric lens scans vertically the surface to study

while the CCD sensor records the intensity history for each
pixel. Then, the system determines the maximum of
amplitude of the fringes (by taking the maximum of the
envelope curve for instance) and thus determines the
altitude of every point of the observed surface.

This method is short (a few seconds) and very sensitive
(subnanometric resolution in the z direction).

5.3.2. Observation of the grids with a white light
interferometer

The same kind of optimization has been performed for
an observation with a white light interferometer as for an
observation with an optical microscope.

With this device, the observation requires more care than
with a classical optical microscope:

e due to the characteristics of the interferometric lenses,
the profiler cannot obtain a measurement on a surface
with a local slope of more than approximately 30°
(whereas, for a non-interferometric lens, slopes up to 50°
can be observed);

e semi-transparent materials are very difficult to charac-
terize.

These two restrictions impose in practice to have rather
shallow grid patterns (with a lower exposure dose) and to
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Fig. 13. Profile of an image of the grating obtained with a white light interferometric microscope for an exposure dose of 150 mJ/cm?.
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coat them with a thin layer of metal to get a reflective
surface. Platinum deposited by ion sputtering was used
here as a reflective coating.

The exposure dose has been studied in the range
(100—450)mJ /cm? with an increment of 50 mJ/cm? (con-
sidering the maximum intensity of the bright fringe). Tests
have been made on 2 batches of 8 samples marked with
cross grids of 5.6 um pitch. Five different observations have
been carried out for each grid produced using a white light
interferometer (Veeco®™, Wyko NT3300) with a 20x lens
and recorded thanks to a CCD camera of 480 x 640 pixels
with a sampling of 11 pixels per period (Figs. 12-14).
Fig. 15 shows the average noise and the percentage
of measured points (points where local slopes can be
measured by the white light interferometer) as a function of
the exposure dose.

The optimal range of exposure dose for the white light
interferometer can be chosen between 150 and 250 mJ /cm?:
the displacement resolution is minimized and the percentage
of measured points is approximately 100%.

6. Study of the numerical rigid body motion

Keeping in mind the final application of the grids, i.e.,
the measurement of the in-plane displacement field at the
surface under study, a rigid body motion has been applied
to the grid to evaluate the displacement resolution. As a
first step and because it is more convenient (experimental
rigid body motion with a relevant precision is difficult to
obtain at this scale), it was decided to numerically
investigate this effect on experimental grid images. This
consisted in the following:

e the “initial state” is a real experimental image from the
white light interferometer;

e the “final state” is the same image but shifted of a whole
number of pixels in the x direction.

The images were taken using a 50x lens with a 0.5x zoom,
leading to a sampling of 14 pixels per period.

This procedure has been applied with a pitch of one pixel
over a range covering four periods of the grid. The
standard deviation of u, and u, can be plotted against the
numerical displacement (Fig. 16). It can be seen that this
value monotonically increases with the numerical displace-
ment. This was observed even for u, which should not be
substantially affected since the imposed displacement is in
the x direction.

These results are not enough to draw a clear conclusion.
The phenomenon taking place has to be investigated more
precisely.

By looking at the u, (Fig. 17) and wu, (Fig. 18)
displacement maps, it can be seen that the noise is spatially
correlated. In order to improve the accuracy and the
resolution of the displacement measurement, it is necessary
to determine the origin of this correlation. Several origins
can be expected for the presented results.

The variations of contrast of the grid have been thought
to be responsible of the correlation of the noise. Indeed, the
lower the contrast, the more the noise influences the results
(as its relative part increases). This hypothesis has been
rapidly turned down. A simulated noisy grid with a
comparable contrast has been generated and processed
with a numerical rigid-body motion as explained above.
The standard deviation of the displacement values is
getting constant after a displacement equal to one pitch
and with a lower level (around 0.9% of the grid pitch).
Moreover, the displacement maps exhibit a fully spatially
independent noise. For example, Fig. 19 shows the results
obtained for such simulated grids. Grids were coded on 255
gray levels with a white noise presenting a standard
deviation of 20 gray levels i.e., a signal to noise ratio equal
to 40 which is rather poor.

The observed deterioration of the displacement maps can
be due to the grid itself. It can be due to the presence of
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polishing scars or inclusions locally disturbing the detection
of the phase or the presence of harmonics in the grid signal,
...or to the observation instrument. Further investigations
are actually needed to determine precisely the origin of the
phenomenon. Nevertheless, the performances of the techni-
que are already rather good, with a displacement resolution
of about 1% of the grid (here, 56nm), with a spatial
resolution of 5.6 um. Pitches down to about 2 um can be
used. The final strain resolution will depend on the
smoothing procedure used. This is the next step.

Fig. 18. (u,
displacements (colormap values in percentage of the pitch).

—u, ) maps for two different numerical imposed x
average

7. Conclusion

In this study, the manufacturing of micrometric gratings
by direct interferometric photolithography has been pro-
posed and demonstrated. An optimization of the relevant
parameters has been obtained taking into account the
specific mechanical application they are designed to. This
optimization consisted in finding the exposure dose that
minimized the phase-noise of the image of the grating
obtained with an optical microscope or with a white light
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interferometer and processed with the specific spatial  options are envisaged and will be attempted in the near
phase-shifting algorithm of the grid method. A numerical  future:

rigid body motion from experimental images has been

finally addressed and has underlined some spatial correla- e optimize the kinematic chain of the future testing
tion problems that will possibly occur during a real apparatus in order to avoid or at least reduce the rigid
mechanical test. To reduce these effects, several palliative body motion (symmetry of the loading system, etc.);



e slightly increase the thickness of the photoresist layer to
try to fill in the polishing scars and all other topographic
defaults occurring over the surface but without modify-
ing the mechanical properties of the substrate;

e investigations are currently being carried out to deter-
mine if the main cause of the problem is due to the grids
themselves or to the white light interferometer. The
results will induce corrective actions (improvement of the
device or of the quality of the grids, use of numerical
procedures to limit the influence of defaults, ...).

Finally, it must be noted that the present approach is
original and represents a promising alternative to existing
techniques, even if it is still under development. One
possible perspective lies in the measurement of local strain
fields at the surface of metallic alloys under tensile load in
order to identify the local elasto-plastic constitutive
equations and more especially, the local elastic limit, in
order to correlate results obtained by heat dissipation
measurements [49].
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