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Abstract

In this paper, a nano-moiré fringe multiplication method is proposed, which
can be used to measure nano-deformation of single crystal materials. The
lattice structure of Si (111) is recorded on a film at a given magnification
under a transmission microscope, which acts as a specimen grating. A
parallel grating (binary type) on glass or film is selected as a reference
grating. A multiplied nano-moiré fringe pattern can be reproduced in a 4f
optical filter system with the specimen grating and the prepared reference
grating. The successful results illustrate that this method can be used to
measure deformation in nanometre scale. The method is especially useful in
the measurement of the inhomogeneous displacement field, and can be
utilized to characterize nano-mechanical behaviour of materials such as

dislocation and atomic bond failure.
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1. Introduction

The ordinary moiré method was introduced by Weller in 1948
[1] and has been improved by many researchers [2]. The
sensitivity of displacement measurement with this method
depends upon the frequency of the applied grating. In the
measurement of the ordinary moiré method, the applicable
grating frequency is generally lower than 100 lines mm™!, thus
this method can only be used to measure large deformation.
With the development of techniques for producing holographic
gratings, moiré interferometry has been widely used in
experimental stress analysis and applied to the field of meso-
mechanics since the 1970s [3, 4]. In the measurement of
moiré interferometry, the frequency of the applicable specimen
grating has a range from 600 lines mm~! to 2400 lines mm~",
In the 1990s, Kishimoto [5] proposed the electron beam moiré
techniques, and the moiré grating was fabricated by electron
beam lithography. From the available reports, a specimen
grating up to the frequency of 10000 lines mm~' can be
utilized in the electron beam moiré measurement. In 1993,
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Read [6] proposed the scanning moiré method. In his study,
the scanning lines in a SEM monitor or CCD video camera
were used as a reference grating to form scanning moiré
fringes. This method could provide an easy and effective
way to improve spatial resolution in the moiré measurement.

The mechanical behaviour of engineering materials in
the nanoscopic range have drawn the attention of researchers
on materials and mechanics in recent years. In order
to understand the rules of this behaviour, deformation
measurement techniques with a sensitivity and spatial
resolution at nanometre level are required [7, 8]. However,
the above-mentioned methods obviously cannot meet such
requirements.

Hashimoto and Ueda [9] and Pashley [10] observed
dislocation by means of moiré pattern on electron micrographs
in 1957. In their works, a crystal lattice was first introduced
to serve as a grating. In 1999, Dai and Xing proposed a
nano-moiré method with a transmission electron microscope
(TEM) image [11]. In their study, a crystal lattice acted as
a specimen grating and a unidirectional coarse grating as a
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reference grating. The two gratings are superposed, and a
moiré pattern in nano-scale can be generated. Xie et al [12]
developed the atomic force microscope (AFM) scanning moiré
method. In his study, the AFM moiré pattern is formed by
AFM probe scanning lines and an atomic lattice.

In order to improve the accuracy of the moiré
measurement, some efforts were made to multiply moiré
fringes. A typical example is the super high-sensitivity
moiré interferometry with holographic wave-front warpage
multiplication [13]. Another example is the optical fringe
multiplication in moiré interferometry [14].

High resolution TEM has been extensively applied to
observe the structure features in nano-scale. It has been
applied to the examination of particle morphologies and size
distributions, to analyse structural features of intracellular
magnetite particles [15], to observe ¥ = 3 and ¥ = 9 tilt
about the (011) axis (first- and second-order twin) boundaries
in a specimen cleaved from a melt grown CdTe bulk crystal
[16].

In this paper, an optical fringe multiplication technique
with a TEM nano-moiré method is presented. This method
can be used to measure in-plane displacement and strain in
nanometre scale. Especially, it is suitable to reveal nano-
mechanical behaviour such as dislocation and atomic bond
failure.

2. Fringe multiplication principle of TEM
nano-moiré method

2.1. Formation mechanism of TEM nano-moiré fringes

In terms of the theory of material physics, a single crystal has
a periodic structure, which consists of atoms and molecules.
Thus, it can be considered as a nano-grating with high
frequency, which contains several millions of lines per
millimetre. In the measurement, the reference grating is
prepared with a frequency of a few tens of lines per millimetre.

In order to form TEM nano-moir¢ fringes, the specimen is
recorded on a photosensitive film before and after loading. The
films are utilized as specimen gratings. A TEM (the type is
JEM-2010F) with atomic resolution is used to acquire images
of the sample. Compared with AFM and STM (scanning
tunnelling microscope) nano-moiré methods [17], this method
can provide a larger observation field and better contrast of
moiré fringes.

In this study, Si (111) is selected as the measured object.
A TEM image of the lattice structure of Si (111) is shown
in figure 1. The period of this lattice is 0.304 nm, which
represents a grating with a frequency of 3289 474 lines mm™".

Before conducting a TEM nano-moiré test, the frequency
of a specimen grating is calibrated. = The relationship
between the frequency of the specimen grating and the
magnification is analysed. In the calibration, TEM images
of the specimen at different magnification from X150K to
X800K by an increment of X50 K were collected and recorded
on photosensitive films. Then these films are used to analyse
the frequency of the specimen grating. Each film is clamped
in the object plane 4 in a 4f optical filter system [18] (as shown
in figure 2). When a collimated laser beam passes through
the specimen grating and the transforming lens 5, a diffraction
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Figure 2. Schematic diagram of the 4f optical filter system.

1, Laser; 2, beam enlarger; 3, collimating lens; 4, object plane;
5, transforming lens; 6, spectrum plane; 7, image lens; 8, image
plane; 9, CCD and computer; and 10, pinhole.

Figure 3. Diffraction spectrum of a TEM image of Si (111).

spectrum will appear on plane 6. In the plane, it is found clearly
that there are several spots of diffraction orders. (A diffraction
spectrum of Si (111) is shown in figure 3.) From figure 3,
it can be seen that there are six larger diffraction spots near
the centre, which can be considered as three matched pairs.
The two spots of each pair are symmetric with respect to the
centre, and their corresponding diffraction orders should be
defined as +1, respectively. In this study, we are especially
concerned with the £=1st diffraction order pairs. By selectively
filtering out all but an arbitrary +1st diffraction order pair, a
unidirectional grating image can be discerned in the image
plane 8. The grating image is captured by a CCD camera and
can be observed on the screen of the computer 9. From the
grating image, the frequency of the original specimen grating
can be expressed as
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Figure 4. The relationship between the frequency of a specimen
grating and the magnification of TEM.

m—1 |
f= 2H ey
where m is the number of grating lines, H is the spacing of m
strip grating lines, M is the magnification of the whole optical
system. A calibration result is shown in figure 4.

In the experiment, a deformed specimen grating image
can be obtained in the image plane, regardless of the 41st
diffraction order pair that passes through the pinhole. If a
reference grating with a matching frequency is placed in the
image plane, a moiré pattern can be discerned [2]. By rotating
the reference grating to an appropriate angle, a parallel moiré
fringe pattern can be obtained in the image plane.

2.2. Multiplication principle of TEM nano-moiré fringe

In this study, a 4f optical filter system is utilized to multiply
TEM nano-moiré fringes. By selectively filtering out some
diffraction orders, the frequency of the specimen grating can be
multiplied. In order to generate a moiré pattern, the reference
grating should be determined according to the multiplied
frequency of the specimen grating.

In the experiment, the specimen grating is clamped by two
pieces of optical glass, which are placed in a 3D adjustable
stage. A thin metal plate with a thickness of 1 mm is placed
in the spectrum plane 6. Two circular holes with diameter
1.5 mm are manufactured in the plate and they act as filter
pinholes. In the plate (spectrum plane 6), there are several
diffraction order pairs. When the +nth order diffraction beams
are selected to pass through the pinholes, a specimen grating
with multiplied frequency can be discerned in the image plane.
When the multiplied specimen grating is superimposed by a
unidirectional reference grating with a matched frequency, the
multiplied moiré fringe pattern can be obtained and collected
by a CCD camera. In this experiment, the frequency of a
specimen grating for Fourier filtering should be more than 5
lines mm ™' to avoid the overlap of diffraction orders.

When a collimated laser beam travels through a deformed
specimen grating, the respective transmission function
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Figure 5. Schematic diagram of spatial frequency of a specimen
grating.

fo(x,y) can be expressed by a Fourier series [14] (take a
unidirectional grating for example)

fote.y) = Y Coexpli2nm(fex + fyy)]

n=—00

1 1
(fx - d1+517fy_ d2+52>

where C, is a constant, f, f, are the frequency components
of the local deformed specimen grating in the x and y axes
(as shown in figure 5), respectively. d,, d, are the components
of the initial pitch of the specimen grating, §; (8; = §;(x, y)),
8, (8, = 6&2(x,y)) are the components of the departure of
grating lines from straightness in the x and y direction. In the
spectrum plane, the complex amplitude function Fy(&, n) of
light waves can be expressed by the Fourier transform of the

Jo(x, ),

(@)

Fole, ) = / / folx. y)expl—i2m(Ex + py)ldxdy.  (3)

From equations (2) and (3), the Fy(&€, ) can be expressed as
[14]

Fo6.m) = Y Cub(E —nfe,n—nfy).

n=—00

“

If & is not equal to nf, or n is not equal to nf,, we have
Fo(&,n) = 0, it indicates that discrete diffraction spots are
formed along with the different frequencies (nf, nf,) in the
spectrum plane. If a pair of the +nth diffraction beam passes
through the pinholes, the complex amplitude E,, E_, of the
corresponding light waves can be written as

E, = C,expli2nm (fix + fyy)]
E_, = Cyexp[—i2nm (fix + fy))].

(&)

In the image plane, the interference intensity distribution of
the two light waves is [14]

Iy, = 2C3[1 +cos2m (2nfx + 2nfyy)]. (6)

From equation (6), it can be seen that the specimen grating
frequency is multiplied with a factor of 2n. According to [14],
the displacement measurement sensitivity can be increased 2n
times with the specimen grating.

If the three +1st diffraction beams are selected to pass
through the pinholes successively, an original specimen
grating image is captured and is as shown in figure 6(a). If the
+1st diffraction beams of each pair pass through the pinholes
in turn, the specimen grating with a multiplied frequency is
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Figure 7. TEM nano-moir€ fringe pattern. («) Original carrier fringe pattern. (b) Carrier fringe pattern multiplied times 2.

as shown in figure 6(b). The three groups of gratings can
be considered as a rosette with three different directions [19].
The intersection angle between two adjacent groups is 120°.
Each grating in the rosette can be applied to form moiré fringes
independently.

In the experiment, TEM images of Si (111) with a
magnification of x300k are utilized. When the original
specimen grating was superimposed with a unidirectional
reference grating with a frequency of 20 lines mm~!, an
original carrier moiré fringe pattern could be formed and
is shown in figure 7(a). When the specimen grating with
multiplied frequency is overlapped with a unidirectional
grating with a frequency of 40 lines mm~!, a multiplied
moiré fringe pattern with carrier is obtained and is shown in
figure 7(b).

In the experiment, a unidirectional reference grating was
placed on an adjustable stage in the image plane, which can
be conveniently adjusted to generate the moiré fringes with
a grating rosette. A schematic diagram of three directional
moiré fringes multiplied is shown in figure 8. From figure
8, the displacement and strain components in three different
directions can be expressed respectively as [20]

S @)
toi = 2M01’lf
M (i =1,2,3:6; =90°,210°,330°) (8)
go; = i=1,2,3;0 =90, ,
o 2nh;; f
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Figure 8. Schematic diagram of three directional moiré fringes.

where 7 is the diffraction order, M, is the magnification of
TEM, N; is the order of moiré fringes, h;; is the fringe spacing
in the 6; direction.

The sign of the normal strain can be determined by
rotating the reference grating. When the moiré fringes move
in the same direction as the rotation of the reference grating,
the normal strain is tensile. Otherwise, the normal strain is
compressive.

The relation among the &y, €, and &, can be expressed as
[20]

Ex T &y Ex — &y
Ep; = 5 +

(i=1,273).
©

cos 26; + % sin 26;
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Figure 10. Fringe pattern near atomic bond failure.

Snm

Figure 11. Fringe pattern around an inclusion.

From equations (8) and (9), the normal strain ¢,, €, and shear
strain yy, can be easily determined.

3. Experimental results with a multiplication
factor 2

The main cleavage surface is Si (111), the dislocation emission
always occurs from this surface. In this experiment, the
fringe joining can be easily observed (as shown at point 1 in
figure 9(a) and point 2 in figure 9(b)). The fringe joining is
a signature of thread dislocations [11]. Figure 10 shows the
fringe pattern near atomic bond failures along the layer cc/,
the fringes are sheared and have different directions along the
layer. At the region A in figure 11, moiré fringes disappear. A
local electron diffraction pattern verifies that they are incurred
by the non-crystalline inclusion. The fringes around the

(b)
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Figure 12. Strain distribution along the section aa’.

inclusions become twisted. These inclusions result in non-
uniform residual deformation. Figure 12 shows the residual
strain distribution in the y axis direction along the section aa’.

4. Conclusion

A new technique for multiplying TEM nano-moiré fringes
is developed, which can be used to improve the accuracy
of the displacement measurement. This method is utilized
to measure the nano-deformation around an inclusion. The
successful experimental results verify the feasibility of this
method.

The method can be used to measure in-plane displacement
and strain in nanometre scale. Especially, it is suitable to reveal
nano-mechanical behaviour such as dislocation and atomic
bond failure. The method offers an effective experimental
tool for nano-mechanics study, and it has a good potential for
further application.
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