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Abstract. Surface patterning by e-beam lithography and SEM imagirsgodions are
studied via digital image correlation. The global distons from the reference pattern, which
has been numerically generated, are first quantified frorgitatimage correlation procedure
between the (virtual) reference pattern and the actual Sikbe both in secondary and
backscattered electron imaging modes. These distortiesdtrfrom both patterning and
imaging techniques. These two contributions can be segghfaithout resorting to an external
caliper) based on images of the same patterned surfaceredcati diferent orientations.
Patterning distortions are much smaller than those dueagimg on wide field images.
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Characterization of SEM speckle pattern marking and imggiistortion 2

1. Introduction

During the last decades, the mechanical behavior of metatscaostructural scales has been
increasingly studied with numerical or experimental appfees [1, 2]. With the development
of Digital Image Correlation (DIC), kinematic measurensenia SEM imaging can be
performed to provide spatially dense experimental 2D [3p#Akven 3D [5, 6] fields. These
measurements allow for many possibilities, as for instaheecoupling with simulations to
identify material parameters [7]. However, SEM imaginguoés distortions of dlierent
natures €.g.,drift or spatial) of the observed object and noise [3, 4, ®,8,0] that are due to
the electromagnetic environment of imaging, and that nedzetconsidered to quantify the
errors of DIC measurements [5].

Kinematic measurements with DIC require gray level texiomages whose dynamic
range should be as large as possible with high local contiashe natural texture of the
material does not provide such contrastfatient marking techniques can produce the suited
artificial texture on the surface of interest. In the conEx$EM imaging, the deposition of
microgrids by microlithography is a viable technique [12].1However the spatial periodicity
of the grid may induce displacement measurement errors arepgpatial resolutions [13].
Investigations have been conducted on the developmentnofora patterns [14] while
speckles for SEM imaging can be obtained by remodeling oftnefilms [15, 16, 17],
by nanoparticles deposition techniques [18], or even bypldwtolithography [17].

An alternative solution described in this paper is also Base random patterning.
The patrticularity is that the pattern is computer-generdtefore being deposited onto the
specimen surface by microlithography. This procedureadlos to parameterize the desired
pattern, and leads to a precise knowledge of the “ideal’epat{referred to aseference
patternin the following). An evaluation of pattern and imaging digions is then possible by
comparing an SEM image of the pattern and its reference egueutt.

The paper is organized as follows. First, Section 2 is deVtdhe presentation of the
material and the adopted method of microlithographic ga@dasition marking. Then, the
reference and observed patterns are registered using DB&dtion 3. SEM distortions are
evaluated from a series of rotations of the sample and ofdhe beam. Finally, although
marking and imaging errorsffact each image, collecting several of them after a physical
rotation of the specimen in the SEM leads to the possibifiseparating marking and imaging
errors from the global distortion (Section 4).

2. Materials and methods

2.1. Scanning Electron Microscope (SEM)

The SEM used in this study is an FEI Quanta FEG 600. For imag@egondary Electron
(SE) Everhart-Thornley Detector (ETD) and Backscatter&zttton (BSE) detector in Z-
contrast have been used, both with an acceleration volfab@ld/ and a working distance of
14 mm. The physical size of one pixel is 240 nm. This resoiuas chosen for subsequent
mechanical analyses so that dfsiient number of grains could be observed.
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2.2. Microlithographic gold deposition marking

Electron beam lithography is classically employed in thedpiction of microelectronic
components [19]. The technique is based on the selectivevaof the “resist” film where

it has been exposed to the e-beam according to a specifiecrpattesolid mechanics, this
technique has been selected to marsitu specimen for kinematic measurements [3, 4, 7,
11, 12]. As for photolithography, two types of resist filmsidze used to achieve etching. A
positive one that becomes soluble (depolymerized) onces®pto the electron beam, or a
negative one, which becomes insoluble. For this study, diyp®sesist has been chosen.

The material of this study is 316LN austenitic stainlesglstdhe aim is to deposit a
gold pattern onto the surface of interest of samples, sudmas-situ tensile test sample
to measure displacement fields during loading. A mechamiohshing of this surface is
performed beforehand with cloths and diamond solutionsr@aL um, and with finish with
50 nm colloidal silica suspension.

The process of microlithography gold patterning is dividead five steps (Figure 1):

() The “resist” film — in the present case, a thin layer of puthylmethacrylate (PMMA)
— is synthesized (cured at 18D for 90 s) from a precursor resin spin-coated on the
surface.

(i) A dedicated software of the SEM, Raith Elphy Quantummtcols the stage position, the
magnification, the electron beam blanking, and the eledisgam deflection to write the
generated pattern. The marked domain is chosen to be & 400um? square allowing
the exposure to be performed with a fixed stage position, dgtreln beam deflection
from the center of the region of interest. The marking cdas$ many elementary pat-
terns,e.g., circular disks in the present case. The electron beam isankét at the
coordinates of each disk center. Details about the pattsed in this study are given in
Section 2.3. A beam current of 50 pA, an acceleration volt#db kV and a working
distance of 10 mm have been selected.

(i) The third step is the development of the pattern. Theased resist is dissolved by
immersion in a developer solution for 60 s followed by 30 ssopropanol to stop the
development. The bare specimen surface is obtained whemesrst film was exposed
to the electron beam.

(iv) A 20 nm thick gold film is then deposited across the ensaenple surface, using a ca-
thodic deposition apparatus with 40 mA current.

(v) Finally, the gold capped residual resist is dissolvethva remover solution, leaving
the gold film only where it is in direct contact with the sulasér. Ultrasound-enhanced
cleaning steps are repeated several times. The result ifdgpgtiern marked in the
region of interest for SEM imaging (Figure 2).
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Figure 1. The five major steps of microlithographic gold patterningesiR film deposition
(a), electron beam exposure (b), development (c), goldsigpo (d), dissolution of residual
resist film (e)

2.3. Parameterized pattern

The software used to control the SEM beam expostiier®a wide range of possibilities
for the pattern design. The choice made in this paper is td e surface with a known
distribution of disk-shaped gold spots of random radius@wsition. The variation of radius
is achieved via modulation of exposure time to electron beééme number of spots is adjusted
to get suitable density of surface covered by gold in theore@f interest — in the present
case, 17% (Figure 2(c)) — aiming for an appropriate grayllbistogram of SEM images
suitable for DIC. A specific visual marking is set in threerwns of the region covered by the
speckle to get easily the orientation of the marked pattarmd observation.

One advantage of using a known pattern in this technique ofatithographic gold
deposition marking is that the SEM image of the speckle candmepared with the ideal
reference to measure the errors resulting both from litolgy and image acquisition with
the SEM.

3. Quantification of systematic error in marking and imaging

3.1. Comparison between reference and observed pattern

The deposited gold speckle is observed with the SEM, usingF3gure 2(a)) or BSE
(Figure 2(b)) detectors. The binary reference that was tsetdeate the speckle pattern is
shown in Figure 2(c).

An ideal image of the speckle, designated as the “referemeegenerated from the
known distribution of spots (Figure 2(c)). Each spot is assd to have a Gaussian-shaped
distribution of gray levels. A typical histogram of SEM imemyof the speckle shows two peaks
(Figure 3). The first peak corresponds to the mean gray ldvwbkeouncovered steel surface,
and the second one to the mean gray level of the gold disksseTiaentified gray levels
are used to generate the reference (synthetic) image aframibackground and Gaussian-
shaped spots, as shown in Figure 4(a) for the SE image. ForiB3ges of the speckle,
the underlying microstructure (twins in the present caggears through the variation of
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Figure 2. SEM imaging of the gold speckle with SE (a) and BSE (b) detsctbhe scale bar
is 200um. Binary image of the reference pattern (c)

the gray levels. The corresponding ideal image is therdbort regionally, namely, each
element, twin or grain, of the appearing microstructurergcpssed with the same method as
previously. The result is shown in Figure 4(b).

The displacement fields are measured between an SEM imagthamdrresponding
reference image of the speckle with finite element based R0C 21]. It is convenient for
the following developments to resort to a mapping of the ienegordinate systenx(y) to
the complex plane = (x + iy)/L, whereL is the window size. The formulation is based
on the texture conservation written with respect to theregfee (complex-valued) coordinate
systemsz. In the transformation, a poirt of the reference imagé moves to positiorZ (z)
in the SEM imagey

9(Z(2)) = f(2) (1)
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Figure 3. Gray levels histogram of the SE image of the marked region

where the Lagrangian displacementhere again mapped into the complex plane) is defined
by
Z(z) =z +u(2) (2)

The minimization of the sum of squaredidrencep? = (f(z) — g(z + u(z))? of gray
levels of the two images is performed by successive (indéxed) solutions to the linear
system in the incremental displacement ve¢sar™} [22]

[M] (6u™) = (b™) (3)

where {du} is the column vector gathering all the unknown amplitudgswhen the
displacement fieldy, is written as

w(z) = ) uahi(z) (4)
k

wherey(z) denote the chosen trial displacement fields.

The matrix [M] and the vectofd™} are known quantities, calculated over the whole
region of interest (ROI), from the gray levelsandg of respectively the reference image and
the deformed image, such that

M = D (- V(=) - V)(z) (5)
ROI
b= D (= §)(2)(Wh - V)(2) (6)
ROI

whered®™ is the deformed image corrected by the current estimatidmeodlisplacement field
(" (2) = g(z +u™(2))). The displacement discretization is performed usingmstructured
mesh (Figure 5), built with 3-noded triangular element (a0 pixel/ 9.6 um long sides).
In the following, each DIC calculation will be conducted ngpithis mesh. The adopted
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Figure 4. Reference image of the speckle built from SE image (a), anmd BSE image (b).
The scale bar is 200m. Gray levels histogram of the reference SE image (c), afederece
BSE image (d)

DIC technique leads to a displacement uncertainty due taisitign noise as a root mean
square (RMS) value of 0.021 pixel (or 5.0 nm). The latter wasreated by correlating two
SE pictures with no motion applied between the two acqoissti The RMS level of the
correlation residugb. at convergence is equal to 4.3% of the dynamic range of

In Figures 6(a) and 6(b), the measured displacement regplgchlong the horizontal
and vertical directions between the SE image and the camnelépg reference are presented.
At the end of the DIC calculation, gray level residualsdefined as the éierence between the
corrected deformed imaggahd the reference picturfe indicate the quality of the registration
(Figure 6(c)). These residuals, from their definition, ud# all sources of mismatch between
images that are not captured by the chosen kinematic bagisgcquisition noise). Almost
identical results are obtained using the BSE image, so thit the SE image will be
considered thereatfter.

Analytical expressions fter a suitable and convenient description of optical
distortions [3, 4, 5, 8, 9], which have been proposed to desaxperimentally observed
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Figure 5. Unstructured mesh made of 3-noded triangular elementsfas&IC calculations
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Figure 6. Displacement field expressed in pixels measured along thiedmbal (a) and the
vertical (b) directions between the reference image and&thémage of the speckle pattern.
The physical size of one pixel is 240 nm. Correlation redglegpressed in gray levels (c)

distortions. In this paper, a polynomial basis in the compigriablesz andz of maximum
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orderpis considered
da(z) =22 0<kO<lLk+l<p 7)

wherez is the conjugate ot. The usual expressions for radial, prismatic and decegeri
distortions [8, 23, 24], may be expressed by using this s@i€omplex shape functions. A
second order expansign= 2 of the series has been chosen, which appeared toftheiesut
to describe optical distortions. The first element of théesdr (with complex amplitude), and
the imaginary part og, represent 2D rigid body motions€., translations and rotation). The
projection of the displacement field measured by DIC ontatiesen basis leads to

v(2) = &l + &z + 37 + Auz’ + a52Z + A2 (8)

where @y,...8¢) are complexvalued unknowns. Examples of the components of these trial
fields are shown in Appendix A. The measured displacemendtdiéd approximated by by
resorting to least squares minimization

(a, ..., 8g) = argmin|jv — ul? (9)

The problem to solve (9) can then be written as a linear systdrase inversion leads to the
codficients given in Table 1. The approximated fields shown in Figures 7(a) and 7(b), and
the residual displacement fiejd = v — u in Figures 7(c) and 7(d). The RMS value of the
residual displacement is 0.14 pixel (or 34 nm).

Table 1. Codficients (expressed in pixels) of the projection of the disptaent field measured
by DIC onto the trial fields defined in Equation (8). The phgs&ize of one pixel is 240 nm

a o az ay as ds
33+15 -27-57 023+13 -0.089-082 -078+0.74 -1.3+0.61

The residual displacement fields still contains some kirensggnal, since the RMS
value (0.14 pixel or 34 nm) is about seven times the standaplatement resolution
(0.021 pixel or 5.0 nm). By comparison, the projection of displacement field measured by
DIC on spline functions, using third-order Bézier curvathwl6 control points (4 4 grid),
leads to an RMS value of the residual displacement of 0.08l fox 22 nm).

3.2. SEM distortion measurements

Several SEM images of the pattern are now used to quantify patterning and imaging
distortions. The imaging distortions classically encosgdrift in addition to spatial
distortions. However, the drift component can be negletdedhe short sequence of about
30 minutes necessary to acquire the images [3, 4, 9], andubeca field emission gun
SEM was used, known to induce very limited drift when comgdoeconventional tungsten
filaments [3, 4, 9].
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Figure 7. Projection of the displacements measured by DIC onto thés lefined in
Equation (8) along the horizontal (a) and the vertical (bg¢clions. Diference between these
projected fields and the measured fields along the horiz@r)tahd the vertical (d) directions.
The fields are expressed in pixels, whose physical size ing40

3.2.1. Apparent DIC motion from actual sample rotati@everal evaluations of SEM
distortion are sought by measuring displacements betweeidé¢al speckle and a set of SEM
images. Between each image, an increment of 10° rotatiohefSEM stage is applied,
starting from 0° up to 90°, keeping the imaging conditiomiy identical.

Therefore, the assumption of small displacements is noeonmigie for the Taylor
expansion og(Z(z)) in the DIC formulation summarized before. One may thensaber
finite transformation kinematics in DIC. The deformatioadjent tenso¥’ is defined as [25]

F=V,Z=1I+V,u(z) (20)

wherel is the identity tensor.

The same DIC strategy as previously is followed by corregctive deformed image and
bringing it back onto the reference one. The transforma#¢s) is sought, and because of
the intrinsic nonlinearities of the problem, an iteratiygeoach is chosen. At stapof the
algorithm, an approximation of the transformation is deddiy

Z ~ x"(z) (11)
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and the corresponding displacement reads

v(z) = x"(2) - 2 (12)
The incremental displacement correctidbw™V(z2) is obtained from its definition
Z = x"(2) + 0™ Y(2) (13)

and a Taylor expansion of the correctéeformed image, wherg™(z) denotesg(x™(2)),
becomes
9(Z(2)) =9(x"(2) + dv™D(2))
= g(x"(2)) + Vz9(x"(2)) - v 1(2)
= g (2)) + V.9 ™(2) - ™D 50(z)
~ §0(2) + V. f(z) - FOD™ . §pmD)(2)

(14)

It is observed that ifw™(z) = F+D™ . §u™D(2) is introduced, then
9(Z(2)) - f(2) ~§(z) - f(2) + V.1(2) - dw™D(2) (15)

hence, the standard DIC procedure (3) can be used game matrix and second member
construction) to evaluat@w ™7V, but the incremental displacement should be corrected to

6,U(n+l)(z) — F(n+l) . 5w(”+l)(z) (16)
After the correction step, the updated fields read
F (1) = FM 4 Vz(s,v(ml)(z)
v™(2) = vO(2) + sv™I(2)

X(n+1)(z) — X(n)(z) + 5,v(n+l)(z) (17)

§"Y(2) = gi™(2))
In the particular case of large rigid body motions and sntadliss, F™ is essentially a
rotation matrix,R™. The rotation is evaluated at each stepf the algorithm using the polar
decomposition of the deformation gradient tensor

FO = pM .y 0 (18)
whereV ™ is the right stretch tensor. From the right Cauchy-Greeairstensor

cO = pOT | po (19)
it is possible to evaluate the rotation tensor

RO = p . om~Y2 (20)

The measured displacement fields are then projected onthisen basis of fields (8).
The RMS value of the residual displacement is shown in Figu@s a function of the
prescribed rotation angle of the SEM stage. The residuplatiements dier very slightly
for all possible rotation angles. Its mean value over thi®sgen evaluations is 0.22 pixel (or
54 nm) for a standard deviation of 0.009 pixel (or 2.0 nm).

For each rotation angle, the residual displacement fieldssinilar to those obtained
without rotation (see Figures 7(c) and 7(d)), but witffetient dynamic ranges. The average
residual displacement fields are shown in Figures 9(a) amd 9(
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Figure 8. Change of the RMS displacement ergom pixels as a function of the nominal
rotation angle of the SEM stage (in degrees). The physizaldione pixel is 240 nm
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Figure 9. Average residual displacement fields along the horizomahfid the vertical (b)
directions. The fields are expressed in pixels, whose palsize is 240 nm

The evaluation of the rotation matri®™ during the DIC calculation gives us a direct
access to the true value of the rotation angle. Therefoes,the 9 successive rotations of 10°,
an average of measured angle increment of 9.8° is obtairidttdaw RMS value of 0.3°. This
observation may result from an underestimation of the setpmgle, or from a slight tilt of
the rotation stage [24].

3.2.2. Apparent DIC motion from scan beam rotation this part, we apply the same
procedure as previously, but instead of rotating the samgileg the SEM stage holder, a
series of 10° rotation increments of the SEM scan beam iswzmiad. The working conditions

of the SEM are kept identical. Displacement measuremenigelea the reference speckle and
the SEM images are achieved using the same DIC method andnie mesh as discussed
above.
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Similar residual displacement errors as functions of theninal rotation angle are
obtained (Figure 10), once the measured displacement &sddgpproximated with the chosen
basis of distortion fields. The mean value of the RMS levelsesidual displacements over
this set of ten evaluations is 0.22 pixel (or 54 nm) for a staddleviation of 0.008 pixel (or
2.0 nm), which are very close to the previous levels.
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Figure 10. Change of the RMS of displacement erpan pixels as a function of the nominal
rotation angle of the scan (in degrees). The physical siomefpixel is 240 nm

An average of measured angle increment of 10.0° is now addainith an RMS value
of 0.008°. With regard to this result, the scan beam rotatippears to be much more
accurate than the stage rotation. It does not involve amobptane displacement due to
misalignments as the stage is motionless.

4. Partition of patterning and imaging errors

Let us now separate the relative contributions of pattgraind imaging in the overall error
that has been measured. Ten DIC measurements of displackadsnbetween SEM images
rotated at ten dierent angles (thanks to a stage rotation every 10° increframt0° to 90°)
and the reference pattern are used. The ROI and the mesleatiea for each measurement.

For each rotation angld), the displacement measured by DIC, notéfd is sought
as the composition of fferent transformations; first a patterning distortion, themtation
roughly known, and finally an imaging error described in Fgglil. The searched patterning
error vy is strictly identical for the ten displacement fields, whistio be expected since the
pattern remains unchanged. Concerning the imaging dmbsrtvg, a similar assumption of
stationarity is made, ignoring their time evolution.

The principle to separate these two contributions consisexpressing the apparent
displacement field as a static field (the imaging distortianyl one that rotates together with
the sample. Because large rotations are considered, théepras nonlinear in the entire
set of parameters needed to characterize each displacé&aiénHowever, considering one
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Figure 11. Schematic of the decomposition of each of knisplacement measurements into
imaging distortions, rotation and patterning errors

of the displacement fields as known, it is rather straightéod to determine the second and
vice-versa. This procedure converges to a well defined solutitew iterationsi(e., typically
of the order of 10).

The remainder of this section gives details on the formaiteaind solution of the problem
using a similar approach as that of the previous section.defi@med coordinate system in
the reference pattern image, denoﬂgdis expressed as

z'§ = 2o + u* (20) (21)

whereuX is thek measured displacement field.
An approximation o&¥, denotec:¥ is proposed

2K = (20 + vg (20)) €749 1 wg(2) (22)

wherez% is an estimation of an intermediate coordinate system aftaging distortions and
the rotation

2K = (20 + v (20)) €(*+9) (23)

anddg® a set of unknowns introduced to allow for small fluctuatiomsyf the nominal value
of the angled* previously measured (see Section 3.2.1). The displaceieltgvy andvg are
both searched in the form of the previously described espyas of distortions (7). A second
order expansion is chosen as previously (see Equationlédying to two sets of complex
parametersg, ...,as) and @, ...bs) to describe respectively; andv,. Because they control
the 2D rigid body motions, the parameteksare specific to each fiek

The rotation @fsetsdd® are very small and, consistently with the small correction
assumption, second order cross-products of unknowns @leated so that Equation (22)
becomes

,25 = (ZO + vy (Zo) + ikoZO) eiek + 'Ug(élz() (24)

An additional constraint prescribes the imaginary parapfto zero since the rotation is
described by* anddéX.
The quality of the proposed deconvolution is estimated byettor fields

k= 2K 2X (25)
The choice was made to estimatgandvgy one after the other and not simultaneously.

Thus two linear systems are solved instead of one nonlingsdies by resorting to least
squares fit. However, approximation errors are cumulatdghaould be reduced. Aloop is set
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up to first update){"" from v?, thenv{™" and iteratively continue, until the convergence

of the error fields- is reached. As initialization, the patterning erro{,@ are neglected.

In Figure 12, imaging distortions and patterning errorsaot#d at convergence are
shown. The change of the residual fieldsbetween the first iteration and the final iteration
is presented in Figure 13 as functions of the rotation anifleeopattern. Both horizontal and
vertical components of the ten error fields are shown in leddr. A low frequency kinematic
signal still appears in some of the error fields. It was chédkeat richer bases.¢., higher
order terms of the series expansion (7))dqror vy do not allow for their reduction.

20 2
40 0
60
-2
80
4
100
200 400 600 8001000 200 400 600 8001000
(@) (b)
0.8
20 1 20 0.6
40 40 0.4
0.2
60 0.5 4
0
80 0 80 0.2
100 100 o4
200 400 600 8001000 200 400 600 8001000

(c) (d)

Figure 12. Imaging distortions along the horizontal (a) and the vatt{®) directions, and
patterning errors along the horizontal (c) and the ver{idatirections at convergence of the
deconvolution. The fields are expressed in pixels, whoseipalsize is 240 nm

5. Conclusion and perspectives

Surface marking of steel samples byo@am microlithography wittknownreference i(e.,
numerically-generated random pattern) has been chawetdely means of digital image
correlation (DIC). As picture acquisitions are obtainedtW8EM instruments, the measured
displacement fields from the registration of the referemzkimaged patterns is a combination
of patterning and imaging biases. Several evaluationseodligtortions have been performed,
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Figure 13. Change of the RMS value of the residual fields in pixels as a&tfon of the
nominal rotation angle of the pattern (in degrees). The ijghysize of one pixel is 240 nm

after a series of rotations of the observed pattern and dsEM scan beam. A second order
polynomial basis revealed icient to capture most of the distortions, which turned outgo
very comparable in SE and BSE modes and for tifiednt rotation angles. To separate the
global errors into two fields, one for patterning and one fioaging, it is proposed to analyze
a series of images acquired after rotation of the specimediffgrent angles. An iterative
scheme based on the linearization of the displacementseattmws for convergence in few
iterations. The patterning is shown to involve much lessrsr(in the 400 nm range) than the
imaging distortions (in the gm range).

Since very large rotations are prescribed.(up to 90°), finite transformation kinematics
has been implemented in the DIC formulation. The basic &iracof the code remains
unchanged. The only modification is related to the displas#rmorrections that are evaluated
at each iteration. They require an estimate of the mean coemtof the deformation gradient
tensor.

Once the proposed calibration has been performed, the mapdad of the measurement
error and some additional drifts can be evaluated by acgutifferent images of the same
sample without any motion of the SEM stage. When these lagisstre carried out, the
SEM user has a better evaluation of the measurement erraes vegistering images via
DIC. Despite the dficulties and restrictions associated with sample pattgraismall scales,
and the use of imaging devices not initially tailored forémmatic measurements, the errors
obtained on displacement fields are very small. Some additierrors will arise when the
sample deforms, for example because the local texture ichlagéhe SEM can evolve upon
straining due to slip band accumulation and topographi@tians. This will have to be
addressed in future studies since it is desirable to chemaetand improve the kinematic
measurements conducted at microstructural scales forldwtand high strain values.

The SEM insitu material testing combined with DIC will then be highdgneficial for
the study of plasticity and its onset, and for the analysidavhage involving larger strains.
With such data, parameters of crystal plasticity laws caddiermined by coupling full field
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Figure 14. Ten error fields in pixels of the partition at convergencgis the component of
rX along the horizontal direction, am{j‘l along the vertical direction. The physical size of one
pixel is 240 nm

measurements and finite element simulations.
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Appendix A. Displacement fields of the second order expangioof the basis expressed
in Equation (7)

The measured displacement fields are approximated as Boearinations of the following
fields with complexvalued amplitudes. Thus, a full display of the basis alstuides the
same five fields but with a swap of the columns and with an oppsgin of one column.
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