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Towards 3D strain mapping of nanostructures and nanoparticles.

by Dmitry G. Tyutyunnikov

The strain is integral physical property of real crystals. The reasons of strain can be

different, i.e., internal crystal defects, external mechanical stress, magnetic or electric

fields and many others. The characterization of a strain is important in materials sci-

ence since crystal lattice deformations can strongly influence the physical properties of

crystals, for example electrical and mechanical properties. The performance of semicon-

ducting device or mechanical parts of different machines can be influenced by a strain

to a large extent. For example it was shown that by artificially engineered strain the

drive current in Si pMOSFET (Metal Oxide Semiconductor Field Effect Transistor) can

be enhanced by v 4.5× and by v 2× in nMOSFET [1–3]. To improve the performance

of nano-transistors or two understand the mechanical deformations in metal alloys on a

micro-scale the quantitative measurement of strain fields is essential. The strain map-

ping is useful concept because it allows to calculate how strong the crystal is deformed

at every sampled point of the specimen. In this work I was developing the methods of

three-dimensional (3D) strain mapping of nanostructures and nanoparticles. It means

that the methods can provide values of the strain at volume elements of the discrete

sampling grid the specimen was divided into. To map strain in 3D is important because

a specimen is always volumetric structure even if it is very thin like in transmission elec-

tron microscopy (TEM). The experiments in my work were performed by TEM because

this kind of instrument has the highest spatial resolution for structure analysis. However

in TEM one can usually acquire only the projection of the specimen along electron beam

direction. It means that the information about variations of 3D physical properties is

superimposed in the projection. Hence one can obtain only lateral strain from such a

projection. To reveal accurate and precise information about complete 3D strain special

techniques should be developed and it was the purpose of my work.

In my thesis I would like to present different techniques developed during my PhD pro-

gram and applied on different technologically important materials and structures. All
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together these techniques enable to reconstruct 8 components of 9-element infinitesimal

3D strain tensor with high precision and accuracy. The chapters 2, 3 and 4 provide

separately the detailed description of each technique and in chapter 5 the general sum-

mary is given. The respective manuscripts are already published or submitted. The full

citations to these manuscripts are given at the beginning to each chapter.

The first technique (chapter 2) is based on inline dark-field holography [4–7] and it

enables to measure 4 components of the lateral strain tensor. In this chapter it is shown

that using this technique one can calculate reliable strain maps from off-the-shelf 32-nm

node CMOS device structures. The presented technique has the great advantage of high

throughput because the important and precise information can be derived from a simple

measurement. The results of the strain mapping are compared with geometric phase

analysis (GPA [8, 9]) of high-resolution TEM (HRTEM) images.

The second technique (chapter 3) is based on analysis of dark-field images acquired at

different specimen tilts so that the tilt range will cover just a few degrees of the tilt. In

the corresponding chapter it is shown that the slight change in crystal lattice orientation

can be reconstructed with the high precision and accuracy from the recorded dark-field

data. In chapter 1.4 it is shown that the change in crystal lattice orientation is nothing

else as additional components of the 9-element strain tensor. The practical application

of this technique is demonstrated on a commercial semiconductor device, containing

multiple 22 nm technology transistor structures. Besides it is shown that also such

important quantity as specimen thickness can be recovered from a acquired dark-field

tilt-series.

The third technique (chapter 4) represents the extension of the previous technique be-

cause by using the sophisticated algorithms precise two-dimensional maps of crystal

orientation with high spatial resolution and large field of view can be computed from

multiple Bragg reflections. With the approach the local change in crystal orientation

can be mapped with the precision of < 0.1◦ and high spatial resolution which is lim-

ited by the size of the crystal unit cell. The practical application of this approach is

demonstrated on the specimen prepared from a Ni-based super-alloy CMSX-4. The

highly precise mapping of the change in crystal lattice orientation completes two addi-

tional components of the 9-element strain tensor and hence an important step towards

complete 3D strain mapping of nanostructures and nanoparticles.
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LADIA LAttice Distortion Analysis

TeMA Template Matching Analysis

PPA Peak Pairs Analysis

DOAH Dark-field Off-Axis Holography

SMF Scanning Moiré Fringe
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1. C.B. Özdöl, D. Tyutyunnikov, C.T. Koch and P.A. van Aken. Strain mapping for

advanced CMOS technologies. Cryst. Res. Technol. 49, No. 1, 38-42 (2014).

Reprint with friendly permission from John Wiley and Sons.

The author prepared the specimen for experiment and also participated in recon-

struction of data.
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Chapter 1

Introduction

1.1 Strain tensor

When a force is applied to a solid body, a body deforms. These deformations of a solid

body can be a result of internal (lattice defects, electric field, magnetic field, ...) or

external forces. The continuous deformations can be described mathematically in terms

of three-dimensional (3D) strain tensor:

ε =


εxx εxy εxz

εyx εyy εyz

εzx εzy εzz

 (1.1)

Each component of this tensor is some function of the position ~r = ~r(x, y, z) within a

solid body. The infinitesimal strain tensor is symmetric and it’s components for small

displacements can be calculated according to the formula [10, 11]:

εij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(1.2)

where ui denotes the spatial displacement of infinitely small element in a solid body at

the point ~r along corresponding axis (Fig. 1.1). The displacements ui have the units

of length. Therefore partial derivatives of displacements over Cartesian coordinates ∂ui
∂xj

are dimensionless. Because of that components of the strain tensor also do not have any

1



Chapter 1. Introduction 2

units. Due to that in physics and engineering a strain is usually expressed in percent.

As indicated in Fig. 1.1 components of the strain tensor are related to the angles of

shear in a solid body by the relation:

2εxy = φx + φy (1.3)

Figure 1.1: The deformation and rotation of infinitely small square element of a solid
body in two dimensions (2D). Left: Shear displacements dux and duy and angles of the
shear φx and φy for the sheared volume element. Right: in-plane rotation around the
point A is the reason of the rotation of the diagonal AC about the angle (φx + φy)/2

counter-clockwise.

Residual components of 3D strain tensor can be calculated by cyclic permutation of it’s

indices. By the shear the square ABCD is deformed along the diagonal AC into the

rhombus Abcd (see Fig. 1.1). The area of the square ABCD and the rhombus Abcd are

not necessarily equal.

In a solid body a rotation can also take place (see Fig. 1.1). In Fig. 1.1 the square

ABCD is rotated around the point A so that the edge AB transforms into Ab and AD

into Ad. By a rotation a body does not deform, it means that the shape of the square

remains the same. Only positions of vertices of the square change. The angle:

ωxy =
1

2
(φx + φy) =

1

2
(
∂uy
∂x
− ∂ux

∂y
) =

1

2
(εyx − εxy) = −1

2
(εxy − εyx) = −ωyx (1.4)



Chapter 1. Introduction 3

between the diagonals AC and Ac after the rotation is the degree of rotation around the

point A. After cyclic permutation of the indices x, y, z one can get the components of

3D rotation tensor ωij .

In general for large shear the components of the strain tensor are calculated in the

following way [11, 12]:

εij :=
1

2

(
∂ui
∂xj

+
∂uj
∂xi

+
∂ul
∂xi

∂ul
∂xj

)
(1.5)

Here in the third term the summation is going over repeating indices according to the

Einstein’s convention. For small displacements the third term can be neglected and

one gets the simplified formula 1.2. This simplified formula is valid only within the

framework of linear theory of elasticity. The linear-elasticity concept is obviously valid

only for small strains. The strain fields measured on different specimens and presented

in this work are very small in magnitude so the application of linear elastic theory is

justified. Also the linear theory is valid when force-distance relations are linear. The

example of these relations is Hooke’s law:

σij :=
∑

k=x,y,z

∑
l=x,y,z

cijklεkl (1.6)

Figure 1.2: The distribution of
forces applied on different faces of
the volume element in Cartesian
frame of reference. t := lim

A→0

~F
A ,

where ~F is the sum of internal and
external forces. The components
of the forces or the stress tensor

components are shown.

where σij is the stress tensor with the components of the force vector applied to different

faces of the small volume in the solid body (Fig. 1.2). ciklm is the tensor of the 4th

rank, components of which are called elastic constants.
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Close to dislocation cores, where displacements are quite large, linear theory of elasticity

should be used with caution [10]. It means that strain mapping results based on this

theory in the vicinity of defect regions of a crystal are not so reliable. Also in linear theory

the calculated strain is unspecified within an interval of the order of the displacement.

The strain tensor can be used in order to calculate free energy of deformed crystal [12]:

F =
1

2
ciklmεikεlm (1.7)

1.2 Introduction to TEM

The experimental part of the work presented in this thesis was done on transmission

electron microscope (TEM). TEM is a powerful and versatile tool for characterization

of nanostructures and nanoparticles [13]. The main reason why the experiments were

done on this kind of the microscope is high spatial resolution of recorded images (≈

1 Å). More over on most of modern TEMs it is also possible to program complex

experiments by using dedicated software. The principal setup of TEM is shown in

Fig. 1.3. The electrons are emitted from an electron gun and then accelerated at

high voltages. The experiments in this work were conducted at acceleration voltages

U0 = 120, 200 kV . At these high acceleration voltages relativistic effects should be

considered. Therefore de Broglie wavelength of fast electrons was computed by using

relativistic energy-momentum relation [14] according to the expression:

λ =
hc

e
√
U0(2me + U0)

(1.8)

where h - Plank’s constant, c - speed of light, e - the electron charge. The ratio hc/e has

the value 12.3984244 Å/keV . me - electron rest mass energy (me = 510.99906 keV ).

To shape trajectories of electrons in a microscope column electromagnetic lens are used.

The imaginary axis going through the centre of round-symmetrical lens of the microscope

is called an optical axis. Illumination system of the microscope consists of several op-

tical elements including condenser lens, condenser lens aperture, a stigmator and beam

deflection coils. The illumination system is used in order to collimate the beam and
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change the electron dose. The illumination system allows to create a parallel beam or

convergent beam for scanning the specimen with a small probe. All experiments in this

work were performed with medium electron dose and the parallel beam. Beam deflec-

tion coils are used in order to incline or shift the beam with respect to the optical axis

of the microscope. By tilting the beam with a centred objective aperture the direct

or diffracted beams of electrons can be used for imaging. The respective techniques

are called bright-field (BF) and dark-field (DF) imaging. A stigmator is used to min-

imize the effect of astigmatism of lens and to create the round shaped electron probe.

Changing the current flowing in the coils of the objective lens will change the defocus

which makes it possible to acquire the focal-series. Since the objective lens produce

the magnetic field around the specimen in order to investigate the magnetic structure

of thin films or nanoparticles some microscopes are equipped with Lorentz lens which

give lower magnification and the magnetic field is further away from the specimen. The

projective lens are used for posterior image magnification and projection on a fluorescent

screen or digital camera. The intermediate lens right after objective lens are used in

order to switch between the image and diffraction mode. In diffraction mode the

magnification of the diffraction pattern is described by the camera length. A specimen

is usually inserted in the microscope in TEM holder via side entry and cooled by liquid

N2 from special tank via copper wires. To perform the experiments presented in this

work I used standard double-tilt holder from Gatan Inc. The position of the specimen

and its inclination are controlled via special stage and a goniometer.

The experimental results presented in this work were achieved on two TEMs from

Carl Zeiss company (Carl Zeiss NTS, Oberkochen, Germany): EM912 and SESAM

(Sub-Ångstrom Sub-Electron volt Microscope [16]). Both microscopes are installed in

Stuttgart Centre for Electron Microscopy (StEM, [17]). EM912 microscope is equipped

with an in-column Omega energy filter and LaB6 electron gun. SESAM is equipped

with an in-column high-dispersion and high-transmissivity MANDOLINE filter [18] and

Schottky field-emission electron source which has high enough spatial coherence in order

to perform holography experiments. SESAM is capable to achieve an atomic resolution

and therefore suitable for strain mapping from high-resolution TEM images (HRTEM).

Both microscopes are computer controlled through DigitalMicrographTM(Gatan Inc.,

Pleasanton, CA, USA) via RS232 (Recommended Standard 232) interface. This allows

to write scripts for complex experiments like in my work. At both microscopes images
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Figure 1.3: The principal setup of TEM [15]. For clearness upper and lower parts of
objective lens are shown.

can be recorded on digital charged coupled device (CCD) cameras and can be further

processed as 2D data array. The images can be binned, i.e. divided in equal blocks and

averaged, by hardware or software. The microscopes have special damping systems in

order to compensate mechanical vibrations and are placed in special rooms to reduce

external influence. Moreover SESAM has an ultrastable support frame with a hanging-

column design. The power supply of energy filter in SESAM microscope has special

design which allows a peak-to-peak stability of < 3 ·10−8, even across time spans as long

as 100 s. Energy filter was used in the current work to minimize the effect of inelastic

scattering due to the loss of the energy of fast electrons on image contrast. Also liquid
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Figure 1.4: Right: EM912. Left: SESAM

N2 was used in order to reduce thermal diffuse scattering due to atomic oscillations.

In order to increase the quality of data and make its analysis easier the microscope

should be properly aligned. To perform the experiments presented in the current work

the basic set of alignments was used [19]. Among them are eucentric height alignment,

spectrometer adjustment, objective wobble, condenser and objective aperture alignment

and beam shift alignment. The eucentric height is the special position of the specimen

along the optical axis of the microscope. The eucentric height approximately corresponds

to the proper object plane of objective lens. It means that the specimen at eucentric

height should produce a properly focused image with the objective lens operating at its

nominal current and the wobble of the beam tilt will not produce image shift on the

screen. Objective wobble is used in order to align the beam with respect to the optical

axis of the microscope. By wobbling the objective lens current the beam inclined with

respect to the optical axis will cause the image shift on the screen. This image shift

should be minimized by using special beam deflection coils that align the illuminating

electron beam with the optic axis of the microscope. Eucentric height alignment and
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Figure 1.5: The rotation of
the specimen around α-axis.
The z-position of selected
specimen point z2, z1, z0 cor-
respond to 12◦, 5◦ and 0◦ val-

ues of α.

objective wobble are important for recording the focal-series for strain mapping by dark-

field inline holography (DIH, see section 1.3.2). In all experiments presented in this work

the inline alignment of the objective aperture was used. It means that the objective

aperture was centred relative to the optical axis. It was done in order to reduce the

effect of off-axis aberrations in the image formation mechanism, and to minimize image

shifts during acquisition of the focal series. Most of alignments are done before actual

experiment however some of them has to be done during it, e.g. by non-eucentric tilting.

Due to geometry the specimen area not on the holder tilt axis will move after each tilt

step. At small tilt angles this movement is especially strong along the optical axis (see

Fig. 1.5). The image then will appear defocused. To avoid it in my experiments I

adjusted the specimen height manually after each tilt step.

1.2.1 Image formation in TEM

TEM has different operation modes depending on applications. In this section I consider

image formation in conventional case of nearly parallel illumination. The imaging process

in TEM can be described by the theory of Fourier [20] (see Fig. 1.6) of geometrical optics.

The exit wave function of fast electrons translates to reciprocal space at the back focal

plane of objective lens. The squared amplitude of reciprocal space wave function is

diffraction pattern. The aberrations of the objective lens influence the transmitted

wave function so that the image intensity on the screen can be calculated from Fourier
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Figure 1.6: Sheme of image formation in TEM according to the theory of Fourier.
ψ̃(~q) and ψ̃(~r) are reciprocal and real space representations of electron wave function
after impact of the lens. F and F−1 denote direct and inverse Fourier transform. The

diffraction pattern is formed in back focal plane of objective lens.

transform of exit wave function ψ(~q) in this general way [4]:

I(~r) = F−1
[∫

ψ0(~q + ~q′)T (~q + ~q′, ~q′)ψ∗0(~q′)d2~q′
]

(1.9)

where both ~q and ~q′ are radius vectors in reciprocal space, ψ∗0(~q) is the complex conjugate

of exit wave function and T (~q+ ~q′, ~q′) is transmission cross coefficient (TCC) [21] as the

function of spatial frequency q = |~q|:

T (q + q′, q′) = T∆(q + q′, q′)Ts(q + q′, q′)× exp(−i[χ(q + q′)− χ(q′)]) (1.10)

T∆(q + q′, q′) = exp
(
−2(π∆f )2

[∂χ(q + q′)

∂∆f
− ∂χ(q′)

∂∆f

]2)
(1.11)

Ts(q + q′, q′) = exp
(
−
( ζ

2λ

)2[∂χ(q + q′)

∂(q + q′)
− ∂χ(q′)

∂q′

]2)
(1.12)

χ(q) = πλ∆fq2 + 0.5πλ3Csq
4 (1.13)

Where ∆f is the focus blur due to chromatic aberration of lens and instability of objective

lens current. ζ is the semi-convergence angle which characterizes the angular spread

of electrons emitted from the electron gun. TCC consists of three terms: temporal

coherence term (equation 1.11), spatial coherence term (equation 1.12) and coherent

transfer function (CTF). In following computations it will be assumed that the focus

blur ∆f ≈ 0 and the temporal coherence term is approximately 1. The function χ(q)
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is called aberration function and it represents the phase shift in electron wave function

after transmission through objective lens. In equation 1.13 it is assumed that χ(q)

depends only from defocus ∆f and coefficient of spherical aberration of objective lens

Cs. In general χ(q) is represented using polynomial expansion where the coefficients

of polynomial are aberration coefficients [22, 23]. In cases where, in comparison to the

first term, the second term and all other higher order terms in equation 1.13 can be

neglected, the spatial coherence term of TCC becomes:

Ts(q + q′, q′) = exp
(
−
( ζ

2λ

)2[
2πλ∆f(q + q′)− 2πλ∆fq′

]2)
= (1.14)

= exp(−
( ζ

2λ

)2
[2πλ∆fq]2) = exp(−(πζ∆fq)2) = Es(q) (1.15)

The function Es(q) is called spatial coherence envelope because it describes the spatial

coherence of electron source and it envelopes the frequently oscillating CTF (see equation

1.10) and damps high spatial frequencies. The image intensity can be written then like

this:

I(~r) = |ψ∆f (~r)| ⊗F−1[Es(q)] (1.16)

ψ∆f (~r) = F−1[ψ0(~q) exp(−iχ(q,∆f))] (1.17)

Where “⊗” denotes convolution. The exit wave function ψ0(~q) contains information

about important material properties like electrostatic or magnetic potentials or strain

distribution. From equations 1.16 and 1.17 one can see that the exit wave function is

encoded in images recorded in TEM. In sections 1.3.2 1.3.2.1 it will be shown how to

make the decoding and reconstruct the strain distribution from the series of images.

1.2.2 Ewald sphere, Laue condition

The Ewald sphere [24] is important construction which is used in crystallography and

electron microscopy as well. This construction enables to explain diffraction phenomena

in crystals based on elastic scattering approximation which means that fast electrons

do not loose their energy after propagating through a specimen. In my work I used

this construction for quantitative calculations of crystal lattice orientation maps. The

Ewald sphere is just the practical visualization of law of conservation of momentum for

incident and diffracted electrons. In Fig. 1.7 one can see Ewald sphere construction.
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Figure 1.7: The scheme of Ewald sphere construction. The Ewald sphere is repre-
sented here as a circle because here the slice along incident wave vector ~K through the
reciprocal space volume is shown. 2 ~K + ~q makes a right angle with ~q. The reflection
spots are indicated with diamonds. The reflections are usually elongated parallel to the
beam direction due to the small thickness t of TEM specimen and they are oscillatory

in nature. ZOLZ, FOLZ and SOLZ are zero-, first- and second-order Laue zones.

Ewald sphere is constructed in the reciprocal (Fourier) space. The origin of a reciprocal

space is usually placed at the position of BF spot. Each point in a reciprocal space is

described by vector ~g with the origin at BF spot. The wave vector of incident electrons

is denoted here as ~K. The equation of Ewald sphere can be written in the following

form:

~q(2 ~K + ~q) = 0 (1.18)

where ~q = ~g + ~s is the vector of point lying on the surface of Ewald sphere and ~s is the

deviation vector as shown in Fig. 1.7. The equation 1.18 is true because vectors ~q and

2 ~K + ~q are always perpendicular for sphere and their scalar product is thereby always
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equal to zero. By substituting the expression for ~q in the equation 1.18 one gets:

(~g + ~s)(2 ~K + ~g + ~s) = 0 (1.19)

~g(2 ~K + ~g) + ~g~s+ ~s(2 ~K + ~g) + s2 = 0 (1.20)

2( ~K + ~g)~s+ s2 = −~g(2 ~K + ~g) (1.21)

The s2 term in last equation is usually neglected for small scattering angles. The fol-

lowing quantity:

− ~g(2 ~K + ~g)

2| ~K + ~g| cosαn
≡ Sg (1.22)

is called an excitation error [13]. An excitation error describes the deviation of Ewald

sphere from the nearest strong reflection with vector ~g. If Sg = 0 the corresponding

reflection is strongly excited. αn is the angle between ~K+~g and crystal foil normal. For

high energy electrons | ~K + ~g| ≈ | ~K| and thereby αn ≈ 0 and Sg ≈ |~s|. So we get:

2KSg = −~g(2 ~K + ~g) (1.23)

or

2KSg = K2 − ( ~K + ~g)2 (1.24)

This equation is valid for ZOLZ as well as HOLZ reflections. If ~s = 0 famous Laue

condition can be derived:

~K ′ − ~K = ~g (1.25)

where ~K ′ is the wave vector of scattered electrons corresponding to reflection at the

reciprocal space vector ~g. The angle between ~K and ~K ′ at Laue condition is called Laue

angle and it is equal to double of Bragg angle θB. For small scattering angles θB ≈

0.5|~g|λ. Laue angle corresponds to the strongly excited reflection or Bragg-diffracted

beam which is the result of a constructive interference of electron waves from a set of

atomic planes.

1.2.3 Kinematical theory of electron scattering

In this chapter a kinematical theory of electron scattering will be described. The results

from this theory will be used in following for the interpretation of image contrast observed

in the experiment (see chapter 3). Many derivations in this chapter stem from [25]. A
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kinematical theory is used to describe the elastic scattering of fast electrons in crystals.

The term kinematical means that the crystal is assumed to be the weakly scattering

object. This assumption is usually valid for thin crystalline specimen consisted from light

chemical elements. For the description of scattering events one has to solve in general the

quantum-mechanical stationary Schrödinger equation for fast electrons inside a crystal:

∇2ψ(~r) +
8π2m|e|
h2

[E + V (~r)]ψ(~r) = 0 (1.26)

where E is the accelerating potential of incident electrons with the charge e. V (~r) is

the atomic potential of a crystal which is defined to be positive because electrons are

attracted by atoms. ψ(~r) is the wave function of fast electrons at the position ~r, m is

their relativistic mass and h is Plank’s constant. It is possible to gather together the

constants in the equation 1.26 by setting:

k2
0 =

1

λ2
=

2meE

h2
U(~r) = 2me

h2
V (~r) (1.27)

Where k0 is the amplitude of incident wave vector and U(~r) is the modified potential.

By applying this substitution and ∇2 = ∆ the Schrödinger equation becomes more

compact:

∆ψ(~r) + 4π2[k2
0 + U(~r)]ψ(~r) = 0 (1.28)

As is usual in a scattering experiment it is assumed that the point of observation of

the scattered wave is at a distance from the atom which is large compared with the

dimensions of the scattering field. If the incident electron wave is the plane exp(2πik0z)

then the asymptotic solution of 1.28 for the wavefunction must be:

ψ = exp(2πîk0z) + f(θ)
exp(2πîk0r)

r
(1.29)

In this equation the first term represents the incident electron wave and the second term

the scattered wave. The atomic scattering amplitude f(θ) is complex in general.

Let define the structure amplitude F (~g) as the amplitude of the wave scattered by a

crystal unit cell at unit distance in the direction ( ~K + ~g):

F (~g) =
∑
i

fBi (~g) exp(−2πî~g~ri) (1.30)
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where ~ri is the position of the ith atom in the unit cell which has an atomic scattering

amplitude fBi (~g) given by first Born approximation:

fB(~g) =
2πme

h2

∞∫
−∞

V (~r) exp(−2πî~g~r)d~r (1.31)

In equation 1.30 the summation is going over all atoms in the unit cell which means

that in this expression the scattering by all the atoms in cell in ~K + ~g direction is

taken into account. The exponential term in 1.30 represents the phase shift between

incident wave and electron wave scattered in ~K + ~g direction. The minus is there to

show positive direction of propagation of electron wave in other words commensurate

with the incidence.

The total amplitude scattered by the crystal in ~K ′ = ~K + ~g + ~s (see Fig.1.7) direction

to a point at a large distance r is:

A(~s) = r−1Fg
∑
j

exp[−2πî~rj(~g + ~s)] = r−1Fg
∑
j

exp(−2πî~rj~s) (1.32)

where the summation is going over all crystal cells with positions ~rj . exp[2πî~rj~g] = 1

because ~rj~g is integer. The factor r−1 is there because the electron wave scattered from

the atom will be spherical according to Huygens principle. The solution of Schrödinger

equation for the electron wave scattered by atom has also spherical form (equation 1.29).

Later it will be shown how the spherical type of wave yields a plane type Bragg-scattered

wave from a crystal.

For simplicity let consider the scattering by a tetragonal crystal. Let the unit cell have

sides a,b and c and crystal dimensions be A,B and C along unit cell sides, respectively.

One can write for the coordinate vector of j-th unit cell:

~rj = u~a+ v~b+ w~c (1.33)

where u,v and w are integers because of periodic crystal structure. If ~s has components

sa,sb and sc in reciprocal space and

~s = sa~̂a
∗ + sb~̂b

∗ + sc~̂c
∗ (1.34)
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where ~̂a∗,~̂b∗ and ~̂c∗ are reciprocal lattice unit vectors then:

A(~s) = r−1Fg
∑
u

∑
v

∑
w

exp[−2πî(uasa + vbsb + wcsc)] (1.35)

Each sum in this expression is a standard progression [26] which gives:

∑
u

exp(−2πîuasa) =
sinπN1asa

sinπasa
(1.36)

where N1 is the number of unit cells along ~a direction so that A = N1a. For small

deviations from exact Laue condition sa is small and sinπass ≈ πasa. So from 1.35 and

1.36 the intensity scattered in the direction ~K ′ is:

I(~s) = A(~s)A∗(~s) =
F 2
g

r2

sin2 πAsa
(πasa)2

sin2 πBsb
(πbsb)2

sin2 πCsc
(πcsc)2

= (1.37)

=
( Fg
r2Vcell

)2(sinπAsa
πsa

)2(sinπBsb
πsb

)2(sinπCsc
πsc

)2
(1.38)

where Vcell = abc is the volume of the unit cell. The specimen in TEM represents usually

a thin plate with the thickness t = C much less than its lateral dimensions A and B.

The terms in equation 1.38 involving A and B tend to δ functions for large values of A

and B. Because of that the intensity diffracted by a thin plate of thickness t is given by:

I(~s) =
ABF 2

g

r2V 2
cell

(sinπtsc
πsc

)2
δ(sa)δ(sb) (1.39)

This equation describes well-known diffracted intensity distribution in light optics from

a slit of the width t. The 3D visualization of I(~s) is called reciprocal lattice rod, or

sometimes relrod. The distance between first minima from the central spike of this

distribution is equal to 2/t (see Fig. 1.7).

If the crystal has infinite number of unit cells then the reciprocal lattice of this crystal

will represent a set of strongly peaked points. If Ewald sphere intersects this point then

constructive interference will occur. Slightly away from Laue condition the interference

will be destructive. For a finite crystal the interference will be only partially destructive

and the diffracted intensity will be non-zero slightly away from Laue condition (equations

1.38 and 1.39). Now one can calculate the total intensity scattered into a solid angle

dΩ about a diffracted beam. In a real space r2dΩ = dS, where dS is an area element

distance r apart from scatterer. In a reciprocal space dΩ = dsadsb/k
2 cos θ (see Fig. 1.8).
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Figure 1.8: The illustration of symmetrical Bragg case in real space for plate crystal
with the thickness t. The angle θ is the Bragg angle which is the half of Laue angle

between ~K and ~K ′.

Therefore the total intensity scattered over the sphere of radius r about the diffracted

beam direction ~K ′ = ~K + ~g is:

∫
I(~s)dS =

ABF 2
g

k2V 2
cell cos θ

(sinπtsc
πsc

)2
∫
δ(sa)dsa

∫
δ(sb)dsb (1.40)

AB cos θ is the area of the crystal projected along ~K ′ = ~K+~g. After integration in 1.40

the intensity of the diffracted beam flux becomes:

Ig(t) =
F 2
g (2θ)

k2V 2
cell cos2 θ

sin2 πtsc
(πsc)2

(1.41)

For ~s parallel to the crystal normal it is convenient to replace sc with s. The factor in

front of sinc function in 1.41

ξg = πkVcell cos θ/Fg(2θ) (1.42)

has the dimension of length and is called in transmission electron microscopy the extinc-

tion distance. The equation 1.41 gives the intensity as a function of crystal thickness
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scattered in g-th direction at 2θ angle:

Ig(t) =
( π
ξg

)2(sinπts

πs

)2
(1.43)

In TEM Ig as a funtion of s is called a kinematic rocking curve. This equation is the

main result of the kinematical theory of electron scattering.

1.2.4 2-beam theory of electron scattering

The results of the thickness mapping presented in this work (chapter 3) are based on so

called 2-beam theory of electron scattering. In this chapter I consider only the elastic

scattering of fast electrons so the state of the atom by collision with electrons does not

change. Most of the derivations in this chapter stem from [13, 25, 27].

The wave function of fast electrons within a crystal may be represented by a Bloch wave:

ψ(~r) = C(~r) exp(2πî~k~r) (1.44)

where C(~r) has the same periodicity as crystal lattice and thereby can be expanded as

a Fourier series to provide:

ψ(~r) =
∑
g

Cg exp[2πî(~k + ~g)~r] (1.45)

Cg are known as the Bloch wave coefficients. In equations 1.44 and 1.45 a time-dependent

term in phase of the plane wave is omitted because it is not important in interference

experiments like in TEM. According to the Fourier theorem [26] the atomic potential

(equation 1.26) can be decomposed into the series of harmonic functions or complex

exponents:

V (~r) =

+∞∑
−∞

Vge
2πî~g~r (1.46)

The same can be done for U(~r) (equation 1.27). Thereby the Fourier coefficients of the

elastic scattering potential are connected:

Ug =
2me

h2
Vg (1.47)
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Next let introduce the quantity K given by:

K2 =
2m|e|
h2

(E + V0) (1.48)

where K is the magnitude of the mean electron wave-vector in the crystal after a small

correction for the mean inner potential V0 (typically E = 105 V , V0 ∼ 10 V ). The

mean inner potential is the atomic potential averaged over the volume of a crystal.

Substituting the equations 1.44,1.45,1.46,1.47,1.48 in 1.26 yields:

∑
g

{
[K2 − (~k + ~g)2]Cg +

∑
h6=g

Ug−hCh

}
exp[2πî(~k + ~g)~r] = 0 (1.49)

This equation is valid for all positions ~r in a crystal, thereby the coefficient of each

exponential term must be equal to zero, because the coefficient is not the function of

~r. Thus we receive the set of fundamental equations of dynamical theory of electron

scattering:

[K2 − (~k + ~g)2]Cg +
∑
h6=g

Ug−hCh = 0 (1.50)

The wave-vector of j-th Bloch wave ~k(j) can be decomposed into two components

k(j)2 = k
(j)2
z + k

(j)2
t as shown in Fig. 1.9. Considering this and 1.24 and using a

geometry of 2-beam case (see Fig. 1.9) the factor [K2− (~k+~g)2] for j-th Bloch wave in

1.50 can be simplified:

[K2 − (~k(j) + ~g)2] = K2 − k(j)2 − 2~k(j) · ~g − g2 = (1.51)

= K2 − k(j)2 − 2~k(j) · ~g − g2 −K2 +K2 − 2 ~K · ~g + 2 ~K · ~g = (1.52)

= K2 − ( ~K + ~g)2 − k(j)2 − 2~k(j)~g +K2 + 2 ~K · ~g ≈ (1.53)

≈ 2KSg − k(j)2 +K2 = 2KSg − (k(j) −K)(k(j) +K) ≈ (1.54)

≈ 2KSg − 2Kγ(j) = 2K(Sg − γ(j)) (1.55)

Using 1.55 the system of equations 1.50 after dividing by 2K in case of two beams

becomes:

−γ(j)C
(j)
0 +

U−g
2K

C(j)
g = 0 (1.56)

Ug
2K

C
(j)
0 + (−γ(j) + s)C(j)

g = 0. (1.57)
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Figure 1.9: The dispersion surface (solid bold green) in two-beam approximation.
The dispersion surface asymptotically tends to spheres (blue dashed lines) with radius

1/λ with centres at points O and G. The surface represents the allowed values of k
(j)
z

as a function of kt. The waves excited in a crystal correspond to the wave-points M1

and M2. M1 and M2 are the intersection points of the dispersion surface (1) and
(2) with the normal ~n to the crystal foil which passes through the end point of the

incident wave-vector ~k0 1.27. The Ewald sphere with the radius K and origin at point
P excites the reflection G with vector ~g so that the excitation error is Sg. ~K is the
incident wave vector after correction for the mean inner crystal potential 1.48. The
Brillouin zone boundary corresponds to the minimum distance between the branches of
the dispersion surface and half the distance between O and G according to the Wigner-
Seitz construction [24]. γ1 and γ2 are eingenvalues of the 2-beam system of fundamental

equations.
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such a homogeneous system of linear equations relative to C
(j)
g has a non-zero solution

if and only if the determinant of the system is zero:∣∣∣∣∣∣ −γ
(j) U−g/2K

Ug/2K (−γ(j) + Sg)

∣∣∣∣∣∣ = γ(j)2 − Sgγ(j) − U2
g /4K

2 = 0. (1.58)

The solution to this quadratic equation 1.58 gives:

γ1,2 =
1

2

[
Sg ±

√
(Ug/K)2 + S2

g

]
(1.59)

Here I assumed that the crystal unit cell has the centre of symmetry (for example the

case of fcc lattice of Si) and Ug = U−g. The total wave function will be a linear com-

bination of the Bloch waves ψ(j) with weighting factors α(j) which are called excitation

amplitudes:

ψ =
∑
j

α(j)
∑
g

C(j)
g exp[2πî(~k(j) + ~g)~r] (1.60)

In the case of just two beams the wave function of the beam scattered in ~g direction will

be equal to:

ψg(~r) =

2∑
j=1

α(j)C(j)
g exp[2πî(~k(j) + ~g)~r] (1.61)

or

ψg(~r) =
2∑
j=1

α(j)C(j)
g exp[2πîγ(j)z] (1.62)

if one omits a phase factor [27]. The excitation amplitudes α(j) of the Bloch waves can

be obtained from the boundary conditions of the incident plane wave at the entrance

into a crystal. These boundary conditions require ψ and ψg be continuous at z = 0:

ψ0(0) =
∑
j

α(j)C
(j)
0 = 1 (1.63)

ψg(0) =
∑
j

α(j)C(j)
g = 0 for all g 6= 0 (1.64)

The Bloch-wave coefficients C
(j)
g are orthogonal and they satisfy the orthogonality rela-

tions: ∑
g

C(i)∗
g C(j)

g = δij ;
∑
j

C(j)∗
g C

(j)
h = δgh (1.65)

where δij and δgh are Kronecker symbols. From these relations it follows that the
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boundary conditions 1.64 can be satisfied by αj = C
(j)∗
0 if a foil is perpendicular to the

incident beam. By using the eigenvalues γ(j) the linear system of equations 1.57 can be

solved for C
(j)
g . For the normal incidence we have:

C
(j)
0 C

(j)
0 =

1

2

[
1 + (−1)j

ω√
1 + ω2

]
; C

(j)
0 C(j)

g = −1

2

(−1)j√
1 + ω2

. (1.66)

Where ω = sK/Ug. Sometimes the substitution cotβ = ω is used in two-beam theory.

The matrix of Bloch-wave coefficients is then becomes:

C =

C(1)
0 C

(2)
0

C
(1)
g C

(2)
g

 =

sinβ/2 cosβ/2

cosβ/2 − sinβ/2

 . (1.67)

Now it is finally possible to derive the expression for the intensity scattered to ~g from

the wave function 1.62 at the exit surface of specimen with thickness t. To calculate this

intensity the z in 1.62 should be replaced by t:

Ig(t) = ψg(t)ψg(t)
∗ =

∣∣∣C(1)∗
0 C(1)

g e2πîγ(1)t + C
(2)∗
0 C(2)

g e2πîγ(2)t
∣∣∣2 = (1.68)∣∣∣sin β

2
cos

β

2
e2πîγ(1)t − cos

β

2
sin

β

2
e2πîγ(2)t

∣∣∣2 = (1.69)

sin2 β

2
cos2 β

2

∣∣∣e2πîγ(1)t − e2πîγ(2)t
∣∣∣2

Taking into account that sinβ = 2 sin β
2 cos β2 and eîx = cosx+ î sinx:

Ig(t) =
sin2 β

4

∣∣∣cos(2πγ(1)t)− cos(2πγ(2)t) + î sin(2πγ(1)t)− î sin(2πγ(2)t)
∣∣∣2 (1.70)

The amplitude of the complex number x + îy is equal to
√
x2 + y2. Taking this into

account:

Ig(t) =
sin2 β

4

(
(cos(2πγ(1)t)− cos(2πγ(2)t))2 + (sin(2πγ(1)t)− sin(2πγ(2)t))2

)
(1.71)

Opening up the inner brackets and checking for trigonometric identity sin2 β+cos2 β = 1

delivers:

Ig(t) =
sin2 β

2
(1− cos(2π(γ(1) − γ(2))t)) (1.72)

Using the trigonometric equality sin2 β
2 = 1−cosβ

2 we get:

Ig(t) = sin2 β sin2 π∆γt (1.73)
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Taking into account another trigonometric equality sin2 β = 1
1+cot2 β

and replacing ∆γ =

γ(1) − γ(2) with
√
λ2U2

g + S2
g one gets following expression for the intensity of g-th

diffracted beam:

Ig = (λ|Ug|)2
sin2(πt

√
S2
g + λ2U2

g )

S2
g + λ2U2

g

(1.74)

By calculations usually it is assumed that K = 1/λ, where λ is calculated without

considering the mean inner potential V0 of a crystal since for high accelaration voltages

in makes just very small correction. The expression 1.74 is the most important in 2-

beam theory. In Chapter 3 it will be explained how to use it in order to calculate the

thickness of crystalline specimen. In many beams dynamical theory of electron scattering

the system of equations 1.50 should be solved for more then 2 beams. This theory is

more accurate then 2-beam theory and it can describe complicated diffraction patterns.

However this theory is not considered in this thesis.

1.2.5 Bending contrast

The crystal bending as well as the thickness variations are the reasons for a large part

of the contrast in BF-TEM. Because the specimens for TEM are very thin they bend

elastically, i.e., lattice planes rotate [13] and elastic strain is formed. Induced by this

rotation the bent contrast is very useful since it allows to determine the local crystal-

lographic orientation of the crystal. However bending contrast and thickness contrast

often come together. From the equation 1.74 it is clear that periodic intensity variations

can be caused by t and Sg. Thereby one has to refer to both bending and thickness

contrast by analysing DF images.

The origin of the bent contrast in TEM is illustrated in Fig. 1.10. The bent contrast

depends on the local change of the excitation error Sg. Since the intensity of diffracted

beam changes periodically with Sg (see eq. 1.74) and the crystal bends monotonically the

bent contours form (see Fig. 4.1). The bent contours usually appear curved because the

specimen can be bent in two dimensions. Lines of equal intensity represent the regions

of equal inclination of lattice planes with respect to the beam. The crystal bending

is usually induced by mechanical stress and crystal defects. However “the specimen

heating caused by intense electron irradiation or by mechanical stresses generated by

the build-up of contamination layers” can be also reason of bending [27]. The good
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Si crystal z = [110] 

𝑆𝑔=0 𝑆𝑔 >0 𝑆𝑔 <0 

Figure 1.10: The origin of bent contrast. The Si crystal is used as an example.
The crystal slab is orientated in z = [110] zone axis and bent in one direction which
is perpendicular to z. Red arrows shows different local orientation of atomic columns.
Red arrows correspond to three different cases: Sg > 0, Sg = 0 and Sg < 0. At Sg = 0
the diffraction spot shown in red is at exact Laue condition and Ewald sphere (green
line) intersects it exactly in the middle. By local rotation of lattice planes Ewald sphere
intersects the reflection far from the middle and the intensity decreases. The diffracted
intensity as a function of local lattice rotation is called a rocking curve because the
reflection “rocks” through Ewald sphere. In DF image of [110] reflection one should see
bright line in the middle of the slab. The Si crystal was visualized using AtomEye [28]

way to characterize the bend contours is based on DF imaging. By this technique the

excited Bragg-diffracted beam can be selected by objective diaphragm and only those

specimen area that contribute to the selected spot appear bright. The local change in

crystal orientation leads to the change in Sg because Ewald sphere will cross crystal

reciprocal lattice factor at different positions (Fig. 1.10). The intensity of diffracted

beam will decay with increasing Sg, i.e. far from exact Laue condition. The equation

1.74 from 2-beam theory predicts this kind of behaviour. Sometimes bent contours in

real space zone-axis patterns form very complicated pattern similar to CBED pattern.



Chapter 1. Introduction 24

Such patterns allow to determine the crystal symmetry.

In section 1.4 it will be explained how from local crystallographic orientation of a crystal

one can determine the strain state of the crystal. In chapter 4 it will be explained how

to calculate quantitatively crystal lattice misorientation maps from bent contrast.

1.3 Different techniques to map strain and their compari-

son

There are many techniques for mapping strain in nanostructures and nanoparticles. The

strain can be mapped by using different kind of radiation, i.e., neutrons [29], x-rays [30–

32], electrons [8, 9, 33–36], or light [37]. However electrons due to the small wavelength

and high scattering strength, and the possibility to focus them into small volumes, offer

the highest spatial resolution. The electron based strain mapping techniques can be

divided into two categories depending on which kind of input data is utilized: real

space images [8] or diffraction patterns [33–35, 38]. The first category offers generally

higher spatial resolution. Nowadays TEM is the only tool which is able to perform the

strain measurement with high precision and nano-scale spatial resolution. TEM allows

to apply different strain mapping techniques depending on a given specimen, required

spatial resolution and accuracy. The real-space based strain mapping techniques in TEM

are based on analysis of micrograph at atomic resolution (Geometric Phase Analysis

(GPA) [8, 9], Computational Fourier Transform Moiré (CFTM) [39], LAttice DIstortion

Analysis (LADIA) [40], Pattern recognition method [41], Template Matching Analysis

(TeMA) [42], Determination of rigid lattice shifts using regressional analysis [43], Peak

Pairs Analysis (PPA) [44]) or analysis of micrographs at medium resolution (Dark-field

Off-axis Electron Holography (DOAH) [36, 45], Dark-field Inline Electron Holography

(DIH) [5], Strain mapping based on Scanning Moiré Fringe (SMF) imaging [46]). The

first category of techniques rely on the fact that the intensity peaks in high-resolution

images (parallel TEM or scanning TEM) correspond to the positions of atomic columns.

It is assumed that the shift of atomic columns due to the strain will be proportional

to the shift of intensity peaks in acquired images and therefore the strain fields can

be quantified. In general it is, of course, not true because the electron scattering in

the crystal is highly dynamic. Small crystal tilts can already considerably influence the
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image contrast and can, for example, make high-resolution images look more kinematical

[47]. However recently some work was done in order to treat dynamical scattering in

order to retrieve depth-dependent information about structure from real space images

[48–50] or diffraction patterns [51–54]. The above mentioned strain mapping techniques

can be divided into peak finding methods and geometric phase methods. Both of them

are based on comparison of image features with a reference undistorted lattice in order to

determine the distortions of the unit cells in an image [55]. The local lattice distortions

are used to obtain the local strain distribution of a crystal.

Geometric phase methodology (GPA [8, 9], CFTM [39]) works in Fourier space. It

includes the filtering of Fourier transform of HRTEM image with an asymmetric Bragg

filter around strong reflection, centring the filtered image and Fourier transforming it

back. The phase component of the resulting complex-valued image will contain the

information about the local displacement in a given direction. The CFTM algorithm is

similar to GPA however in CFTM the geometric phase does not need to be unwrapped

in order to calculate the numerical derivatives of the displacement field i.e. strain.

The discontinuities in geometric phase appear due to defects or irregular strain fields.

Therefore CFTM algorithm is beneficial over GPA because it does not produce artefacts

when applied to the regions containing defects or irregular strain fields.

Peak finding methods ([40–44]) work in a real space. In these methods a 2D reference

lattice is calculated from the undistorted region of the material and then superimposed

on the experimental image. Then the positions of nodes of these lattice are compared

with the positions of intensity peaks obtained by fitting experimental data to some model

function. The deviations of nodes from the intensity peaks will provide the displacement

field. The strain field is obtained by derivation of the calculated displacement field.

The real-space based strain mapping techniques in TEM at medium resolution DOAH

and DIH rely on the analysis of the phase shift of scattered electron wave function

from the distorted crystal lattice. Both DOAH and DIH work rely on strong diffraction

contrast in dark-field images which is very sensitive to a strain. Both techniques have

advantages and disadvantages what are summarized in [7]. I decided to use DIH for my

research because the DOAH technique requires the microscope to be equipped with the

electrostatic biprism which splits the electron beam after interaction with the specimen

into two partial beams from the distorted and the undistorted part of a crystal. The
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electron beam coming from the undistorted part of a crystal is used as a reference

for strain-induced phase shift. The microscopes I used in my PhD research were not

equipped with the electrostatic biprism. Another reason in favour of DIH was access

to the good acquisition and reconstruction software. Also it was shown in [5] that DIH

technique is suitable for reliable strain mapping.

The strain mapping based on SMF imaging is based on forming the harmonic interference

between lattice spacing and beam scanning grating spacing if they close to each other.

This harmonic interference is formed due to an artefact in high-angle annular dark-field

scanning TEM (HAADF-STEM) performed without using a reference crystal. The SMFs

at medium magnification will appear curved due to a variation in the lattice spacing.

The lateral 2D strain is calculated then from the curvature of SMFs. The advantage

of this technique and DIH against DOAH consists in no need of a wide region of an

unstrained reference lattice with the same orientation as strained lattice.

In next chapters 1.3.1,1.3.2 I will discuss GPA and DIH in more details because I used

these techniques the most in my work.

1.3.1 Strain mapping by geometric phase analysis (GPA)

The strain mapping by GPA was developed by M. Hytch [8, 56] and now it is widely

used by electron microscopists. This method is based on numerical analysis of high res-

olution electron micrographs (HREM). Since its development this method became the

standard technique for strain mapping. Some recently developed techniques of strain

mapping are based on the principle of GPA [5, 36, 57]. The GPA method is based upon

the centering of the small numerical aperture around a strong reflection (Bragg filter)

in the numerical Fourier transform of an HREM lattice image and then performing in-

verse Fourier transform. The phase component of the resulting image can provide the

information about local displacements of atomic planes. The two-dimensional displace-

ment field can be derived by applying the procedure to at least two non-colinear Fourier

components. However as it was shown in [58] this method can be extended for many

reflections. Also this method can be extended in 3 dimensions for analysis of strain

fields in atomically resolved tomograms [59]. Finally the strain field can be calculated

by numerical differentiation of the displacement field.
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In GPA method it is assumed that HRTEM image contrast will be peaked at atomic

column positions which appear bright or dark depending on crystal thickness and mi-

croscope parameters. In general image contrast is the complex function of the crystal

structure and microscope parameters and the precise analysis requires image simula-

tions. The dynamic scattering as well as the contrast transfer function can influence the

spacing of lattice fringes.

The following discussion follows the derivation of the geometric phase and strain tensor

in [8]. Here I will discuss the basic mathematics of GPA method. According to the

Fourier theorem the image of a perfect crystal as a function of the position ~r = (x, y)

can be represented as the sum over all reciprocal space ~g vectors:

I(~r) =
∑
~g

H~g exp{2πî~g · ~r} (1.75)

Where the Fourier coefficients H~g are, in general, complex and can be written as:

H~g = A~g exp{̂iP~g} (1.76)

where A~g is the real-valued amplitude of the lattice fringes represented by harmonic

functions corresponding to ~g, and the phase P~g gives the lateral position of the fringes

within the original image. In the presence of the displacement field ~u the lattice fringes

will be shifted:

~r → ~r − ~u (1.77)

By plugging 1.77 and 1.76 into 1.75 one gets:

I(~r) =
∑
~g

A~g exp{̂iP~g + 2πî~g · ~r − 2πî~g · ~u} (1.78)

The phase shift of the reflection ~g due to the displacement of the lattice fringes is:

∆P~g(~r) = −2π~g · ~u (1.79)

This phase shift is calculated by applying the numerical aperture with the approximate

size of the first Brillouin zone around the strong reflection, shifting the filtered Fourier

transform to the centre or zero-frequency, transforming the image to the real space and

extracting the phase from the final complex-valued image. The phase shift ∆P~g(~r) is
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also called geometric since it is determined just by the geometry and relative position of

the lattice fringes. Because of that the discussed technique bears the name of Geometric

Phase Analysis. Strictly speaking this analysis is valid only for constant displacement ~u

[9]. In fact the displacement vector ~u can be replaced by position dependent displacement

~u(x, y, z) only when the displacement ~u(x, y, z) is small in comparison to the lattice

constant d = 1/|g| [60]:

|∆u|/d = |g||u(d)− u(0)| � 1 (1.80)

For 2 not collinear reflections ~g1 and ~g2 the equation 1.79 becomes:

∆P~g1(~r) = −2π(g1xux(~r) + g1yuy(~r)) (1.81)

∆P~g2(~r) = −2π(g2xux(~r) + g2yuy(~r)) (1.82)

or in the matrix form: ∆P~g1

∆P~g2

 = −2π

g1x g1y

g2x g2y

ux
uy

 (1.83)

The displacement field can be now calculated by taking the inverse of the matrix con-

taining the reciprocal lattice vectors:

ux
uy

 = − 1

2π

g1x g1y

g2x g2y

−1∆Pg1

∆Pg2

 (1.84)

These displacement fields projected along the beam direction allow to calculate the

lateral strain components of the symmetric strain tensor 1.1:

ε =

εxx εxy

εyx εyy

 =

∂ux
∂x

∂ux
∂y

∂uy
∂x

∂uy
∂y

 (1.85)

Here the partial derivatives are approximated numerically [8, 61].

1.3.2 Strain mapping by dark-field inline holography (DIH)

The principle of DIH is illustrated on the diagram 2.5. The principle of DIH is similar

to GPA. However in GPA the strain map is recovered from only one TEM image at

atomic resolution by applying the numerical aperture in Fourier space. The strain
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mapping by DIH utilizes real objective aperture and real diffracted electron beams are

used instead of artificial numerically computed reflections. The acquired images in DIH

usually have medium spatial resolution and large field of view (FOV) and therefore better

suited for recovery of low frequency variations due to plastic or elastic strain. Also DF

images are sensitive to a strain because bright-field images mostly carry the information

about distribution of electrostatic and magnetic potential in a specimen. By dark-field

imaging one can clearly see, for example, the bend contours which relate to a strain or

different defects in crystal structure. The strain map in DIH method is derived from the

phase reconstructed from a focal-series. The focal series for phase reconstruction have

to be acquired for at least two reflections in a diffraction pattern in order to retrieve

the components of the lateral two-dimensional (2D) strain tensor. The signal from

neighbouring reflections is blocked with the objective aperture which usually have the

size of first Brillouin zone. The phase of exit-wave function is usually reconstructed by

different iterative numerical algorithms. In this work I used the algorithm developed by

my supervisor [4]. The theoretical and practical aspects of focal-series reconstruction

are discussed in the section Section 1.3.2.1. The application of this method is shown in

Chapter 2. To acquire all necessary data for DIH the plug-in in DigitalMicrograph was

used. For more details about this plug-in read Section 1.5. The diffracted beams for

which focal-series are tilted towards the optical axis of a microscope in order to reduce

the effect of off-axis aberrations. The image misalignments due to defocus induced

image shift or the distortions of the objective lens are usually compensated after the

acquisition or during the reconstruction. To perform DIH experiment the microscope

should be equipped with sufficiently coherent electron gun and preferably the image

filter.

1.3.2.1 Focal-series reconstruction/inline holography

The focal-series reconstruction is widely distributed technique in TEM [62]. In this work

I used focal-series reconstruction for strain mapping. This technique is also called inline

holography [7] in contrast to off-axis holography where the difference in propagation

direction of two partial beams is used to form the interference pattern or hologram

[36, 45]. The focal-series reconstruction aims at the retrieval of the complex-valued

wave function of fast electrons at the exit surface of the specimen or exit wave function
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Figure 1.11: The concept of electron exit wave. The incident electrons scatter in
the specimen and thereby obtain shift in the phase. The phase shift due to surface
roughness (different propagation paths) is usually much smaller then the phase shift
due to a scattering. For focal-series reconstruction the thickness of the specimen t

should be small in order to detect phase contrast.

(see Fig. 1.11):

ψ(~r) = A(~r) exp{̂iφ(~r)} (1.86)

The wave function is retrieved from images acquired at different defocuses. This wave

function should contain more information about the specimen then any single image in

the focal-series since it consists of the amplitude A(~r) and phase φ(~r) images. More

over the focal-series reconstruction allows to improve image contrast by minimizing the

effect of lens aberrations [62]. The exit wave function depends on the position in a spec-

imen ~r and it represents the projection of material properties along the electron beam

propagation direction. The phase φ(~r) can contain information about different material

properties [63], like strain [5, 55], mean inner potential, space charge distribution [64],

magnetic fields [65]. In this work I used the focal-series reconstruction in order to restore

the information about the strain in crystalline specimen. There are many algorithms

available for the retrieval of the exit wave function from the set of defocused images

[62, 66, 67]. In this work I used the flux-preserving non-linear reconstruction algorithm

for partially coherent electrons [4, 6] (Full Resolution Wave Reconstruction or FRWR

algorithm). This algorithm allows to reconstruct wide band of spatial frequencies from

medium resolution images. More over the dedicated software [68] contains many param-

eters which can be tuned depending on input data. The single iteration of this algorithm
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include following steps:

• Propagation of the current estimate of the exit surface wave function (ψ0(~r) or its

Fourier transform ψ0(~q)) to each of the N focal planes with defocus ∆fn according

to expression:

ψ∆f (~r) = F−1{ψ0(~q) exp(−îχ(q,∆f))} (1.87)

where F−1 denotes inverse Fourier transform and the aberration function χ(q,∆f)

depends only on spatial frequency ~q and spherical aberration Cs:

χ(q) = πλ∆fq2 + 0.5πλ3Csq
4 (1.88)

• The wave function ψ′∆fn(~r) is computed at each focal plane by updating the wave

function amplitude using these equations:

Isim∆f (~r) = |ψ∆f (~r)|2 ⊗ Es(~r,∆f) (1.89)

dψ∆f (~r) =
√
Iexp∆f (~r)−

√
Isim∆f (~r) (1.90)

ψ′∆f (~r) = {|ψ∆f (~r)|+ dψ∆f (~r)}ψ∆f (~r)/|ψ∆f (~r)| (1.91)

Where ⊗ denotes the convolution with the real-space representation of the spatial

coherence envelope Es(~r,∆f) = F−1{Es(q,∆f)}. Isim∆f (~r) means the image inten-

sity simulated at ∆f , Iexp∆f (~r) means the intensity of experimental image acquired

at ∆f .

• A new estimate of the exit surface wave function is computed by a weighted average

of the back-propagated ψ′∆fn(~r) over all defocuses. The back-propagation to the

zero defocus is carried out by inverting Eq. 1.87, i.e. by multiplying the wave

function in its reciprocal space representation with the complex conjugate of the

coherent transfer function (CTF) exp(−îχ(q,∆fn)). The back-propagated wave

functions are weighted by the corresponding envelope function Es(q,∆fn).

To reconstruct low spacial frequencies due to strain variations in DIH large defocus

range of typically several µm is used. The FRWR is capable of aligning the images and

correcting image rotations due to the distortions of the objective lens at high defocus
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variations in self-consistent way. To improve the typical slow convergence of iterative

methods for low spatial frequencies the starting phase of the wave function was predicted

by the transport of intensity equation (TIE) [69].

1.4 How to calculate the components of the strain tensor

from crystal lattice misorientation map

It is possible to calculate some components of the infinitesimal strain tensor 1.1 from a

crystal lattice misorientation (CLM) map. As one can see in schematic 1.12 the bending

profile of the solid slab has some radius of the curvature R which is usually very large

for small bending in comparison to the thickness t of the slab. By bending the slab will

be compressed or stretched at some places. The material close to the convex surface of

the slab will be stretched and close to the concave surface will be compressed. Inside the

slab there is neutral region where no compression or stretching take place. This region

is shown schematically in Fig. 1.12 by dashed line running through the middle of the

slab. The length of this line does not change. It means that in case of real crystal the

lattice constant in this region remains the same. To do some mathematics I placed the

origin of the Cartesian frame of reference {x, y, z} on this line. The z-axis is pointing up

from the centre of the curvature through the region of undeformed crystal parallel to the

surface normal (Fig. 1.12). The radius of bending around x-axis and y-axis I will denote

as Rx and Ry with respect to the neutral region. Both radii are much bigger then the

thickness of the specimen (Rx � t, Ry � t). Since the orientation of the crystal does

change significantly we can use the approximation for the deviation angle: α ≈ sinα.

The local displacement along z-axis can be approximated by the parabolic equation:

uz =
x2

2Ry
+

y2

2Rx
(1.92)

The derivatives
∂uy
∂z and ∂ux

∂z can be approximated via finite differences over the thickness

of the specimen. Therefore taking into account the symmetry of the strain tensor 1.2

the εyz and εzy components can be calculated in the following way:

εyz = εzy =
1

2

(
∂uy
∂z

+
∂uz
∂y

)
=

1

2

(
(Rx + t

2)αx − (Rx − t
2)αx

t
+

2y

2Rx

)
=

1

2
(αx + αx) = αx

(1.93)
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The solid body 1.12 can be also bent about y-axis. Assuming that the deformations

along x- and y-axes of the solid body are independent for small bending the analo-

gous calculations can be carried out for y-axis as well. εxz and εzx components can be

calculated similarly to 1.93 just by changing the indices:

εxz = εzx =
1

2

(
∂ux
∂z

+
∂uz
∂x

)
=

1

2

(
(Ry + t

2)αy − (Ry − t
2)αy

t
+

2x

2Ry

)
=

1

2
(αy + αy) = αy

(1.94)

The deviations angles αx and αy are nothing else as the components kx and ky of CLM

(see Fig. 1.13). I would like to note that by deriving the expressions for εxz and εyz

Figure 1.12: The schematic of bending of solid body around x-axis.
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Figure 1.13: Schematic
bent crystalline specimen.
Two different representations
of CLM: using Cartesian
components {kx, ky} and po-
lar components (deviation
angle θ and asimuth angle φ).
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I assume that the crystal orientation is constant at any particular position through the

specimen’s depth. This is simplification and it is not true in general. To retrieve the

depth-dependent orientation one has to use the algorithm developed by my co-workers

[51, 52].

1.5 Automated data acquisition and processing in TEM

Automation of complex experiments is very important in science nowadays. The ex-

periments in electron microscopy usually involve many parameters and many steps. To

perform this kind of experiments by changing all parameters manually is very tedious

task and occasionally can lead to human errors. Also the experiments presented in this

work are relatively time consuming and their automation becomes priority task.

In appendix A one can see the screen-shots of graphical user interface (GUI) of the plug-

in which was designed for particular kind of experiments presented in this work. This

plug-in was written and compiled in DigitalMicrographTM(Gatan Inc., Pleasanton, CA,

USA) by using dedicated language of scripts. This plug-in can only work in online mode

what means that one should be connected to a microscope via remote protocol RS232

(Recommended Standard 232). The acquisition routine represents the tabbed dialogue

for setting up different parameters and running an acquisition. By using this acquisition

tool it is possible to perform dark-field inline holography experiment in combination with

acquisition of tilt-series or the images at different specimen tilts. The single or double

tilt-series can be recorded by either tilting ¡ specimen or tilting a beam. The beam-

tilt-series acquisition have some advantages over tilting a specimen however this option

was implemented for testing purposes so far. All parameters in Strain3D acquisition

tool can be saved in persistent tags of DigitalMicrograph for future experiments. The

acquisition is executed in a background by using threads. This allows to perform the

experiment and to analyse the data in the same instance of DigitalMicrograph in parallel.

The acquisition tool includes the threaded linear calibration routines for calibration of

illumination tilt, beam shift and image shift. These calibration routines are important for

direct alignments of the microscope and alignments of recorded image during acquisition.

The calibrations are also important since the currents through the optical elements

of TEM microscopes can be only changed through RS232 discretely by some certain

number of digital units or DACs (Digital-to-Analog-Converter) and not radians or nm.
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The corresponding calibration matrices which transform radians or nm in DACs are

usually calculated based on image cross-correlations. The calibration of illumination

tilt was implemented for automatic beam tilt determination from diffraction pattern.

The dark-field inline holography experiments require inline alignment and saving the

positions of diffracted beams with respect to the optical axis of a microscope. If the

problem involves many beams the manual alignment of the beams can become tedious

task. This is why this procedure was automated. To do so diffraction spots can be

selected with two different colours as one can see in the diffraction pattern of MgO

cube in [001] orientation included in Appendix A. For each selected spot the script will

predict the beam tilt. During the acquisition the script will tilt the beam so that the

corresponding spot will move towards the centre of diffraction pattern or in the opposite

direction depending on the colour of selected spot.

The Strain3D plug-in implements generic commands what enable to control the micro-

scopes from different manufactures. However most of tests were done on Zeiss machines

(EM912, SESAM). For more information about particular function of Strain3D acqui-

sition tool please read the manual attached to the appendix A. To learn how to script

in DigitalMicrograph I would recommend following manuals: [70, 71].

After acquisition the data should be processed in order to retrieve meaningful infor-

mation about physical state of the specimen. In my research the data processing was

mostly done with MATLABTM (The Mathworks, Inc.). This mathematical package is

suited very well to scientific computing. Large library of mathematical functions and

special toolboxes included in MATLAB enable to solve different scientific problems very

quickly. The high-level scripting language in MATLAB (m-language) enables to focus

on scientific problem without diving into programming jungles. The high-level program-

ming is important in science because the prototyping of numerical algorithms is usually

very complicated task. There is usually long way of errors and trials between original

idea and final implementation. And automatic data processing is usually the target of

every implementation.

The MATLAB installation available in our university includes very useful toolboxes like:

Curve F itting Toolbox, Global Optimization Toolbox, Image Processing Toolbox and

many others. These toolboxes already include many useful specific functions for data

fitting, numerical optimization, statistics and data visualization. Because of that the
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Figure 1.14: The viewer of rocking curves in MATLAB. On the left there is integrated
image along tilt direction from one DF tilt series. On the right there are rocking
curves for different DF reflections extracted from data stacks for selected image pixel.
The pixel can be selected with computer mouse and high-dimensional data can be
visualized in such manner. The rocking curves are fitted with gaussian (green curves)
immediately after pixel selection. Below are the components of CLM (φ, θ) and tilt axis
(ψ) calculated for selected point. The viewer can show how well the gaussian model

with background approximates the experimental data (blue curves).

programming time can be saved considerably. Also many nice solutions from the users

around the world can be found on the MATLAB’s website (http://www.mathworks.

com/matlabcentral/fileexchange/).

Another nice feature of MATLAB is the possibility to design interactive applications with

GUI like in Figures 1.14 and 1.15. By using these applications it is possible to analyse

the data and make conclusion about its quality. Also the visual inspection of the data

by using these interactive applications can facilitate the development of sophisticated

algorithms for data analysis.

http://www.mathworks.com/matlabcentral/fileexchange/
http://www.mathworks.com/matlabcentral/fileexchange/
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Figure 1.15: The slice viewer of DM3 data stack. In this example the tilt series of
DF images was loaded in the viewer. Using this viewer it is possible to see how bent
contrast change by dragging the “Slice” slider. The image can be integrated in depth

by dragging “Width” slider.





Chapter 2

Strain Mapping for Advanced

CMOS technologies

2.1 Abstract

The ability to measure strain quantitatively has become an important tool for charac-

terizing strain-engineered CMOS devices. We report on nanometer scale strain mea-

surements performed on off-the-shelf 32-nm node device structures. We show that the

two-dimensional deformation tensor in NMOS channels can be mapped using high res-

olution transmission electron microscopy. We also demonstrate the application of our

recently developed dark-field inline holography technique on an array of PMOS tran-

sistors, showing that this technique is capable of combining a large field of view of 1

micrometer with a spatial resolution better than 1 nm, and very high precision in strain.

Also, the experimental requirements for implementing this technique are easily met on

most modern TEMs, without any modification to the hardware or alignment of the

microscope.

C.B. Özdöl, D. Tyutyunnikov, C.T. Koch and P.A. van Aken. Strain mapping for

advanced CMOS technologies. Cryst. Res. Technol. 49, No. 1, 38-42 (2014).
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2.2 Introduction

Since their implementation in sub-100-nm technology, strain engineering has become

one of the main strategies to boost the performance of complementary-metal-oxide-

semiconductor (CMOS) transistors. Process-induced strain is utilized using various ap-

proaches including embedded SiGe (eSiGe), embedded Si:C (eSi:C), stress memorization

techniques (SMT), dual stress liners (DSL), and stress proximity techniques (SPT). With

the introduction of high-K/metal-gates (HKMG) starting at the 45-nm technology node,

additional strain benefit is achieved by implementing metal gate stressor (MGS) and re-

placement gate (RMG) processes. As the down-scaling continues, strain engineering will

play a critical role in delivering higher performance for the new generation of CMOS

technologies.

While their size has been decreasing, the complexity of strain engineered CMOS struc-

tures has increased over the past years. It has therefore become more and more im-

portant to quantify strain and to determine how strain can be engineered at these

small dimensions. Although strain can be measured with high sensitivity using X-ray

diffraction [31] and more recently using coherent X-ray diffraction imaging (CXDI) [30],

transmission electron microscopy (TEM) is still the only technique to offer the required

spatial resolution. TEM techniques can be divided into two main groups: diffraction

based techniques such as convergent beam electron diffraction (CBED) [34] and nano-

beam electron diffraction (NBD) [72], and image based techniques such as high-resolution

TEM (HRTEM) [8] and more recent methods which employ electron holography [36],[5].

Here we will focus on image-based techniques as they are able to provide higher spatial

resolution compared to diffraction based methods.

2.3 Strain mapping of 32-nm NMOS transistors using HRTEM

For CMOS transistors with channels oriented along [110] on 001-oriented silicon sub-

strates, tensile strain along the [110] direction improves the electron mobility [3]. SMT

including poly-Si gate expansion and source and drain (S/D) shrinkage as well as ten-

sile overlayers have been a good solution for NMOS performance enhancement during

recent years [73]. Figure 2.1 shows a bright-field (BF) TEM image of an array of 32-nm

technology NMOS transistors, where strain-engineering is utilized mainly via S/D SMT.
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Tensile strain is introduced into the channel via periodic stacking faults in the S/D re-

gions because a < 111 > edge-dislocation, i.e. one missing Si layer, tensiley strains the

channel and S/D region.

Figure 2.1: BF TEM image of the 32-nm NMOS transistors showing the main
components: the gate (G), source and drain (S/D) as well as stacking fault (SF) defects

in S/D region.

HRTEM-based strain mapping relies on the assumption that every unit cell across the

field of view has the same contrast, allowing distortions in the observed pattern to be

interpreted as lattice distortions. Figure 2.2 shows an HRTEM image of a 32-nm NMOS

channel with uniform contrast across the active region of the transistor. Several image

processing algorithms such as geometric phase analysis (GPA) [8] or peak pairs analysis

(PPA) [44] are available to quantify the displacements in HRTEM images. Figure 2.3

displays color-coded two-dimensional strain maps calculated using GPA. The evolution

of the uniaxial tensile strain, εxx, across the channel region is shown in Figure 2.3a. The
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uniaxial strain below the gate reaches up to 2.7± 0.2%. Other components of the strain

tensor; the vertical strain, εyy, and the shear strain, εxy, are displayed in Figures 2.3b

and Figures 2.3c. Figure 2.3d shows integrated line profiles extracted along the narrow

boxes shown in the strain maps.

Figure 2.2: HRTEM image of the 32-nm NMOS transistor. The stacking fault defect
region is shown as an enlargement of the dashed box b). Uniform contrast across the
region of interest, as shown as an enlargement of a) and c) is necessary for quantitative

strain analysis.

Figure 2.3 shows very clearly that the in-plane component of the strain tensor, i.e.

εxx dominates. However, the shear component is quite significant as well, showing, as

expected, peaks as the cores of the 30◦ partial dislocations at the ends of the stacking

faults, but also long range shear closer to the gate which many be attributed to slightly

different stacking fault widths. Since the stacking faults represent missing atomic layers

along the [111] and [1̄1̄1] directions also high εxx and εyy strain components are expected

along the stacking fault close to its ends.

However, only the stacking fault ends containing the 30◦ partial dislocations have been

captured by this exposure which aimed at measuring the strain in the channel region.

Multiple HRTEM images are necessary in order to cover a larger field of view. While
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Figure 2.3: Color-coded two-dimensional strain maps of 32-nm NMOS transistor
calculated using GPA, with a) longitudinal strain εxx, b) vertical strain εyy, and c)
shear strain εxy. A reference coordinate system is shown in a). The color-coded strain
scale bar is shown in b). d) Integrated line profiles (indicated as narrow boxes in a), b)

and c)) showing the evolution of strain across the channel region.

this is quite easily possible for relatively short-ranged strain fields induced by features

limited in size to the stacking fault length in silicon, it becomes much more difficult if

the strain fields extend beyond the field of view of a single HRTEM image, as is the case

for the PMOS transistors investigated in the following section.
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2.4 Strain mapping of 32-nm PMOS transistors using dark-

field inline electron holography

For CMOS transistors with the [110] channel orientation on {001}-oriented silicon sub-

strates, compressive strain along the [110] direction improves the charge carrier mobility.

Starting with the 90-nm node, eSiGe is implemented in the S/D region to induce de-

sirable uniaxial compressive strain in the PMOS channels [3]. The percentage of Ge

in eSiGe and the quality of its epitaxial growth as well as the recess shape and spac-

ing are all important parameters to optimize the induced strain. Figure 2.4a shows a

cross-sectional HRTEM image of a 32-nm PMOS channel. The junction region of the

gate, channel and S/D is shown as an enlargement in Figure 2.4b. Although the Si/SiGe

interface is fully coherent, it is rather rough.

For the PMOS transistor structures investigated here as well as the earlier 45-nm devices

[5], the induced strain field might extend beyond the limited field of view covered by

HRTEM (typically 100 x 100 nm2). To overcome this limitation, Hytch and cowork-

ers have combined GPA and dark-field off-axis holography (DOAH) and applied it to

semiconductor structures [36]. As an alternative to DOAH, we have lately developed

dark-field inline electron holography (DIH) [5], which relies on the reconstruction of the

geometric phase from a focal series of zero-loss filtered dark-field images using an exit-

wave reconstruction algorithm. Although it requires images recorded at several planes

of defocus, major advantages of DIH over DOAH are the lack of need for a defect-free

reference area as well as very loose requirements on the spatial coherence of the illumi-

nation and potentially better signal/noise properties for the same electron dose [7]. DIH

may be performed on any TEM being equipped with an imaging energy filter and does

not require a Lorentz lens, nor an electrostatic biprism.

Figure 2.5 shows the experimental setup and contrast mechanism that is being made use

of in DIH. The electron beam is tilted in such a way that the desired reflection (e.g. (220)

reflection to measure uniaxial strain, εxx) is aligned parallel to the optical axis of the

microscope. A small (10µm) objective aperture is used to block the undiffracted beam

as well as all other reflections. The specimen is tilted to a two-beam diffraction condition

in order to strongly excite the reflection of interest. Figure 2.6a displays sub-areas of
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Figure 2.4: HRTEM image of the 32-nm PMOS transistor. Embedded SiGE S/D in-
duces compressive strain in the channel region. b) Enlargement of the Si/SiGe interface

from the region outlined by a dashed box in a).

three differently focused and zero-loss filtered (220) dark-field images of the p-MOSFET

structure recorded on the Sub-Electron-Volt-Sub-Angstrom-Microscope (SESAM) [16].

The phase image shown in Figure 2.6b is reconstructed from dark-field images using

the FRWR algorithm [4]. This software automatically and self-consistently corrects for

geometric distortions produced by large changes in the objective lens defocus. The

spatial resolution of the reconstruction is limited to 0.8 nm by the objective aperture.

The phase of the diffracted beam gives direct access to displacements along its direction,

in this case the displacement in (220) atomic planes. The longitudinal strain map, εxx,

in Figure 2.7 derived from the geometric phase combines high spatial resolution, better

than 1 nm, with a field of view of about 1µm in each dimension. The profiles indicated as

narrow boxes reveal compressive strain values in the range of (1.2–1.5)%. In comparison

to our earlier measurements on 45-nm PMOS transistors [5] , the induced strain in 32-

nm PMOS is enhanced over 50%. This is mainly achieved by increasing the Ge content

in the SiGe source/drain (from 30% for 45 nm PMOS to 40% for 32 nm PMOS) as well

as by reducing the proximity of the SiGe region to the channel [74].
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Figure 2.5: Diagram illustrating the principle of DIH.

2.5 Conclusions

We have presented strain maps of 32 nm technology CMOS transistor structures ex-

tracted from commercially available off-the-shelf devices. Applying the geometric phase

analysis (GPA) technique to HRTEM images of 32 nm NMOS structures we measured

tensile strain reaching up to 2.7 ± 0.2% right under the gate contact along the [110]

direction. The field of view of about 80 nm was barely sufficient to include both the

strained region of interest as well as an unstrained reference area. We also applied our
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Figure 2.6: a) (220) dark-field focal series (3 images out of 15 are shown here) recorded
using an automated data acquisition procedure. b) Amplitude and phase image recon-

structed using FRWR algorithm.

recently developed DIH technique to 32 nm PMOS structures, measuring compressive

strain values of 1.35 ± 0.15% right under the gate contact. The field of view of these

DIH measurements was more than 1µm and thus sufficient to fully include 8 PMOS

transistor structures simultaneously.
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Figure 2.7: a) Map of the εxx strain component extracted from the geometric phase
image shown in Figure 6b). The gate channels are compressively strained. The recon-
structed phase image of the gates and the electrical contacts are shown above the strain
map. b) Vertical strain profiles extracted from the narrow boxes of 10 nm width in the

εxx map shown in a.
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Simultaneous Orientation and

Thickness Mapping in

Transmission Electron

Microscopy

3.1 Abstract

In this article we introduce an approach for simultaneous thickness and orientation

mapping of crystalline specimens by means of transmission electron microscopy. We

show that local thickness and orientation values can be extracted from experimental

dark-field (DF) image data acquired at different specimen tilts. The method has been

implemented to automatically acquire the necessary data and then map thickness and

crystal orientation for a given region of interest. We have applied this technique to a

specimen prepared from a commercial semiconductor device, containing multiple 22 nm

technology transistor structures. The performance and limitations of our method are

discussed and compared to those of other techniques available.

Dmitry Tyutyunnikov, V. Burak Özdöl, Christoph T. Koch. Simultaneous orientation

and thickness mapping in transmission electron microscopy. Ultramicroscopy 150, 37-43

(2015).
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3.2 Introduction

Transmission electron microscopy (TEM) is a powerful tool for investigating the atomic

structure and morphology of nano- and micro-objects. Specimen prepared for TEM

should be reasonably thin in order to be transparent for the electron beam. The thick-

ness of the specimen is an important parameter one should account for during the

experiment and for quantitative data analysis. Potential mapping by off-axis hologra-

phy, elemental mapping by energy-filtered TEM, or the calibration of inelastic mean free

path lengths all rely on the ability to accurately map the specimen thicknesses. For a

quantitative analysis of high-resolution TEM images, e.g. by comparison with multislice

simulations [75], it is important to know both the specimen thickness and also the pre-

cise orientation of the specimen. There are several techniques available to estimate the

specimen thickness by TEM [13]. These methods can be divided into several categories,

depending on whether they rely on energy-filtered images [76], convergent beam electron

diffraction (CBED) [77–79], electron energy-loss spectroscopy (EELS) data [80, 81], or

energy-dispersive X-ray spectroscopy (EDXS) data [82, 83]. None of these techniques

is universally applicable. CBED-based methods, for example, may analyse the crys-

tal thickness at individual points, but deliver reliable thickness estimates only if the

specimen is rather thick (typically more than 50 nm) and the unit cell small (to avoid

overlapping CBED discs). The most popular technique for measuring specimen thick-

ness is based on EELS [84]. On microscopes equipped with an energy filter this method

is easy to implement both experimentally and computationally but it may have an error

of up to ±20%, depending also on how accurately the inelastic mean free path is known.

One of the reasons for this inaccuracy is that thin crystalline specimens may bend due

to lattice relaxation. Bend contours which are a consequence of variations in the local

lattice orientation, can strongly influence the thickness values obtained by EELS.

Such bend contours appear because elastic scattering of electrons in crystalline materials

is very sensitive to the local lattice orientation. Variations in the local lattice orienta-

tion can be visualized by orientation maps. Routine crystal orientation mapping on a

relatively coarse scale was first realized in the TEM by D. Dingley and S. Wright [85–87]

and has initially been commercialized by TexSEM Laboratories (TSL) as Automated

Crystallography for TEM (ACT). This method uses a set of DF images acquired for
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many different illumination tilt angles and constructs a set of synthetic diffraction pat-

terns from it which it then analyses in terms of absolute lattice orientation. Since then

many other TEM-based orientation mapping techniques have been developed. Most of

these techniques rely on the analysis of maps of either individually recorded or synthetic

diffraction patterns by either a geometric interpretation of spot positions, or by match-

ing each pattern to a large library of pre-generated template patterns [88]. Recording

individual diffraction patterns can be done with parallel (Nanobeam diffraction (NBD)

[88]) or convergent (CBED [89]) illumination, or by combining one of these setups with

precession of the illumination tilt angle [88]. Recently, also a three-dimensional (3D)

grain orientation mapping technique based on this approach has been developed [90],

where the orientations of individual voxels (volume elements) was reconstructed from

more than 100000, i.e. 105 DF images, acquired for many different directions of the inci-

dent illumination and specimen tilts. It has also been shown that the orientation analysis

becomes more precise when combining the spot pattern analysis with the analysis of the

Kikuchi pattern that appears in its background [91].

In this paper we report a technique which simultaneously delivers maps of both specimen

thickness and crystal orientation. In contrast to orientation mapping in polycrystalline

materials, our approach only maps local deviations from a given reference crystal lattice

orientation. In most experiments related to the semiconductor industry the orientation

of the specimen is fixed, but in order to quantify the strain state of the specimen it is

important to measure local changes in orientation. With the approach presented below

such local orientation changes can be mapped with a precision of < 0.1◦.

Very similar to CBED-based thickness mapping, our approach is based on the analysis

of rocking curve information. However, in contrast to CBED, where one CCD expo-

sure acquires a 2D rocking curve (of very limited tilt range) for each of the diffracted

beams at a single point on the specimen, we propose to extract one-dimensional rocking

curves from dark-field (DF) images acquired at slightly different specimen tilts, covering

a tilt range of only a few degrees. A major advantage of our approach over the analysis

of CBED patterns is that rocking curve information from very many positions on the

specimen is collected in parallel. Another advantage is that the tilt range over which

the rocking curve information may be collected is not limited by the distance between

neighboring reflections, which allows the thickness and orientation of much thinner spec-

imens to be determined. In case of a bent specimen a thickness measurement by 2-beam
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CBED rocking curve analysis requires the specimen to be reoriented when moving to a

different position on the specimen, which often also leads to a movement of the probe

on the specimen. The technique proposed here acquires a tilt series in image mode.

Any specimen shifts during tilting can thus be compensated in a very straight forward

manner.

In Section 4.3, we discuss in some more detail the specimen preparation and data acqui-

sition, and also the concept and different tools used for data analysis. In Section 4.4, we

present the recovered thickness and orientation maps and discuss possible applications

in Section 4.5.

3.3 Method

3.3.1 Experiment

The specimen from which the experimental data was collected was prepared from an off-

the-shelf Central Processing Unit (CPU), containing 22-nm node metal-oxide semicon-

ductor field-effect transistor structures (MOSFETs). The Si substrate of the microchip

was cut parallel to its edges ({110} crystallographic planes) into millimeter sized pieces

by using a diamond saw. This aligned the cutting direction conjugate to the orien-

tation of the Si source-drain fins. A detailed description of the different components

of such MOSFET structures can be found in the literature [3, 92, 93]. The diagram

showing different parts of MOSFET structure is shown as inset to Fig. 4.1. A thin

wedge-shaped specimen was prepared by means of automatized tripod polishing using

the MultiPrepTMsystem (Allied High Tech Products, Inc.), followed by ion milling using

a PIPS Model 691 (Gatan Inc.,Pleasanton, CA, USA) at low ion beam energy. The

polishing angle was set to approximately 1.5◦. The thickness at the thin area of the

wedge was controlled via focusing of an optical microscope. For ion milling the double

gun configuration at low voltage and liquid N2 cooling were employed. This preparation

procedure produces a wedge-shaped geometry in which the specimen becomes thinner

when approaching the edge of the specimen. Due to lattice relaxation the thin parts

of the specimen are expected to be bent, inducing variations in the crystal orientation

across the field of view.
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Figure 3.1: Top: One of the images from the DF tilt series used for this analysis. The
image with the highest mean intensity has been selected. Middle: Rocking curves extracted
from the data at the three positions indicated in the image above and plotted as a function of
tilt angle. Bottom: Power spectra calibrated in nm corresponding to the three spectra shown
above. The abscissa (z) in these graphs thus reflects the real space wave number describing

the reciprocal space oscillations in the rocking curves.
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Figure 3.2: Top: Illustration of how the Ewald sphere (green arcs) intersects a crystal
reciprocal lattice rod (relrod) in our setup. In this schematic the intensity variations
along the 1-dimensional relrod corresponding to a 20 nm thick slab are reflected in the
lateral extension of a 3-dimensional object, an isosurface of which is shown. Intensity
variations within the relrod maxima are an artifact of the 3D display. The DF image
intensity is very sensitive to where the Ewald sphere intersects the relrod. Bottom:
a schematic view of the central part of diffraction pattern of Si(110). The diffraction
vector of reflection ~g, for which the data was recorded, is shown. The diffraction vector

~g and the tilt axis lie in the plane perpendicular to the kz-axis.
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The experiment was carried out using a Zeiss EM912 transmission electron microscope

equipped with an in-column Omega filter (Carl Zeiss NTS, Oberkochen, Germany). The

experimental dark-field tilt series was acquired by means of a fully automated acquisiton

procedure developed in house, implemented as a script in DigitalMicrographTM(Gatan

Inc., Pleasanton, CA, USA) employing a 2k × 2k charge-coupled device (CCD) camera

(MegaScanTM, Gatan, Inc.). Each image was acquired at a nominal magnification of

12500 times with an exposure time of 0.5 s and two-fold hardware binning. These

settings result in a pixel size of the acquired images of 3.35 nm. The Si crystal was

oriented in such a way that the incident beam direction was roughly parallel to the [110]

zone axis of the specimen region just above the structures of interest. The microscope

was aligned in a standard way, making sure that the specimen is in the eucentric position.

The automated acquisition script allowed the microscope to be controlled via its RS232

(Recommended Standard 232) interface. The specimen was tilted around the holder axis

with 0.05◦ increments, covering the range from −1◦ to 1◦ with respect to the zone axis

orientation. In total 41 DF images were acquired at different tilts. To avoid mechanical

backlash the specimen was first tilted beyond the starting angle of −1◦ and then tilted

only in one direction, starting the acquisition when it reached −1◦ again.

To excite the desired reflection and align it parallel to the microscope’s optical axis, a

beam tilt corresponding to half the Laue angle of the selected reflection was applied. To

exclude the contribution of beams other than the desired [220] reflection a small objective

aperture (diameter = 10µm) was inserted, as also used for mapping strain by dark-field

inline electron holography [5, 94, 95]. The range of scattering angles passing through

this objective aperture corresponded approximately to the size of the first Brillouin zone.

The in-column energy filter was used to exclude most inelastically scattered electrons

from contributing to the images. The images comprising the tilt-series were subsequently

aligned with respect to each other by using the Statistically Determined Spatial Drift

Correction (SDSD) routine [96], in order to remove any specimen drift. This routine

proved to be much more robust when compared to standard cross-correlation between

adjacent images for the case of this DF tilt series. Fine alignment was achieved by

using the FRWRtools (Full Resolution Wave Reconstruction) plug-in [68] which allowed

manual tracking and compensating of the displacement between adjacent images in the

data stack.
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3.3.2 Data Analysis

3.3.2.1 Calculation of thickness map

Since 2-beam rocking curves are usually oscillatory in nature (see Fig. 4.1) we expect to

see well-defined peaks in the power spectrum of such a rocking curve, i.e. the modulus

of its Fourier transform. The power spectra of rocking curves at different specimen

positions are shown at the bottom of Fig. 4.1 as blue dots. The fits to the power spectra

(according to expression (3.2)) are displayed as solid green lines. Fig. 3.2 illustrates how

a dark-field tilt series samples reciprocal space. The vertical reciprocal space coordinate

kz at which the Ewald sphere intersects the relrod of reflection ~g is related to the holder

tilt angle α according to

kz = |~g| sin(α) sin(φ) (3.1)

where φ is the angle between the vector ~g with the holder axis. The oscillatory behavior

of the extracted rocking curve is largely due to the oscillations in the relrod (see Fig.

3.2). While in kinematic and 2-beam dynamical diffraction theory, the oscillations in the

rocking curve are directly related to the amplitude variations along the relrod, in many-

beam dynamical theory the rocking curve becomes much more complicated. In order to

determine the specimen thickness that gives rise to the oscillations in a given rocking

curve I(kz), we fitted an analytical function f(z) comprising the sum of 5 Gaussians to

y(z), the power spectrum of I(kz):

f(z) = a1e
− (z+2b)2

c2 + a2e
− (z+b)2

c2 + a3e
− z2

c2

+a2e
− (z−b)2

c2 + a1e
− (z−2b)2

c2 (3.2)

The above model takes into account that the power spectrum y(z) is symmetrical with

respect to the origin, i.e. the position of zero frequency. Since kz is given in units of

nm−1, the coordinate of the power spectrum of the rocking curve, z, is given in units

of nm. The parameter b is expected to be approximately proportional to the specimen

thickness. Thick regions correspond to large values of b and low thicknesses to small

values of b.

The fitting was done in MATLABTM(The Mathworks, Inc.) making use of the Curve

Fitting Toolbox. For fitting the nonlinear least squares method and the trust region
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algorithms were used. The standard deviations c and the amplitudes a of the Gaussians

were constrained to be positive. The starting values for these parameters are described

in the following table:

y-power spectra a1 a2 a3 b(nm) c(nm)

StartPoint max(y)
4

max(y)
2 max(y) 49.5 16.5

Table 3.1: Starting parameters for fitting of power spectra of rocking curves with sum
of 5 Gaussians.

In order to reduce the effect of noise in the rocking curve, the data was slightly blurred

after computing the power spectra of all rocking curves.

3.3.2.2 Calibration of thickness map

To calibrate the thickness map i.e. to determine the specimen thickness that a certain

value of b in our fitting model (3.2) corresponds to, we applied the fitting procedure

described above to rocking curves simulated for known specimen thicknesses. For simu-

lating the rocking curves we have applied simple 2-beam theory, for which the intensity

of the diffracted beam is given by [25]:

I2−beam
g (α) = I0(λ|Ug|)2

sin2(πt
√
Sg(α)2 + λ2U2

g )

Sg(α)2 + λ2U2
g

(3.3)

where I0 denotes an overall intensity scale that depends on exposure time and incident

electron beam current density, λ is the wavelength of the fast electrons (λ(120kV ) =

3.35 pm with relativistic effects taken into account), Ug is the structure factor of the

scattering material (silicon) that corresponds to the reciprocal vector ~g in the diffraction

plane, t is the local thickness of the specimen, and Sg denotes the effective excitation

error which can be calculated in the following way:

Sg(α) = −λ
2

(|~g|2 + 2~kt(α) · ~g) (3.4)

Here ~kt denotes the transverse component of the incident wave vector, i.e. the {kx, ky}

component of the wave vector that lies in the plane shown in Fig. 3.2. The argument of

the sine function in expression (3.3) shows that the minima of the intensity occur when
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t
√
S2
g + λ2|Ug|2 is an integer number. This behavior is also frequently used for fitting

specimen thickness from 2-beam CBED data.

In the reference frame of the tilted crystal the vector ~kt is given by:

~kt(α) =
sin(α− α0)

λ
ĥ⊥ (3.5)

In Expression (3.5) ĥ⊥ is a horizontal unit vector defined in the reference frame of the

crystal that is perpendicular to the axis of the specimen holder, i.e. ĥ⊥ is normal to

both the holder axis and the nominal zone axis of the crystal. This also means that

for reflections ~g that lie parallel to the direction of the holder axis the excitation error

Sg(α) will remain constant while the holder is tilted, since in that case ~g · ĥ⊥ = 0. In

the above expression the argument α is again the tilt angle of the specimen holder, and

α0 determines the component of the local deviation of the specimen orientation that is

perpendicular to the holder axis. When using only one reflection we can only determine

deviations in the specimen orientation that correspond to rotations about the holder

axis. Measuring the component of the specimen tilt along the holder axis would require

a DF tilt series for a second reflection.

As can be seen from Fig. 3.3, for specimen thicknesses between 30 and 100 nm the

calibration factor r = t/b has an almost constant value of r ≈ 16.5 (t = r · b). For

thicknesses outside this range, this calibration factor is different and must be read from

the plot shown in Fig. 3.3.

In our numerical data analysis we have decided to use expression (3.2) rather than

expression (3.3) because it has proven to be much more robust against deviations from

a perfect 2-beam diffraction condition. While the sinc2-like function used in expression

(3.3) to describe the 2-beam rocking curve Ig(α) fixes the heights of the side lobes in

relation to that of the central peak, expression (3.2) is much much more flexible, and

can more easily account for deviations from a perfect 2-beam condition, or the potential

presence of a background in the rocking curve data Ig(α), due to, for example, thermal

diffuse scattering.

Applying the calibration data shown in Fig. 3.3 we are now able to quantify the specimen

thickness on an absolute scale. Fig. 3.4 shows the calibrated thickness map reconstructed

from the DF tilt series. One can see that the thickness increases gradually from the edge
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Figure 3.3: Plot of the calibration factor r = t/b for different specimen thicknesses.
For each thickness t a rocking curve was simulated using expression (3.3) and the

parameter b was fitted to its power spectrum using expression (3.2).

into the specimen, verifying that the specimen is indeed wedge-shaped, as we would

expect. One should also note that, as with any other thickness measuring technique,

the thickness estimated this way represents the projected thickness of a potentially

tilted slab. Measured normal to the specimen surface the actual thickness of the crystal

may differ from the values shown here. However, as described above, in the current

experiment the specimen was cut in such a way that the nominal specimen surface

normal is parallel to the [110] zone axis, so that such projection effects can largely be

neglected.

To verify that the final thickness map truly corresponds to the best possible solution we

carried out a multiple local minima analysis. The cost-function we are trying to minimize

by calculating the best fit can show several local minima. To determine the parameters

corresponding to all of these minima by an extensive multidimensionl search at each

pixel in the data stack is a computationally very expensive procedure and is therefore

considered inefficient. However, we did check our results using the MATLAB function

MultiStart [97] from the Global Optimization Toolbox. MultiStart runs the local solver

for many randomly generated sets of starting points, sampling as many possible basins

of attraction as possible. The thickness map presented earlier did indeed correspond to
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the best solutions found by this global search scheme. We also estimated the thickness

of the specimen by conventional EELS-based t/λ mapping. Values calculated by both

methods are in good agreement with each other.

3.3.2.3 Calculation of orientation map

In order to measure changes in the local crystal orientation we decided to fit a Gaussian

functions to each of the rocking curves. As can be seen from Fig. 3.1, for thin areas

the intensities of the side lobes in the rocking curves are quite weak, and the signal is

dominated by the central peak at the exact Laue condition. At higher thicknesses the

side lobes become stronger and move closer to the central peak but the rocking curves

remain largely symmetrical. This makes fitting the angle that corresponds to the exact

Laue condition quite accurate. Deviations in the position of the center of the Gaussian

curve translates directly to changes in the local crystal orientation α0 in expression (3.5).

The precision of the orientation map is expected to be < 1 mrad, because it depends

not directly on the reproducibility of a specific goniometer tilt (which is typically about

0.1◦), but more on the statistical fluctuation of the tilt accuracy over those parts of the

tilt series for which the intensity of the DF images is high, because those intensities

will then contribute significantly to the Gaussian fit. The accuracy of the orientation

determination depends on the accuracy of the calibration of the goniometer tilt and the

calibration of the beam tilt. Both should be < 1 mrad.

For processing the DF images as described above an interactive application featuring a

GUI has been written in MATLAB. In this application the image data can be imported

in MATLAB’s workspace and the specimen area for which the thickness and orientation

map is desired, can be selected. To read digital electron micrographs in DM3 format,

the code from F. Sigworth was used [98]. To view DM3 data stacks slice by slice in

MATLAB a small viewer was developed.



Chapter 3. Simultaneous Orientation and Thickness Mapping in Transmission
Electron Microscopy 61

Figure 3.4: Figures from top to bottom: a) thickness map (in Å), b) orientation map
(in ◦), c) and orientation map profiles. a) & b) In places where the highest intensity of
the rocking curve was below a threshold of 40 counts, the thickness and orientation were
set to zero in order to enhance the visibility of the Si fins, and because thickness and
orientation outside the crystalline area are meaningless, of course. c) the orientation
map profiles extracted from individual Si fins were averaged over a width of 10 nm.

The color scheme of the plots corresponds to the colored dots shown in (b).
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3.4 Results and Discussion

Although applied here only to Si(110) we want point out that this method may work

equally well for different single crystalline materials (or within a single grain of a poly-

crystalline material) even if these are of different space groups. The only requirement

is that for the experiment a reflection is chose which is not collinear with the holder

tilt axis. This method is, in principle, as widely applicable as thickness measurement

by CBED, except that it provides a map of both thickness and orientation over a large

field of view, instead of just a single measurement. The field of view is either limited by

the detector, or by the size of the single crystalline region being investigated.

However, in contrast to thickness measurement by CBED where the camera length can

be chosen large enough to sample even very fine fringes within the CBED disc the

method presented here may not be able to reliably determine the thickness in case the

rocking curve is not sampled finely enough. As one can see in Fig. 3.2, at large specimen

thicknesses the distance between minima in the rocking curve may be of the order or

even smaller than the tilt steps. In that case the intensity variations which enable us to

determine the local thickness may not be detectable. Well-controlled finer tilt steps, or a

restriction to specimen thicknesses and diffraction conditions where the 2-beam thickness

oscillations can still be sampled by the goniometer tilt, could solve this problem.

The excitation of other beams (e.g. higher order Laue zone (HOLZ) reflections) may

introduce sharp features in the rocking curves, especially in thick specimen areas. At

lower thickness HOLZ lines are not quite as sharp. For silicon and the particular set of

parameters applied in this experiment we estimate that the method should work up to

a thicknesses of 120 nm. In order to be able to detect very low thicknesses the tilt range

may have to be increased, since the 2-beam rocking curve, which at low thicknesses

becomes very similar to the kinematic rocking curve extends to rather large tilt angles.

While orientation mapping using this method is not affected by any of the above men-

tioned problems, it is important to note that the range of misorientations that will be

detected with this technique is limited by the tilt range for which DF images are col-

lected, at least, if DF images from only a single reflection are being acquired. We also

want to point out that the sensitivity of this method to slight changes in orientation
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increases when using higher order reflections further away from the central beam (but

still non-collinear with the holder axis).

The orientation profiles shown in Fig. 3.4c were integrated in width over 3 pixels and

plotted for each Si fin. These orientation profiles show quite interesting behaviors. It

seems that some Si fins are bent upwards and some downward. The possible explanation

of this phenomenon could be deformations of the source-drain structure close to the Si

edge. These measurements of an out-of-plane orientation component is complementary

to the measurement of in-plane rotation of a similar kind of structure observed by Hÿtch

et al. [57] via dark-field off-axis holography, although those structures were considerably

larger. The structure observed in that work [57] was a special test structure where a

contact etch stop layer (CESL) induced strain and some deformation of similarly shaped,

but much larger fins. The fins in that structure had a length of approximately 300 nm,

whereas they are only 80 nm long and laterally much thinner in the commercial device

we have investigated in the present work. From the orientation map one can also see that

the orientation varies slightly from left to right. This likely means that the specimen is

also slightly bent in the horizontal direction. However in the current data set only tilts

about the [002]-axis have been measured, and information about any lattice tilt about

the [22̄0]-axis is not available. To get the horizontal ([22̄0]-axis) component of the tilt

one needs DF data from another non collinear reflection. However the specimen was bent

presumably mostly along the vertical direction, so small deviations along the horizontal

directions are negligible. We have also recorded dark-field tilt series for the [002] and

[11̄1̄] reflections. The [11̄1̄] reflection was not commensurate with the tilt axis. The

analysis of that data showed that it was impossible to precisely identify the position of

the exact Laue condition for the [11̄1̄] reflection. This confirms the obvious fact that for

reliable orientation mapping one needs to use reflections for which the product ~ghkl ·~h⊥
is rather large, i.e. the vector should be nearly perpendicular to the tilt axis or refer to

a high order reflection (preferably even a HOLZ reflection).

In principle it is possible to repeat the experiment by adjusting the position of the

specimen in the holder. However such a procedure would be quite time consuming

and possibly not very precise. An alternative approach to perform this experiment for

multiple reflections would be based on the usage of a rotation holder which is computer

controlled in order to allow full automation.
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The remaining fluctuations in the orientation map outside of the leftmost fin could stem

from the fact that we have simply used an intensity threshold to distinguish between

crystalline and amorphous or polycrystalline material, or crystalline material of very

different orientation. While amorphous material may contribute to the intensity in DF

images, it will not have the type of rocking curve features we expect from a crystal. Thus

only crystalline materials can be analysed by the technique presented here. Thickness

mapping by our technique is largely insensitive to the thickness of amorphous layers on

the crystal’s surface.

Finally, the thickness and orientation maps obtained by the approach introduced above

can be used as a starting guess for a Bloch-wave refinement algorithm recently developed

by R.Pennington and co-workers [51].

3.5 Summary

In this paper we described a practical approach for precise and accurate simultaneous

thickness and orientation mapping of (single grain) crystalline materials in TEM. By

using the tools described in this work it is possible to obtain thickness and orientation

maps in an automated way. Since this method is based on the analysis of rocking curve

information it is sensitive to the thickness and orientation of the crystalline material

only. Any presence of amorphous surface layers would produce a constant background

to the rocking curve and thus does not affect the results, except for possibly decreasing

the signal/noise ratio.

The performance was demonstrated on a state-of-the-art semiconducting device. The

technique is expected to be very useful towards the characterization of the 3-dimensional

strain in crystalline materials. Since the orientation information provided by this tech-

nique can be used to supplement 2D strain information obtained by other techniques

[5, 8, 36, 99]
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4.1 Abstract

In this article we introduce an approach for precise orientation mapping of crystalline

specimens by means of transmission electron microscopy. We show that local orientation

values can be reconstructed from experimental dark-field image data acquired at different

specimen tilts and multiple Bragg reflections. By using the suggested method it is

also possible to determine the orientation of the tilt axis with respect to the image or

diffraction pattern. The method has been implemented to automatically acquire the

necessary data and then map crystal orientation for a given region of interest. We have

applied this technique to a specimen prepared from a Ni-based super-alloy CMSX-4.

The functionality and limitations of our method are discussed and compared to those of

other techniques available.

Dmitry Tyutyunnikov, Masatoshi Mitsuhara and Christoph T. Koch. Two-dimensional

misorientation mapping by rocking dark-field transmission electron microscopy. Submit-

ted in Ultramicroscopy, April 2015.
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4.2 Introduction

Transmission electron microscopy (TEM) is a powerful and versatile tool for investigating

the atomic structure and morphology of nano- and micro-objects. A very large fraction

of the specimens investigated by electron microscopists working in the field of materials

science are crystalline. Crystal defects break the translational symmetry of the crystal

and lead to elastic strain and changes of the orientation of the unit cell of the crystal

in space. Since specimens prepared for TEM should be reasonably thin in order to be

transparent for the electron beam, they may also bend due to relaxation of strain present

in the material, and in some cases also due to the specimen preparation procedure itself.

Great efforts have been made to develop orientation mapping techniques of crystalline

materials in TEM. Using orientation maps one can visualize variations in the local lattice

orientation.

Routine crystal orientation mapping in TEM was first realized in the TEM by D. Dingley

and S. Wright [85–87] and has initially been commercialized by TexSEM Laboratories

(TSL) as Automated Crystallography for TEM (ACT). This method is referred as to

“conical dark field scanning” because it uses a set of dark field (DF) images acquired at

many different beam tilts and builds the absolute lattice orientation maps by construct-

ing diffraction patterns (DP) from those DF images and indexing them. From then

on many other TEM-based orientation mapping techniques have been developed. The

“conical dark field scanning” technique was improved by employing a fast image match-

ing algorithm [100]. In addition, a three-dimensional (3D) grain orientation mapping

technique based on the same approach has been developed [90]. For that technique the

orientations of individual voxels (volume elements) are reconstructed from more than

100000, i.e. 105 DF images. Images are acquired for many different directions of the

incident illumination and specimen tilts and the reconstruction is then carried out using

algorithms originally developed for synchrotron diffraction data. There are also different

mapping techniques based on the analysis of diffraction spot patterns or Kikuchi bands

[101, 102]. The individual diffraction patterns can be recorded with parallel (NBD [88])

or convergent (CBED [89, 103]) illumination, or by combining these setups with preces-

sion of the illumination tilt angle [88]. The diffraction patterns are usually acquired by

stepwise scanning of the specimen [104, 105] and the orientation is then determined by

matching each pattern to a large library of pre-generated template patterns [88, 106] in
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combination with a grid search in orientation space [107] which is widely used in various

areas of crystallography. It has also been shown that combining of spot pattern analysis

with the analysis of Kikuchi patterns delivers more precise orientation maps [91, 108].

In this paper, we report a technique which delivers precise maps of crystal orientation

with high spatial resolution and a large field of view. In contrast to conventional orienta-

tion mapping in polycrystalline materials, our approach only maps small local deviations

from a given zone axis, which we refer to as crystal lattice misorientation (CLM). CLM

can reveal the deformation mechanism in materials with complicated defect structure

and helps to identify the Burgers vector of potentially present dislocations and the geo-

metrically necessary dislocation density [109]. In addition to lateral strain and in-plane

rotation measurable by various techniques (varying the defocus at one of the tilt angles

in the currently proposed method allows the 4 lateral components of the strain tensor

to be mapped [5]), CLM completes two additional components of the 9-element strain

tensor and is thus an important step towards mapping of the complete three-dimensional

strain tensor by TEM. Moreover, we expect that this technique will be useful for quan-

titative differentiating between plastic and elastic strain within the specimen. With the

approach presented below, local orientation changes can be mapped with a precision of

< 0.1◦. The spatial resolution of this approach is limited by the size of the unit cell,

since this determines the size of objective aperture to be used for the experiment.

In the current work, we analyse one-dimensional rocking curves extracted from tilt series

of DF images of multiple reflections. DF images are recorded at slightly different speci-

men tilts, so that the tilt range will cover only a few degrees, making use of the fact that

the contrast in DF images is typically very sensitive to the specimen orientation. This

method relies on the strong DF contrast between locations in the specimen whose local

crystal orientation is slightly different, leading to the well known bend contours (see

Fig. 4.1). Since the proposed technique acquires a tilt series in image mode, any speci-

men shifts due to non-eucentric tilting or goniometer imperfections can be compensated

easily.

In Section 4.3, we discuss in detail the specimen preparation, data acquisition, and

the concept and different tools used for data analysis. In Section 4.4, we present the

recovered orientation map and, then discuss possible applications in Section 4.5.
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4.3 Method

4.3.1 Experiment

The specimen from which the experimental data was collected was prepared from a Ni-

based super-alloy CMSX-4r (Cannon Muskegon Corporation, Muskegon,USA). Due to

its strength the material is used for high-temperature applications, e.g. in gas turbine

engines. The material has an fcc crystal structure and consists of γ and γ′ phases. The

γ phase represents the ordered Li2 structure, where Al and Ti atoms form alternating

atomic planes. The specimen was prepared after stress was applied to it which leads

to the deformation of the structure of the material. After applying stress, the inter-

face between the γ and γ′ phases appears wavy in cross-section, as can be seen in Fig.

4.1. This phenomenon is known as rafting. If no stress is applied, the γ′ phase pre-

cipitates in cube-shaped domains surrounded by γ matrix channels. The specimen was

prepared using electrochemical polishing according to [110]. The specimen was prepared

by electropolishing, producing a geometry in which the specimen becomes thinner when

approaching the edge. The average specimen thickness at the location investigated dur-

ing the current investigation was approximately 200 nm. The crystal lattice is expected

to be deformed due to the interface lattice misfit, lattice relaxation in thin parts and

plastic strain. These deformations should induce variations in the crystal orientation

across the field of view (FOV). In the bright-field (BF) and DF images in Fig. 4.1 one

can see very clearly the resulting bend contours. This makes this specimen very suitable

for testing our technique. We also note visible in Fig. 4.1 the rapidly changing complex

diffraction conditions across the interface occurring due to the lattice mismatch at the

interface between the γ and γ′ structures.

reflection [000] [3̄1̄1] [3̄3̄1] [3̄5̄1] [04̄0]

exposure time (s) 2 5 7 10 5

Table 4.1: Different exposure times for different reflections to ensure that high quality
data was available from both stronger and weaker reflections.

The experiment was carried out using the Sub-Ångstrom Sub-Electron volt Micro-

scope (SESAM) equipped with an in-column MANDOLINE filter (Carl Zeiss NTS,

Oberkochen, Germany) [16]. The experimental DF tilt series was acquired by means of a

fully automated acquisition procedure, implemented in-house as a script in DigitalMicrographTM



Chapter 4. Two-dimensional misorientation mapping by rocking dark-field
transmission electron microscopy 69

−2 −1.5 −1 −0.5 0 0.5 1 1.5 2
0

250

500

750

1000

1250

1500

Angle(deg)

In
te

n
s
it
y

1

−2 −1.5 −1 −0.5 0 0.5 1 1.5 2
0

250

500

750

1000

1250

1500

Angle(deg)

In
te

n
s
it
y

2

Figure 4.1: Top and Middle: One BF and one DF ([3̄1̄1]) image extracted from the
respective tilt series used for this analysis. Regions composed of the γ and γ′ phases
are identified. Bottom: Rocking curves extracted from the data at the two positions

indicated in the image above.
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Figure 4.2: Schematic showing the central part of the electron DP of an fcc crystal
in the [103] zone axis orientation. The data was acquired for reflections highlighted
by green circles. The indicated {gx, gy} frame of reference is used for mapping the

misorientation.

(Gatan Inc., Pleasanton, CA, USA) employing a 2k × 2k charge-coupled device (CCD)

camera (UltraScanTM, Gatan, Inc.). Each gain-reference-corrected image was acquired

at a nominal magnification of 10000× without hardware binning. These settings result

in a pixel size of the acquired images of 1.01162 nm. The data stacks corresponding

to different reflections were acquired for different exposure times determined using the

strength of the reflection which in turn was judged by the image intensity (see table

4.1). The crystal was oriented so that the incident beam direction was roughly parallel

to the [103] zone axis of the specimen region just above the structures of interest. The

microscope was aligned in a standard way, making sure that the specimen is in the eu-

centric position. After each tilt step the script paused automatically, and the focus and

specimen position were adjusted manually based on the BF image. The specimen was

tilted around the holder axis (α-tilt) with 0.1◦ increments, covering a range of −2◦ to

2◦ relative to the zone axis orientation. The analysis of the data showed that the tilt

range of 4◦ was sufficient to map misorientation of atomic planes across the interface

between the γ and γ′ phases. DF images were thus acquired at 41 different specimen

tilts. To avoid mechanical backlash, the specimen was first tilted beyond the starting

angle of −2◦ and then tilted only in the positive direction, starting the acquisition when
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it reached −2◦ again.

To excite the desired reflections and align them parallel to the microscope’s optical

axis, a beam tilt corresponding to half the Laue angle of the selected reflection was

applied. We took care to select reflections with high Miller indices ([3̄1̄1], [3̄3̄1], [3̄5̄1],

[04̄0] - all of these belong to the zero order Laue zone (ZOLZ) in the [103] zone axis) in

order to cover a wide range of excitation errors (see Fig. 4.2). For reflections far from

the central beam, the rocking curve maxima can more easily be identified, which is an

essential feature for mapping the orientation by the proposed method. To exclude the

intensities of beams other than the desired beam a small objective aperture (diameter

= 10 µm) was inserted, as is also used for mapping strain by dark-field inline electron

holography [5, 94, 95]. The range of scattering angles passing through this objective

aperture corresponds nearly to the size of the first Brillouin zone. The in-column energy

filter with a medium size energy slit was used to exclude most inelastically scattered

electrons from contributing to the image contrast.

The BF tilt-series images were subsequently aligned with respect to each other by us-

ing the Statistically Determined Spatial Drift Correction (SDSD) routine [96], in order

to remove any potentially present specimen drift. The BF data were used for image

alignment, since its contrast is less sensitive to the misorientation than the DF data.

The measured shifts were then applied to all DF data stacks. Residual image shifts

in DF data stacks, possible due to a small beam-tilt-induced defocus, were compen-

sated manually by using the FRWRtools plug-in [68] which allows manual tracking and

compensation of the displacement between adjacent images in the data array.

4.3.2 Data Analysis

To obtain information about changes in the local crystal orientation, the positions of the

maxima in the rocking curves of the different reflections for each specimen position are

used. The positions of these maxima are very sensitive to the crystal lattice orientation

(see Fig. 4.1). The position of the maxima could roughly be estimated by selecting the

pixel with the highest intensity along the tilt direction in the data stack. However, this

approach is not accurate when the rocking curve exhibits some skewness or has multiple

maxima. Fitting of a Gaussian function by the method of non-linear-least-squares as

suggested in [111] can accurately estimate the position of rocking curve maxima, but,



Chapter 4. Two-dimensional misorientation mapping by rocking dark-field
transmission electron microscopy 72

for large, unbinned data sets, this approach becomes computationally very expensive

and slow, especially if multiple reflections are taken into account, as in the present work.

To determine the positions of the maxima, we chose the statistical method of moments.

From probability theory, it is known that the probability distribution of random numbers

can be characterized by its moments. For a Gaussian distribution, the first moment

should be equal to the position of its maximum value. The non-central second and third

moments should give us the information about its variance and skewness. The first

moment for any particular rocking curve can be calculated according to the formula

[112]:

α1
ij =

∑
k

αkIijk∑
k

Iijk
(4.1)

The summation includes all different specimen tilts and is performed for each reflection
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Figure 4.3: The cumulative intensity histogram for all DF data stacks.

i at each position j. Ideally, this first moment would correspond to the position of the

maximum of a smoothed version of the rocking curve. However, this estimate can be

biased by background intensity and by a limited sampling range (here we only collected

data for a tilt range of ±2◦). In order to solve this problem and get an unbiased estimate

of the rocking curve maximum, we decided to take a potential background into account

by applying a cut-off intensity. The background signal could stem from thermal diffuse

scattering or residual inelastically scattered electrons that still made it through the
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energy-selecting slit of the filter. All pixels with intensity lower then this cut-off intensity

are set to zero and thus do not contribute to the estimate of the peak position. One

simple way to objectively estimate this cut-off intensity is the analysis of the intensity

histogram (Fig. 4.3). Since many pixels in the ensemble of the rocking curves contribute

to the background, one should expect a pronounced peak in the intensity histogram at

some low intensity value. The position of this peak corresponds to the most probable

background signal. Since the background signal is not constant everywhere and it is also

different for different reflections we decided to split the image into blocks and analyse

the histogram of each block separately. The size of the block for this particular dataset

was chosen to be 4x4 pixels, giving us enough samples for the histogram while also being

small enough to avoid aliasing artefacts. The final background map was then obtained

by a simple unbinning procedure in which we replaced each pixel of the binned image

by 4×4 pixels of that same background intensity. The unbinning was necessary in order

to match the size of the background map to the size of the original image. Finally,

the background map was smoothed by applying a Gaussian filter with variance and

kernel size equal to the size of the 4 × 4 block. The cut-off intensity was set to three

times the value of the local background signal. The factor 3 was chosen empirically by

plotting rocking curves at different image pixels. After all these steps the resulting first

moment was very close to the result achieved by explicit curve fitting. However, the

data processing was about 3 orders of magnitude faster.

A maximum in the rocking curve corresponds to strong excitation of the respective

reflection, since in that case the crystal is aligned very close to the exact Laue condition,

i.e. the corresponding diffraction spot lies exactly on the Ewald sphere. Small deviations

from this condition may be characterized by the so-called excitation error Sg [13]. Sg

depends on several parameters and under the high energy approximation (| ~K+~g| ≈ | ~K|)

the excitation error can be computed according to [113]:

2KSg = K2 − ( ~K + ~g)2 (4.2)

Here ~K = [−gx
2 ,−

gy
2 ,

cos θB
λ ] is the wave vector of the incident electron beam tilted

towards the ~g-vector in the ZOLZ by the Bragg angle θB ≈ 0.5|~g|λ. | ~K| = K = 1
λ is the

wavenumber of the fast electrons. The wavelength for 200 kV electrons is λ(200kV ) =

2.51 pm, with relativistic effects taken into account.
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The CLM can be modelled quantitatively via a small local rotation of the crystal lattice.

The rotation of the reciprocal lattice vector ~g by an angle β about some tilt axis defined

by the unit vector ~u = [ux, uy, uz] can be evaluated by means of the rotation matrix R

[114]:

R =


cosβ + u2

x(1− cosβ) uxuy(1− cosβ)− uz sinβ uxuz(1− cosβ) + uy sinβ

uyux(1− cosβ) + uz sinβ cosβ + u2
y(1− cosβ) uyuz(1− cosβ)− ux sinβ

uzux(1− cosβ)− uy sinβ uzuy(1− cosβ) + ux sinβ cosβ + u2
z(1− cosβ)


(4.3)

The rotation of the specimen around the holder axis with components ux = cosψ, uy =

sinψ, uz = 0 can be evaluated by means of the rotation matrix R1 derived from 4.3

which, for small angles α, can be approximated as:

R1 =


1 0 α sinψ

0 1 −α cosψ

−α sinψ α cosψ 1

 (4.4)

As mentioned earlier, the local change in crystal orientation can be viewed as a crystal

rotation around some axis with components ux = cosφ, uy = sinφ, uz = 0. The corre-

sponding rotation operator R2 can again be derived from 4.3. After neglecting angular

terms of second order:

R2 =


1 0 θ sinφ

0 1 −θ cosφ

−θ sinφ θ cosφ 1

 (4.5)

The resulting rotation of the diffraction vector ~g0 = [gx, gy, 0] due to the specimen tilt

and crystal misorientation can be computed as:

~g = R1R2 ~g0, (4.6)
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By plugging the derived matrices R1 and R2 into this equation 4.6 and neglecting angular

terms of second order we get:

~g =


1 0 α sinψ

0 1 −α cosψ

−α sinψ α cosψ 1




1 0 θ sinφ

0 1 −θ cosφ

−θ sinφ θ cosφ 1



gx

gy

0



=


1− αθ sinψ sinφ αθ sinψ cosφ α sinψ + θ sinφ

αθ cosψ sinφ 1− αθ cosψ cosφ −α cosψ − θ cosφ

−α sinψ − θ sinφ α cosψ + θ cosφ −αθ sinψ sinφ− αθ cosψ cosφ+ 1



gx

gy

0



=


1 0 α sinψ + θ sinφ

0 1 −α cosψ − θ cosφ

−α sinψ − θ sinφ α cosψ + θ cosφ 1



gx

gy

0



=


gx

gy

(−α sinψ − θ sinφ)gx + (α cosψ + θ cosφ)gy

(4.7)

This expression for ~g can now be plugged into equation 4.2:

2KSg = K2 − ( ~K + ~g)2 = K2 −K2 − 2 ~K~g − g2 = −2 ~K~g − g2

= −2


−gx/2

−gy/2

cos θB/λ




gx

gy

(−α sinψ − θ sinφ)gx + (α cosψ + θ cosφ)gy

− g2

= g2
x + g2

y − 2
cos θB
λ

((−α sinψ − θ sinφ)gx + (α cosψ + θ cosφ)gy)− g2 (4.8)

and taking into account that cos θB ≈ 1 we get the following expression for excitation

error:

2KSg =
2

λ
((α sinψ + θ sinφ)gx − (α cosψ + θ cosφ)gy) (4.9)

This short equation for Sg is convenient since it allows us to easily calculate analytical

derivatives
∂Sg

∂ψ ,
∂Sg

∂φ and
∂Sg

∂θ . Computing these derivatives assumes that φ and θ of

neighboring pixels are independent. These derivatives are used then in derivative-based

optimization to reconstruct the crystal lattice orientation. Since the aim of our approach

is to find the CLM (given by the local parameters φj and θj) for which the excitation error

of reflection i is minimized at the crystal tilt α1
ij , the target function to be minimized



Chapter 4. Two-dimensional misorientation mapping by rocking dark-field
transmission electron microscopy 76

may be defined as:

χ2 =

Nr∑
i=1

Np∑
j=1

wij(2KSg(α
1
ij , gxi, gyi, ψ, φj , θj))

2 (4.10)

where Nr is the number of reflections and Np is the number of pixels. α1
ij is the position

of the central peak of the rocking curve within the tilt range for the i-th reflection at

the j-th image pixel. α1
ij is computed from the experimental data by using the method

of moments as explained earlier. gxi and gyi are the horizontal and vertical components

of the i-th reflection according to the coordinate system shown in Fig. 4.2. wij is a

weighting factor where wij = 1 for all pixels except wij = 0 for those in vacuum or

with negative intensities due to the gain reference subtraction during data acquisition.

wij = 0 means that there is no contribution from j-th pixel and φj and θj for this pixel

remain unchanged from their initial values. The orientation of the tilt axis defined by the

angle ψ with the horizontal axis is a global variable. To summarize: The minimum of the

target function χ2 in equation 4.10 is reached when, for all pixels the local misorientation

defined by {φj , θj} brings reflection ~gi closest to the Ewald sphere when the crystal is

tilted by the angle α1
ij with respect to a tilt axis that lies normal to the direction of

the electron beam and the [103] zone axis and rotated by the angle ψ away from the

horizontal vector (gx, 0, 0). Minimizing this function thus yields the orientation of the

tilt axis ψ and the local CLM {φj , θj}. This problem can be also solved equivalently as
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reflection gx(nm−1) gy(nm
−1) gz(nm

−1)
[3̄1̄1] -2.7801 8.7906 0
[3̄3̄1] -8.3403 8.7906 0
[3̄5̄1] -13.9005 8.7906 0
[04̄0] -11.1204 0 0

Table 4.2: Miller indices and reciprocal space Cartesian coordinates in the {gx, gy, gz}
frame of reference for which tilt series have been acquired (see Fig. 4.2).

a system of non-linear equations:

2KSg(α
1
11, gx1, gy1, ψ, φ1, θ1) = 0

2KSg(α
1
21, gx2, gy2, ψ, φ1, θ1) = 0

· · ·

2KSg(α
1
m1, gxm, gym, ψ, φ1, θ1) = 0

2KSg(α
1
12, gx1, gy1, ψ, φ2, θ2) = 0

· · ·

2KSg(α
1
m2, gxm, gym, ψ, φ2, θ2) = 0

· · ·

2KSg(α
1
1n, gx1, gy1, ψ, φn, θn) = 0

· · ·

2KSg(α
1
mn, gxm, gym, ψ, φn, θn) = 0

(4.11)

n = 1, 2, ... , Np

m = 1, 2, ... , Nr

When the number of equations in the system 4.11 is larger then the number of unknowns

(NpNr > 2Np + 1), the system is overdetermined. This is the case when at least 3

reflections are used (assuming the image contains Np > 1 pixels). This will guarantee the

uniqueness of the solution. Of course, additional reflections should be considered if the

data are very noisy. To minimize the χ2 function in equation 4.10 we have implemented

the iRProp+ algorithm [115] in MATLAB (The Mathworks, Inc). As a starting guess,

φj = 0 and θj = 0 were used.

The minimum and maximum step sizes for the iRProp+ algorithm of ∆min = 2.2 ·10−16

(the IEEE 754 Floating-point precision)
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and ∆max = 10−2 were used. The last value is smaller then the tilt range and bigger

than the tilt step expressed in radians. The coordinates of the reflections for which

DF tilt series have been recorded are listed in Table 4.2. However only the top three

reflections were used for numerical optimization. As the analysis showed, for the last

reflection in table 4.2, ~g = [04̄0], the exact Laue condition was outside the range of the

recorded rocking curve for a significant number of specimen positions. Moreover at some

image positions our estimate of the Laue condition α1
ij by the first moment may not be

perfectly accurate due to strong dynamical scattering. The lattice constant of the γ

and γ′ phases differ slightly from position to position, but average values of them in the

dendrites are: a(γ) ≈ 0.3597 nm, and a(γ′) ≈ 0.3583 nm [110]. As a(γ) ≈ a(γ′) the

lattice constant of the γ phase was used for the calculations in table 4.2. The expressions

for the length of ~g and the cosine of the angle between two reciprocal space vectors were

taken from [116].

The result can be displayed as maps of φ and θ (see Fig. 4.4). An alternative represen-

tation are maps of the Cartesian components of the CLM {kgx , kgy} (see Fig. 4.5):

kgx = sin θ cosφ

kgy = sin θ sinφ (4.12)

These components describe the horizontal components of a unit-length vector oriented

parallel to the local zone axis. The tilt axis has been reconstructed to be oriented along

the direction defined by the angle ψ = −165.493◦ with respect to the horizontal axis in

the images (Fig. 4.1). The maps for φ and θ were calculated in the {gx, gy} basis given

in Fig. 4.2, i.e. the basis corresponding to the unit cell basis vectors. In order to obtain

the misorientation maps in the coordinate system of the image, the rotation between

image coordinates and diffraction pattern must be added to the angle φ and has been

measured to be (η = 57 ± 1)◦. On microscopes like the one used for this experiment,

for which there exists a rotation between image and diffraction pattern, this has to be

taken into account by subtracting the relative orientation from η.

The precision of the current technique is expected to be very similar to that of our

previous method [111] which relies on fitting DF tilt series data by a Gaussian, and the

precision of which has been determined to be < 1 mrad. The accuracy of the orientation
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mapping depends on the accuracy of the calibration of the goniometer tilt (< 1 mrad)

and the calibration of the beam tilt (< 1 mrad).

Most of the image processing was done in MATLAB using an interactive application

developed in-house, featuring a GUI. The functionality of this interface was extended

from our previous work [111].

4.4 Results and Discussion

Using the example of a Ni3(AlTi) super alloy CMSX-4(103) we have presented a tech-

nique for mapping crystal lattice misorientation (CLM) which is expected to work equally

well for crystalline materials of all space groups. While the precision of this technique

can be very high, the change in crystal orientation across the FOV should not exceed the

tilt range over which the experimental data has been acquired. The chosen reflections

should not be collinear with the holder tilt axis and should span either a plane or a

volume (if higher order Laue zone reflections are included as well). Our method does

not rely on exact alignment of the specimen with respect to the holder tilt axis.

From Fig. 4.5 one can see that the absolute change of the kx component across the FOV

is larger than that of ky. This means that the specimen is presumably bent along the

horizontal direction. Also from the θ map one can easily see that the crystal is bent more

near the edge. This is very likely a consequence of the specimen being thinner close to

the edge and therefore bending induced by lattice relaxation is more pronounced there.

Moreover, the crystal orientation changes not only normal to the edge, but also parallel

to it. This may possibly be due to rafting. As one can see from the kx and ky maps,

the orientation along the interface between the γ and the γ′ phases changes in a very

complicated way. This is particularly obvious in the reduced maps in Fig. 4.6, where

the contrast has been enhanced to better show the orientation changes at the interface.

The convergence properties, robustness, and accuracy of the current optimization setup

were checked for different scenarios by using simulated data. These scenarios included

reconstructions of randomly distributed crystal orientations from noisy data. We have

also tried to use different cost functions by including higher order moments. From this

experience, we conclude that the algorithm presented here is close to optimal.
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Figure 4.4: Top: φ map in degrees. Bottom: θ map in degrees. The length of black
scale bar is 500 nm.
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Figure 4.5: Top: kx, bottom: ky. The rotation between the DP and the (gx, gy)-basis
are compensated. The length of the black scale bar is 500 nm.

CLM in Cartesian coordinates.
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Figure 4.6: Close-up of the Cartesian CLM maps magnifying the interface region.
Top: kx, bottom: ky. The color map for these kx and ky maps was adjusted in order
to enhance the visibility of the interface structure. The length of black scale bar is 500

nm.

From Fig. 4.7 one can see that the iRProp+ algorithm converges nicely. After ≈ 400

iterations the change in the cost function becomes very small and we have obtained the

final solution. The value of χ2 does not go exactly to zero due to the noise in the data

and small inaccuracies in determining the exact Laue condition from the rocking curves.

In order to demonstrate the effect of the choice of cut-off intensity we also show maps

of kx and ky with the cut-off intensity threshold set to zero (see Fig. 4.8). These maps

suggest clearly visible low frequency oscillations in the CLM which may be explained

by a strongly varying diffraction signal (Pendellösung oscillations) and a much more

constant background signal producing a bias of the first moment towards the center of

the tilt range. The presence of these oscillations illustrates the importance of taking the
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Figure 4.7: Convergence of the target function vs. iteration number on a logarithmic
scale.

background signal into account when mapping the orientation by this technique.

We also want to point out that the sensitivity of this method to slight changes in orien-

tation increases when using higher order reflections further away from the central beam

(but still non-collinear with the holder axis).

The orientation maps obtained by the approach introduced above can be used as an

improved starting guess compared to our earlier work [111] for a three-dimensional Bloch-

wave refinement algorithm recently developed by R.S.Pennington and co-workers [51, 52].

4.5 Summary

In this paper, we describe a practical approach for precise and accurate two-dimensional

orientation mapping of single grain crystalline materials in TEM. Using the example

of an interface between γ and γ′ phases in a Ni-based super alloy, we show that the

misorientation along such interfaces can be mapped by our technique. The goal of our

work is not only the development of a reliable method for misorientation mapping with

high spatial resolution, but also the automation of this technique. The tools described
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Figure 4.8: These kx and ky maps were reconstructed without background subtrac-
tion. Top: kx component of CLM. Bottom: ky component of CLM. The rotation of DP

and {gx, gy} basis were compensated. The length of black scale bar is 500 nm.
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in this work can provide the orientation map with minimal human intervention. Be-

cause the method uses rocking curve information, it is sensitive to the orientation of the

crystalline material only. Amorphous surface layers potentially present due to contami-

nation would produce a constant background to the rocking curve and therefore do not

affect the results to a large extent.

Finally, the kx and ky maps can be used to calculate the components εxz and εyz of

the three-dimensional strain tensor, quantities which can be used to determine other

physical quantities such as the density of geometrically necessary dislocations [109].

The orientation information provided by this technique is complementary to the lateral

components of the strain tensor and can be used to supplement information obtained

by other two-dimensional [5, 8, 36, 99] or three-dimensional [50, 53, 54] strain mapping

techniques.





Chapter 5

Conclusion

In this thesis different techniques were shown what enable the reliable recovery of most of

components of the infinitesimal strain tensor in nanostructures and nanoparticles. The

reliability of these techniques was checked using numerous simulations. The practical

application of developed techniques was shown on technologically important structures

and materials: 32-nm and 22-nm node Si MOSFETs and a Ni-based super-alloy CMSX-

4. The presented techniques of strain mapping have lateral spatial resolution of less then

1 nm and can be executed on not necessarily high-end transmission electron microscopes.

The loose experimental conditions is one of the main advantages of presented methods

in comparison to others. Low electron dose enables the investigation of electron beam

sensitive materials without considerable decrease in signal/noise ratio. However the

spatial resolution along electron beam of applied techniques is still very coarse and

limited by the thickness of the specimen. To enhance the spatial resolution in depth

direction the reconstructed two-dimensional maps can be used as a starting guess for the

optimization algorithm developed by my co-workers [51, 52] which can treat the strong

dynamical scattering of fast electrons in a crystalline specimen. It was shown that strain

fields can be recovered and visualized for large field of view more then 1 µm. However

close to crystal defects the retrieved strain fields could not be so reliable because in the

current work for calculation of strain tensor linear theory of elasticity was used.

To perform experiments and to analyse data the special software was developed which

enables to receive the final strain maps in a semi-automatic way. However many ex-

perimental parameters can be still tuned in this software depending on a specimen and

87
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a microscope. The presented techniques can be applied on the same area of the speci-

men without intermediate microscope alignments because the same mode of operation is

used. More other by using the dedicated software (Appendix A) the all necessary data,

i.e. tilt-focal-series for multiple Bragg reflections, can be recorded at the same micro-

scope session automatically. After the data is acquired it can be just reconstructed by

different numerical algorithms presented in this thesis. It was shown that the non lat-

eral components of the strain tensor can be recovered with precision better then 0.17%

(corresponds to the angle of 0.1◦). The accuracy and precision of applied techniques

were compared with those of other techniques available. Based on this comparison it is

difficult to say generally which technique is better. Everything depends on particular

application.

The strain mapping techniques shown in this work can be used in order to give insight

into deformation mechanisms in nanostructures and can facilitate the improvement of

their properties. The strain maps recovered by presented approaches can be used to

determine other physical quantities such as the density of geometrically necessary dislo-

cations [109] or free energy of deformed crystal (section 1.1).



Appendix A

Strain3D plug-in

This is the manual for Strain3D plug-in.
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Acquisition tool for dark-field inline holography (DIH) 

This acquisition tool is designed for conducting DIH experiment. The experiment can be 

carried out in semi-automatic mode due to routines implemented in this tool. To install it one 

needs to copy two files Strain3D.gtk and Strain3D.gt1 into PlugIns folder of DigitalMicrograph. 

To harness the whole functionality of this plug-in one needs to have IPU and HREM Mouse plug-

ins to be installed as well. They can be downloaded from www.hremresearch.com website for 

free. After restarting DigitalMicrograph the additional entry with name Strain3D should appear in 

main menu. In will contain four submenus: Strain3D Acquisition …, Calibrate defocus induced 

image shift, Help Strain3D, About Strain3D. The most important one is Strain3D Acquisition... . It 

will call acquisition dialog. The plug-in can work only in online mode what means that one should 

be connected to the microscope via remote protocol (RS232). The acquisition routine represents 

tabbed dialog for setting up different parameters of acquisition. In following I will go through all 

tabs of this dialog and give description of its components. 

The Strain3D Acquisition GUI: Info Tab 

 

Component Description 

Specimen Description of specimen (arbitrary) 

Operator Operator (arbitrary) 



Microscope Model of microscope (arbitrary) 

Folder Directory on hard drive where data should be 
saved 

Series name Name of focal series. The data will be saved in 
dm3 files starting with this prefix. 

Index The ordinal number of focal series. It will be 
also added to filename with data. The index of 
focal series will be increased automatically by 
one after the acquisition has finished. 

Keep Parameters By pressing Keep Parameters all parameters 
specified within the dialog will be saved in 
global tags of DigitalMicrograph. So the user 
doesn’t need to type them again every time. By 
start acquisition tool will automatically read all 
parameters from global tags and update all 
fields correspondingly.  

 

The Strain3D Acquisition GUI: Calibrations Tab 

 

The acquisition tool contains routines for linear calibration of illumination tilt, beam shift 

and image shift. Calibrations of illumination tilt can be useful for automatic beam tilt 



determination and tomography. Calibrations of image and beam shift can be used for image and 

beam drift compensation in tomography. After successful completion of particular type of 

calibration corresponding matrix coefficients will be saved in global tags. The calibration is done 

in the same way as in QED (Quantitative Electron Diffraction) plug-in. For explanations of 

procedure the reader is advised to read manual for QED plug-in. It can be downloaded from 

www.hremresearch.com website for free. 

The Strain3D Acquisition GUI: Focal Series Tab 

 

The next tab is called “Focal Series” and contains important parameters for focal-series 

acquisition. Microscopists who used FRWRTools plug-in from Christoph Koch (FRWRTools 

plug-in can be downloaded from http://elim.physik.uni-ulm.de/) will find the design of this tab very 

similar. Here I will focus only on differences between these acquisition packages. 

Component Description 

Sequential or alternating The focal-series can be acquired in sequential or 
alternating mode. In sequential mode images at 
different focal planes are acquired starting from 
underfocus towards overfocus. In alternating mode 
the images are acquired in variable mode by 
switching objective current from underfocus to 
overfocus regime. It can be useful to avoid 



hysteresis of objective lenses. 

Autofocus The Autofocus function will help user to bring the 
sample in focus before starting acquisition. By 
default BTIS algorithm (Beam Tilt Induced Shift) is 
used for autofocusing. It measures the image shift 
as a function of beam tilt. By clicking Autofocus with 
Alt-key pressed additional menu will appear. It offers 
the user the algorithm for autofocusing. So far two 
different algorithms are implemented: BTIS and 
minimization of image contrast. The second one tries 
to minimize the image contrast as a function of 
defocus by using golden section search algorithm 
(http://en.wikipedia.org/wiki/Golden_section_search). 
To start autofocusing “View” window should be 
active. 

Acquire focal series Acquire focal series without specifying beams or tilts 
for tomographic acquisition. 

Range: 0 nm .. 0 nm The range label shows range of defocus variation for 
current settings of focal series acquisition. This 
option can be useful for control if big defocus step or 
nonlinear defocus increment are used 

Correct for defocus induced image shift If beam tilt is not properly aligned with respect to the 
optical axis of the microscope this misalignment will 
result in image shift by changing defocus. This 
image shift can be compensated directly during focal 
series acquisition if one checks “Correct for defocus 
induced image shift” checkbox. Based on 
calibrations the image shift will be compensated by 
image shift coils. The residual image shift will be 
corrected iteratively until it cannot be reduced any 
further or if it is smaller than 1 DAC. 

Load pre-calibrations The defocus induced image shift can be also 
compensated if one calibrated it in advance. This 
strategy has several advantages. First it can reduce 
the acquisition time and prevent sample change 
(contamination or beam damage) since calibration 
can be done on some other area of specimen. 
Secondly the image shift can be too large especially 
if cubic or quadratic defocus increment is used. Pre-
calibration is done with linear defocus increment so 

the image shift 
between successive 
recordings is small 
enough. To do pre-
calibrations one needs 
to call the dialog by 
selecting Calibrate 
defocus induced 
image shift from the 
main menu (see 
Figure). 
The procedure is fully 



automatic; however one needs to define some 
parameters. The routine will acquire reference image 
at zero defocus and will use it for estimation of 
image shift by cross-correlation with next frame. The 
calibrations will be saved as dm3 image in the 
specified file. The calibrations can be loaded by 
pressing Load pre-calibrations button in the main 
acquisition tool. The indicator in front of it should 
become green. The algorithm will try to interpolate 
image shift to real defocus values by using function 
“warp” implemented in DigitalMicrograph 

Progress bar Shows the acquisition progress. The progress and 
remaining time will be also printed in results window. 

 

The Strain3D Acquisition GUI: Beams Tab 

 

Component Description 

Name Name of beam 

List of beam names One could rename the beam by selecting and 
double click on it. By selecting the beam the 
corresponding fields for beam name, exposure 
and binning will be updated 

Exposure time(s) Exposure time for selected beam. For 



diffracted beams higher exposure times are 
recommended since in DF mode the signal 
can be very low. 

Binning Hardware binning for selected beam. Different 
beam can also have different binning 

Beam tilt Beam tilt in mrads and DACs regarding to 
current beam tilt settings. The direct beam 
usually have value (0, 0) mrad 

Add beams This function will add beams to the beams list. 
By pushing this button with Ctrl-key pressed 
the beam respective to current beam tilt 
settings will be added. It is also possible to add 
all beams just at once. To do so one should 
have the image of diffraction pattern. By using 
HREM Mouse one should select desired 
reflections as shown in picture. 

 
 The direct beam must be selected first! For 
each selected spot the script will predict beam 
tilt. In case of opposite beam tilt (f.e. if 
diffraction spot is strongly excited) the 
diffraction spot should be selected with Alt-key 
pressed. 

Delete Beam By pressing this button the selected beam will 
be deleted from the list 

Recall Position Recall selected beam settings 

Rewrite Beam This function will rewrite settings of selected 
beam. This function is quite convenient if fine 
adjustments of beam tilt are necessary 

Save Beams Save beams configurations in dm3 file. The 
configurations include beam tilt in mrads and 
DACs, also beam name, exposure time and 
binning 

Load Beams Load configurations from dm3 file. 

Acquire All Beams Acquire focal (tilt) series for all beams 

Acquire Current Beam Acquire only selected beam 



Pause Pause acquisition 

Continue Continue acquisition 

Restart FS Restart acquisition of current beam 

Stop Abort acquisition. The script will reset all 
parameters of the microscope to original 
values. 

 

The Strain3D Acquisition GUI: Tomography Tab 

 

Component Description 

Tilt the sample, tilt the beam One can choose between tilting the beam or 
sample by acquiring tilt series 

Start Tilt Starting tilt position in tilt series 

Stop Tilt Final tilt position in tilt series 

Tilt Steps Number of steps in tilt series. Tilting the 
sample or beam to the starting position is also 
considered as one step 

Tilt Step The tilt step is calculated according to following 
formula:  

         
|                  |

                  
 

Degrees (in case of beam tilt – DACs) Tilt units: if unchecked mrads will be used 
instead 



Use (only visible in case of sample tilt) Use this tilt axis. For conducting tomographic 
recordings either Alpha or Beta tilt should be 
selected. 

Absolute or relative tilts (only visible in case of 
sample tilt) 

It case of relative tilts starting and final tilt 
positions are calculated relative to the current 
sample tilt. Sometimes can be convenient if 
sample tilt has small offset. See picture for 
illustration 

Check Tomo Series By pressing this button test tilt series will be 
carried out without image acquiring. The pause 
will be made between successive tilts 
corresponding to the settling time. 

Compensate for XY shift This function will switch on lateral image shift 
compensation by tomographic acquisition. 
Image shift coils should be calibrated in order 
this function make effect. The image shift is 
measured by cross-correlation with sub-pixel 
precision of reference frame at zero defocus 
and current frame. 

Compensate for Z shift This function is not available yet 

Put all data in one stack Put all acquired stacks in one stack. The 
information about each frame in data stack can 
be found in image tags under "FRWR:images:" 
tag. 

Compensate aberrations This function will compensate beam and image 
shift generated by tilting the beam. To make 
this function work aberrations of illumination 
and imaging system should be determined by 
QED. This function is not tested yet. 

Pause after each tilt step If this option is checked the pause will be 
made after each tilt step. Meanwhile the user 
will be asked to continue or cancel acquisition. 
During this time, f.e. the position of sample can 
be adjusted. 

Minimize successive tilts Enabling this option the sample or beam will 
be tilted according to specific pattern, so the 
distance between successive tilt positions will 
be kept as small as possible. At the moment 
snake-like pattern is used (probably not the 
most effective). 
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[101] P. Möck. A direct method for orientation determination using TEM. Crystal

Research and Technology, (26):653–658, 1991.

[102] Qing Liu. A simple and rapid method for determining orientations and misorien-

tations of crystalline specimens in TEM. Ultramicroscopy, (60):81–89, 1995.

[103] Kumar Vineet. Orientation imaging using wide angle convergent beam diffraction

in transmission electron microscopy, February 2012.

[104] Peter Moeck, Sergey Rouvimov, Ines Häusler, Wolfgang Neumann, and Stavros
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