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1 Introduction

Spherical aberration correction for transmission electron microscopes (TEM) made it possi-

ble to image with atomic resolution at acceleration voltages in the range of 80–300 kV [1–4].

In combination with 2–dimensional materials of which graphene is the most prominent

one [5], new opportunities to study fundamental phenomena were offered. However, electron–

beam irradiation lead to structural decomposition of specimens by ballistic energy transfer

resulting in atomic displacement. The recently developed modified Rose–Kuhn–corrector,

which corrects chromatic (Cc) and spherical (Cs) aberrations that is built into the prototype

of the Sub–Ångström Low–Voltage Electron microscope (SALVE), has shifted the limit of

acceleration voltage for atomic resolution down to 20 kV [6]. The advantage is that for

many materials, direct knock–on damage can be completely avoided or at least minimized

thus, new structural properties and phenomena can be revealed.

In the TEM image, the 3–dimensional object is reduced to a 2–dimensional projection,

which means that a signal on the detector could correspond to a column of several atoms.

That makes a structural analysis difficult. But the combination of 2D–materials such as

graphene and aberration–corrected high–resolution (AC–HR)TEM is abundant because

the 2–dimensional crystal is projected on a 2–dimensional image in which single atoms can

be clearly identified. In addition to the atomic resolution, axial and off–axial aberration–

correction allow in situ experiments on a huge field of view within short exposure times.

Unfortunately, electron–beam–induced damage in a TEM can still occur even at low volt-

ages via inelastic routes causing electronic excitations, which can be a serious problem

for semiconductors and insulators [7, 8]. This results in the requirement for a controlled

increase in radiation damage resistance. Due to the extraordinary properties of graphene

like high electrical [9] and thermal conductivity [10], graphene encapsulation proved to

be an effective way to increase the stability by about three orders of magnitude against

electron irradiation [11]. Nevertheless, creation of single point defects in transition metal

dichalcogenides (TMD) can also be interesting as they influence the electronic, magnetic and

optical properties on a localized area so that potential applications for quantum devices can

be implemented [12,13]. Defect engineering, which requires the precise generation of atomic

defects, in combination with the corresponding influence on the physical properties is still
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in its infancy. Therefore, damage rates and the understanding of individual mechanisms

that contribute to formation of defect structures are necessary. Due to the high achievable

resolution at low acceleration voltages in the SALVE instrument, these problems can be

tackled, as the damage rates can be directly determined by counting the produced vacan-

cies [11]. Moreover, the voltages can be chosen so that the direct contribution of knock–on

damage can be prevented. In addition, the formation of extended defect structures can be

followed in the SALVE instrument atom–by–atom.

Beside the increase in radiation stability due to encapsulation, graphene is also suitable

as substrate for other materials as it is one of the thinnest possible membranes with a

low atomic number and therefore contributing less to the image signal. Hence, it is used

as window material for liquid cells to investigate, e.g., ionic crystals [14] and motion of

molecules [15]. This enclosed system isolates liquids due to the van der Waals forces, which

appear between the graphene layers [16–18]. Most studies with liquid cells in a TEM are

related to in situ experiments but the effect of radiation damage on the whole system is not

fully understood yet. Especially when it is considered that liquids are extremely sensitive to

electronic excitations [19–21] (so–called radiolysis) and should induce a fast decomposition

of graphene, which is only susceptible to the chemical etching by the formed radicals at

voltages below the knock–on threshold [21,22].

In this work, aberration–corrected HRTEM is combined with studies of 2D materials in

order to analyze electron–beam–induced modifications such as formation and evolution of

structural defects on the atomic scale. One aim is to distinguish the elastic and inelastic–

driven damage mechanisms that contribute to defect creation in the specimen. Therefore,

the semiconducting materials MoS2, MoSe2 and MoTe2 are used, which have molybdenum

in common but binding partners that differ in their mass (S, Se, Te). The contributions

of elastic mechanisms such as knock-on damage compared to inelastic mechanisms due to

electronic excitations will be analysed with i.a. an earlier suggested model based on different

arrangements of graphene–TMD heterostructures [11]. These graphene–heterostructures

also exhibit increased stability against electron irradiation not only for TMDs but also for

fast ionizing liquids. Solutions with ionic crystals of CaSO4 and NaCl are used to determine

structural modifications such as crystallization effects within graphene encapsulations but

also stability and decomposition processes of the whole liquid–cell–systems due to electron–

beam–induced chemical etching.

Differentiation between the elastic and inelastic damage mechanisms as well as investigations

on the stability of the sample systems are addressed with the following issues:
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1. Damage rates in TMD–graphene heterostructure configurations are compared for

different voltages to estimate the contributions of the electron–beam–induced damage

mechanisms (see A.1).

2. Voltage–dependent defect rates in MoS2 below the knock–on damage threshold are

discussed, describing the relation between electronic excitation (see A.2).

3. Electron–beam–induced evolution of produced defects in single–layer MoTe2 are

studied as well as the corresponding electronic properties (see A.3).

4. Graphene–liquid–cells are used to determine properties of encapsulated liquids and

solids. More specifically, formation conditions of crystals encapsulated between

graphene, regarding pressure and temperature are discussed (see A.4).

5. The influence of electron–beam–induced damage due to chemical etching of graphene

liquid–cell system is analysed (to be published).

In the first chapter of the dissertation, the required background (cf. chapter 2) is given,

starting with image formation and aberration–correction in TEM because all studies in this

work are performed with need of atomic resolution. Afterwards, the different electron–beam–

induced damage mechanisms are introduced as well as the studied materials. Chapter 3

deals with the preparation methods for the TEM samples and also the imaging conditions

in the microscopes. Furthermore, a brief overview on density functional theory (DFT)

calculations and also the used methods are presented. The results which address the

above–mentioned issues are summarized in chapter 4 and the corresponding publications

are appended in appendix A.
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2 Background

This chapter addresses the basic principles of aberration–corrected high–resolution trans-

mission electron microscopy (AC–HRTEM). First, the image formation in the TEM with a

broad parallel electron–beam illumination is discussed. Then the phase contrast transfer

combined with aberration correction is presented. In addition, the operating principles of

the spherical and chromatic aberration–correction is described, which are pushing the limits

to ”see” single atoms to low electron–acceleration–voltages (20–80 kV) [6]. Afterwards,

elastic and inelastic electron–beam–specimen interactions resulting in creation of defects

are discussed. At the end of this chapter, the materials, used in this work are presented.

2.1 High–Resolution Transmission Electron Microscopy

(HRTEM)

A basic mode in transmission electron microscopy (TEM) is high–resolution imaging where

the imaging electrons are accelerated with voltages from 20 kV up to several MV at the

electron accelerator [23,24]. The electrons with a charge e have a kinetic energy E = eU

where U is the acceleration voltage. Via the De Broglie relation, a wavelength λ can be

assigned to the kinetic energy. At acceleration energies of 80 keV, the electrons have already

a velocity of ∼ 0.5c (c is the speed of light). Therefore, it is necessary to consider the

relativistic case.

λ =
hc√

(eU)2 + 2eUmec2
(1)

Here, h is the Planck constant, λ the wavelength and me the electron mass. According to

the Abbe criterion, the resolution in a microscope is directly proportional to the wavelength.

It follows that higher kinetic energy of the accelerated electrons results in higher resolution.

However, lens–aberrations (cf. section 2.1.3) and electron–beam–induced damage (cf.

section 2.2) reduce the ideal resolution.

In a TEM, the electrons are generated and accelerated in the electron–source and pass

5



Dissertation Tibor Lehnert

the condenser lenses, which determine the illumination of the specimen. They are located

between the electron gun and the specimen as shown in fig 1. For high–resolution (HR)TEM,

the condenser system is set to achieve a broad parallel electron beam. Additionally, a

coherent illumination of the specimen is desired to avoid a blurred image, originating from

a non–perfect interference pattern of the electron beams.

If the specimen is illuminated with a broad, parallel beam, the illumination can be described

with an incident plane wave Ψin(r) with an amplitude Ψ0 and a wave vector k0 along the

z–axis parallel to the optical axis.

Ψin(r) = Ψ0 exp(ik0z) (2)

Here, r = (x, y) is a vector within the object plane, where the specimen is located. Due

to the interaction of the electron beam with the specimen, electrons are scattered so that

diffraction occurs, which leads to a phase shift for each interacting part of the electron

beam. In accordance with Bragg’s law, the diffracted beams leave the specimen with certain

angles, which are focused by the objective lens into the back focal plane where a diffraction

pattern is formed. The diffracted beams are transferred to the image plane that is situated

at the intermediate lens in figure 1. In the image plane, the diffracted beams interfere and

form the image, which is further magnified by the intermediate lens and projected to the

camera with the projection lens.

2.1.1 Image Formation

Here, the theoretical background for the image formation is presented, based on [25–27]

but the notation will follow closely to Ref. [25].

We assume, that a specimen is illuminated by a plane electron wave (cf. fig. 1) and that the

incident, coherent electron beam is given as Ψin(r) = 1. After the electron beam interacts

with the specimen, the exit-plane wave Ψep(r) contains structural information because of

the phase modulations in the specimen, which occur due to Coulomb interactions between

the atoms and the incident electrons, leading to electron scattering in the specimen. The

modulation can be expressed in the phase object approximation as,

Ψep(r) = exp(−iφ(r)) (3)

where the object function φ(r) describes the phase shift as a function of the position r.

The phase shift is induced by the projected crystal potential V (r, z) of the specimen.

6
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Electron source

Condenser lens 1

Condenser lens 2

Objective lens

Intermediate lens

Projection lens

CCD or CMOS

camera

Specimen

Back focal plane

Ψin(r)

Ψep(r)

Ψep(r) 

Ψbfp(q)+q-q

Ψ(r)

FT

FT

Ψbfp(q) ⊗ t(q)

Fig. 1: Simplified ray path of the electrons (green) in a TEM with a coherent and parallel
illumination of the specimen for high–resolution imaging. An incident plane wave Ψin(r)
produced by the electron source and the condenser lenses interacts with the specimen. The
emerging exit plane wave Ψep(r) is focused by the objective lens into the back focal plane
resulting in Ψbfp(q), which corresponds to the Fourier transform (FT). A convolution of
Ψbfp(q) and the function t(q), describing the characteristics of the microscope, gives the
image plane wave Ψ(r), which is transferred via the intermediate and projection lens to
the camera.
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φ(r) =
π

λU

∫ t

0

V (r, z)dz (4)

Here, t is the specimen thickness and U is the acceleration voltage of the incident electrons.

The objective lens located after the specimen produces from the exit plane wave Ψep(r) a

diffraction pattern in the back focal plane. A diffraction pattern can be explained with the

Kirchhoff diffraction theory, which can be divided into Fresnel (near-field) and Fraunhofer

(far-field) diffraction. Here, we will focus on Fraunhofer diffraction, where a plane wave

produces a diffraction pattern at an infinite distance. However, the objective lens focusses

the diffraction pattern into the back focal plane like it is shown in figure 1. The wave

function in the back focal plane Ψbfp(q) is the Fourier transform of the exit plane wave of

the specimen Ψep(r).

Ψbfp(q) = F [Ψep(r)] = Ψep(q) (5)

Here, q is the vector for the spatial frequency and F is the Fourier transform. In the

exit–plane wave an additional phase shift is induced by lens aberrations. This results in

an image wave function Ψ(r), which is a combination of the Fourier transform of Ψep(q)

and t(q).

Ψ(r) = F [Ψep(q) · t(q)] (6)

The complex function t(q) describes the characteristics of the microscope, which will be

discussed in more detail in the chapters 2.1.2 and 2.1.3. Equation (6) can be rewritten into

a convolution in real space.

Ψ(r) = Ψep(r)⊗ t(r) (7)

Equation (7) describes the coherent imaging model, which can be used to determine the

intensity I(r) in the image plane.

I(r) = |Ψ(r)|2 = Ψ(r) ·Ψ(r) (8)

With the phase object approximation in equation (3) and under consideration that the

transfer function t(r) consists of a real <[t(r)] and an imaginary part =[t(r)], the image

wave function (7) becomes,

Ψ(r) = exp(−iφ(r))⊗ (<(t(r)) + i=(t(r))) (9)

8
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The phase object approximation can be further simplified with the weak phase object

approximation. This approximation is valid when the phase modulation φ(r) of the exit

plane wave is small so that φ(r)� 1 applies. From equation (4) follows that this condition

is only fulfilled when the sample is very thin and/or the acceleration voltage is very high.

Then, equation (3) can be approximated with

Ψep(r) ≈ 1− iφ(r). (10)

With equations (7) and (10) the weak phase object approximation in the image plane

yields to

Ψ(r) = 1 + φ(r)⊗=[t(r)]− iφ(r)⊗<[t(r)]. (11)

Inserting equation (11) in (8) and neglecting the quadratic terms of the phase modulation

φ(r) results in the image intensity for a weak phase object.

I(r) = 1 + 2 (φ(r)⊗=[t(r)]) (12)

The image intensity depends in the weak phase object approximation only on the phase

modulations due to the specimen and the characteristics of the imaging system, which is

reflected in =[t(r)]. Moreover, the Fourier transform F [=[t(r)]] = =[t(q)] is the so–called

phase contrast transfer function, which describes, how each spatial frequency is transferred

in the microscope.

2.1.2 Phase Contrast Transfer Function

This section is based on [25, 26, 28]. The ideal phase contrast transfer function (PCTF)

=[t(q)] would be frequency-independent with a constant value. Furthermore, the PCTF

should be the only contribution to the image, which is fulfilled for the weak phase object

approximation (cf. equation (10)). Otherwise, the real part <[t(r)] is not eliminated in

equation (8), which describes the transfer of the amplitude modulation. Therefore, the

amplitude modulation would contribute, in addition to the phase modulation, to the image

intensity. Beside the contribution of the sample to the phase shifts, the characteristics such

as isotropic aberrations of the objective lens are reflected in the phase transfer. The phase

shifts due to lens aberrations can be expressed by a transfer function tL(q).

tL(q) = exp

(
2πi

λ
· χ(q)

)
(13)

9
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Here, χ(q) denotes the wave aberration function. Anisotropic aberrations such as

astigmatism or coma can be corrected in TEMs. Thus, the wave aberration function can

be written as,

χ(q) = χ(q) =
1

2
q2λ2C1 +

1

4
q4λ4C3 +

1

6
q6λ6C5 (14)

Only the isotropic aberrations like defocus C1, third order spherical aberration C3 and

fifth order spherical aberration C5 are taken into account. Furthermore, only aberrations

up to C5 are considered for the wave aberration function because third order spherical

aberrations can be corrected and therefore, the fifth order is limiting [6, 28]. However, if

only the imaginary part is considered, which describes the phase contrast transfer, equation

(13) becomes with equation (14),

=(tL(q)) = sin

[
2π

λ
· χ(q)

]
= sin

[
π

(
q2λC1 +

1

2
q4λ3C3 +

1

3
q6λ5C5

)]
. (15)

Due to the sine–function in equation (15) it is clear that oscillations will occur in the

PCTF. For non-optimized conditions like shown in figure 2 (a), the oscillations cause

contrast changes thus the transferred information into the image plane are difficult to

interpret. Furthermore, at the zero–crossings, there is no information transfer, which

additionally is broadened due to the noise level (grey stripes in figure 2). The noise level

can be assumed as e−2 and reduces the information transfer because a signal, which does

not exceed the noise limit cannot be distinguished from the background and thus, will not

contribute to the image intensity.

However, the PCTF can be optimized thus, within a broad passband, all frequencies are

transferred with the similar phase shifts. In the past, for uncorrected TEMs the so–called

Scherzer conditions by optimizing C1 and C3 were used [29].

C1 = −
√

4

3
λC3 (16)

Nowadays, with reaching sub-angstrom resolution even at low voltages (20 kV – 80 kV),

C5 needs to be taken into account for optimized imaging conditions [6, 28]. In the so–called

Lentzen conditions, a least–square optimization for C1, C3 and C5 was used to find two

sets of aberration coefficients [28]. One set consists of variable C1, C3, fixed C5 and the

other one of variable C1, C3, C5, which are given in equations (17) and (18), respectively.

C1 =
2

λq2max
+

2

15
C5λ

4q4max, C3 = − 10

3λ3q4max
− 8

9
C5λ

2q2max. (17)

10
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Fig. 2: (a) PCTF =(tL(q)) with C1 = −20 nm, C3 = −10 µm and C5 = 3 mm for an Cc/Cs
aberration-corrected 80 kV TEM. The grey stripes are the noise levels and are assumed to
be e−2 [25]. In (b) PCTF is shown with Lentzen conditions (cf. equation (17) and (18)),
which shows a broad passband thus frequencies are transferred with similar phase shifts.
(c) shows the different dampening envelope functions with σfs = 0.3 nm for the focus
spread and σis = 0.02 nm for the image spread. The total dampening envelope Etot(q)
is the product of the focus and image spread. Panel (d) shows the PCTF with Lentzen
conditions but with the total dampening envelope.

C1 =
15

4λq2max
, C3 = − 15

λ3q4max
, C5 =

105

8λ5q6max
. (18)

Here, qmax is the information limit of the microscope, which is determined by the

intersection of the dampening envelopes (focus spread and image spread, discussed below)

with the noise–level e−2.

Figure 2 (b) shows a PCTF with Lentzen conditions, which was determined from the

equations (15) and (17) with fixed C5 = 3 mm for the case of an Cc/Cs-corrected TEM

with an information limit of qmax = (76pm)−1 at an acceleration voltage of 80 kV [6]. The

optimized PCTF provides a broad passband and allows to transfer frequencies with the same

contrast up to the first zero–crossing, which determines the point resolution. Furthermore,

there is a direct relation between the phase modulation and the image, which strongly

11
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simplifies the interpretation of the recorded images.

The information limit in a TEM depends on the degree of coherence and the thermal

magnetic field noise, which produce isotropic contrast envelope functions [25, 30]. Here,

we will focus on the focus spread Efs(q) and image spread Eis(q) since they are the main

contributions to the total dampening in Cc/Cs–corrected TEMs [30,31].

Focus Spread: It describes the dampening envelope of a partial coherent frequency

transfer mainly due to the chromatic aberration and the energy spread of the emitted

electrons by the electron gun [25]. The dampening envelope function Efs(q) has the form,

Efs(q) = exp

(
− π2

2λ2
σ2
fs(λq)

4

)
, (19)

where σfs is the chromatic focus spread, which directly depends on the chromatic

aberration Cc and is given as

σfs = Cc ·
√(

∆U

U

)2

+ 4

(
∆I

I

)2

+

(
∆Erms
E

)2

. (20)

Here, ∆U/U gives the instabilities of the high tension U , ∆I/I describes the instabilities

of the lens current I, ∆Erms is the root mean square energy spread of the source and E is

the electron energy. The focus spread envelope function (equation (19)) is shown in figure

2 (c) with a value of the chromatic focus spread of σfs = 0.3 nm [32]. To summarize, the

focus spread describes an incoherent superposition of images with slightly different defocus

values thus, high spatial frequencies are dampened (cf. fig 2 (c)).

Image Spread: Thermally induced currents in the lenses cause a magnetic field noise,

which is analogous to the Johnson-Nyquist noise. It was found that this noise can be

described by an isotropic contrast envelope function [30].

Eis(q) = exp

(
−2π2

λ2
σ2
is(λq)

2

)
, (21)

Here, σis is the image spread. The dampening function Eis(q) is plotted in figure 2 (c)

with σis = 0.02 nm.

In the case of a Cs-corrected microscope, the focus spread σfs is much higher, which

results in a stronger dampening. Thus, the image spread is negligible compared to the

focus spread [31]. However, in Cc/Cs–corrected microscopes the image spread is getting

12
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more prominent (cf. fig. 2 (c)) [30]. Additionally, it is important to consider the total

dampening envelope function, which is the product of all envelope functions.

Etot(q) =
∏

i

Ei(q) (22)

The i stands for the focus spread Efs(q) and the image spread envelope function Eis(q).

Etot(q) is depicted in figure 2 (c). It becomes clear that the total envelope function for a

Cc/Cs-corrected microscope is mainly dominated by the image spread. Figure 2 (d) shows

the PCTF (fig. 2(b)) convolved with the total dampening function. If the PCTF shows a

good contrast transfer for higher spatial frequencies, the total dampening leads to a poor

information transfer for small features (high spatial frequencies). It can even reduce the

information limit of the PCTF depending on the state of correction.

In figure 3 the PCTF for the Cc/Cs–corrected Sub–Ångström Low–Voltage Electron

microscope (SALVE) at 20 kV (blue) and 80 kV (red) is shown. Lentzen conditions with

C1 = −20 nm, C3 = −10 µm, C5 = 5 mm for 20 kV and C5 = 3 mm for 80 kV are used to

determine the PCTF.
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Fig. 3: PCTF with Lentzen conditions for the Cc/Cs–corrected SALVE instrument at 20 kV
(blue) and 80 kV (red) and corresponding total dampening envelopes (green). The total
envelope functions were determined with σfs = 0.3 nm and σis = 0.04 nm for 20 kV as
well as σfs = 0.3 nm and σis = 0.02 nm for 80 kV. Corresponding point resolution (pr)
black dashed lines and information limits (il) black dotted lines are marked for both, 20
kV and 80 kV. The grey stripe is the noise level.

The point resolution, where the PCTF intersect with the noise level (grey stripe) in

figure 3 is marked by dashed black lines. For 20 kV the point resolution (pr=0.143 nm)

is only half as good as for 80 kV (pr=0.077 nm). A similar behaviour applies for the

information limit at 20 kV (il=0.131 nm) and 80 kV (il=0.071 nm) indicated with black

13



Dissertation Tibor Lehnert

dotted lines. The information limit is the intersection of the total dampening envelopes

(green) with the noise level. Based on the ratio of wavelength and information limit,

acceptance angles of ∼60 mrad can be determined in the SALVE instrument.

In the Cc/Cs–corrected SALVE instrument the linear contrast transfer is dramatically

increased from 1.6 Å for a Cs–corrected system at 80 kV to 0.76 Å [6, 31].

2.1.3 Aberration Correction in TEM

Since the developement of Cc/Cs–correctors for TEM, axial and off–axial aberrations up to

the fifth and third order, respectively can be independently tuned [6]. Axial aberrations

produce a phase shift, which result in a displacement of the ideal electron trajectories.

The phase shift is φ(q) = 2πχ(ω)/λ, where ω = λq is the complex valued scattering angle.

Considering all axial aberrations up to the fifth order Seidel aberration (n 5 5), the wave

aberration function, which was introduced in equation (14), has then the following form [33]:

χ(ω) = <(
1

2
ωω̄C1 +

1

2
ω̄2A1 +

1

3
ω̄3A2 + ω2ω̄B2

+
1

4
(ωω̄)2C3 +

1

4
ω̄4A3 + ω3ω̄S3 +

1

5
ω̄5A4

+ω3ω̄2B4 + ω4ω̄D4 +
1

6
(ωω̄)3C5 +

1

6
ω̄6A5)

(23)

Different orders of aberrations are marked with Cn for the isotropic aberrations, An for

astigmatism, Bn for coma, Sn star and Dn for lobe aberrations. Furthermore, ω̄ is the

conjugate complex of ω. Isotropic aberrations can be described by their real aberration

coefficient, while anistropic aberrations are complex and have to be described by two

coefficients, which leads to a certain symmetry (non–zero). Different axial aberrations are

listed in table 2.1 with the corresponding symmetry.

Axial aberrations are close to the optical axis and only depend on the scattering angle ω

in the aperture plane, which corresponds to the back focal plane of the objective lens [25].

However, for conventional TEM imaging, a large field of view is important thus the off-axial

aberrations also need to be considered [2,33]. An off-axial point on the object plane can

induce e.g. coma-type aberrations, which result in a changed point in the image plane. In

the case of axial aberrations, a point is equally affected in the object plane and the image

plane [25]. It follows, that with increased distance from the optical axis, off–axial aberrations

worsen the image. However, as mentioned above, with new developed Cc/Cs–correctors for

TEM, off–axial aberrations up to the third order can be corrected [6].

Beside axial and off–axial aberrations, it is also distinguished between geometrical and
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Table 2.1: Axial aberrations up to the 5th–order and their symmetry

Aberration Symbol Symmetry

Defocus C1 0
Twofold astigmatism A1 2
Threefold astigmatism A2 3
Second-order coma B2 1
Third-order spherical aberration C3 or Cs 0
Fourfold astigmatism A3 4
Third-order star aberration S3 2
Fivefold astigmatism A4 5
Fourth-order coma B4 1
Fourth-order three-lobe aberration D4 3
Fifth-order spherical aberration C5 0
Sixfold astigmatism A5 6

chromatic aberrations. Geometrical aberrations are denoted as coherent because they do

not necessarily lead to a loss of information. They affect mainly the interpretability due to

e.g. different phase contrasts in the PCTF (see chapter 2.1.2). All aberrations, which are

considered in equation (23) are geometrical aberrations.

Chromatic aberrations are denoted as incoherent aberration, which means that they lead

to a loss of information. This can be seen from the reduction of the information limit due

to the focus spread dampening envelope in equation (19).

In the frame of the SALVE project, a Cc/Cs–corrector was developed, which allows imaging

with atomic resolution with acceleration voltages of 20 to 80 kV. The corrector is based

on a quadrupole–octopole–design, which corrects spherical aberrations up to C5 but also

chromatic aberrations [6, 23]. Even at 20 kV the resolution is 139 pm what is still much

better than conventional Cs–corrected TEMs at 80 kV with a resolution of 160 pm [6,31].

In the following paragraphs, the principle of a Cs– and Cc–correction will be introduced,

which takes place behind the objective lens.

Correction of spherical aberration (Cs)

In the case of spherical aberration, rays that pass a lens with various distances from the op-

tical axis have also different back focal planes, which lead to blurred images. Concave lenses

are used in light optics to correct spherical aberrations by using the effect of a spreaded

beam. However, Otto Scherzer showed 1936 that in electron optics axial aberrations such

as Cs are unavoidable with rotational symmetric lenses [34]. Later, Scherzer suggested to
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correct axial aberrations with electromagnetic quadrupole and octupole lenses [35]. However,

his design is difficult to implement and induces high off–axial coma [36]. A first successful

realization of a corrector is based on a multipole system consisting of two hexapoles [1,2,37].

ε1

ε1

ε2

-ε2

+

-
+

-

+

-
--

+ +(a) (b)

Fig. 4: Schematic representation of the functionality of a hexapole lens to correct spherical
aberration. (a) shows a side view of two very thin hexapoles describing the principle of a
thick hexapole. The incident electrons (dotted lines) are stronger deflected with increased
distance to the optical axis. A secondary effect is a spreading of the beam, which is
indicated by the different length of the red arrows. The red arrows indicate the direction
in which the electrons are deflected in one hexapole. Due to the lens symmetry, the round
incident electron beam (green dotted ring) in (b) results in a three–fold astigmatism.
After passing a second, inverted hexapole the beam is spreaded, indicated by the red
dotted circle (after [38]).

Figure 4 shows a schematic representation of the functionality for the spherical aberration

correction by a hexapole lens. For simplification the thick hexapole is reduced to two

identical thin hexapoles (fig. 4 (a)) consisting of discrete planes, which interact with the

electron beam. Due to Coulomb’s law, the force on the electrons is F ∝ r2 with r the

distance of the incoming electrons to the optical axis (black solid line in fig. 4 (a)). This

results in a stronger deflection of electrons with increased distance to the optical axis. In

(a), a thick hexapole lens is splitted into two very thin hexapoles behind each other to

visualize the effect of deflection at two discrete planes. The green dotted line indicates the

incident electron beam and the solid green line the resulting electron beam path interacting

with the hexapoles. After leaving the first hexapole in (a), the rays are deflected towards

the positively charged components of the lens about an angle ε1. When the electron–rays

are passing the second hexapole, they are not equally deflected anymore because the

changed distance to the optical axis. The outermost beam, close to the negatively charged
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components of the hexapole is deflected about an angle of ε2. In the part with the positively

charged elements, the inner ray (green dashed line) is crossing the initial outermost ray

(green solid line) as the incident angle of the inner ray is not as high as from the intial

outermost ray. Therefore, the angle between the rays becomes −ε2. It results that one

ray is deflected in total by ε1 + ε2 and another by ε1 − ε2 resulting in a spreading of the

incident electron beam also indicated by the different length of the red arrows. However, in

the top view in figure 4 (b), it becomes clear that the symmetry of the hexapole spreads

the beam but simultaneously induces three–fold astigmatism [37]. As mentioned above,

the hexapole–corrector consists of two hexapoles but also a round lens doublet between

them, which images the first thick hexapole inversely onto the second hexapole, whereby

the induced astigmatism can be extinguished [2, 37]. However, the spreaded beam after

passing the corrector (indicated as red circle in fig. 4 (b)) remains.

Correction of chromatic aberration (Cc)

Chromatic aberration (Cc) occurs due to discrepancies in the energy of the electron

beam [31, 38]. Electrons are not accelerated with a sharp energy E0 but with an energy

spread thus energies E > E0 and E < E0 occur with a certain probability. This effect is

shown in figure 5 (a) and results in different focus points depending on the varying energy,

which leads to a stronger damping of the information transfer as discussed in section 2.1.2.

In a TEM, correction of chromatic aberration is based on the superposition of two

crossed magnetic and electric quadrupole fields [38]. In the crossed magnetic and electric

quadrupoles, the force on the electrons with the energy E0 should cancel out each other.

This is similar to a first–order Wien–filter [38], where the condition FL = Fe is fulfilled for

electrons with the energy E0. Here, FL is the Lorentz–force and Fe the electric force. As

soon as E = E0 + ∆E with ∆E 6= 0, the force on the electrons become FL 6= Fe so that the

electrons are mainly distracted either by the electric or the magnetic field. For electrons

with ∆E 6= 0, it is necessary for both quadrupole–sections, that the electrons are equally

focused or distracted so that the weaker or stronger focusing, respectively, is compensated

by the chromatic aberration of the objective lens.

In the case of a magnetic quadrupole, shown in figure 5 (b), only the Lorentz–force affect

the electrons and an incoming round beam is distracted along the arrow directions so that

an elliptical beam is created.

However, quadrupoles have the unwanted effect due to their two–fold symmetry to

increase the chromatic aberration in one direction and decreasing it perpendicular to it.

Therefore, pure magnetic quadrupoles are used in the corrector system for splitting the
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Fig. 5: Schematic representation in (a) of chromatic aberration (Cc) of electrons with energies
deviating from E0 given as green path, resulting in different focus points. Figure (b)
shows a quadrupole where the incident electron beam (green dotted circle) is deformed
by the magnetic fields along the red solid arrows. The green solid area gives the resulting
electron beam after the passing the quadrupole. In (c) a electromagnetic quadrupole is
depicted, which works like a first–order Wien–filter and is used, in combination with a
second electromagnetic quadrupole to correct the Cc.

beam and focussing an astigmatic line into the first crossed electromagnetic quadrupole

so that only one section is affected by the quadrupole and the section with the increased

chromatic aberration is made ineffective [38, 39]. This results in a decoupling of the x and

y–directions so that the directions can be corrected independently from each other. An

electromagnetic quadrupole lens is shown in fig. 5 (c). The blue and red arrows show the

directions of the electric and magnetic forces, respectively. In this example, the Cc will be

corrected in x–direction. A second electromagnetic quadrupole with inverted poles, would

correct the Cc in y–direction [31,38]. If both quadrupoles are equally excited, they have

the same focusing and defocusing effect.

In figure 6, the beam path in the Cc/Cs–corrector based on the Rose–Kuhn design is

represented [6]. This corrector consists of eight multipole lenses. The dashed line between

the octupoles is a mirror plane to which all multipoles are symmetrically arranged. First,

the axial and off–axial rays are passing the two splitting quadrupoles for focusing the

electrons into an astigmatic line into the electromagnetic quadrupole where the chromatic

aberration can be corrected in one direction. After the mirror plane the poles are inverted to

correct on the one hand Cc in the other direction but also to compensate previously induced

rotational–symmetric aberrations. Spherical aberrations, however, are corrected within the

setup in figure 6 with a combination of the splitting quadrupoles and the octupoles where

two splitting quadrupoles are acting as one octupole. In the first splitting quadrupoles the

electron beam is excited to a figure of a four-fold star. A second octupole contract the

18



Dissertation Tibor Lehnert

star to a vertical astigmatic line. The third octupole consisting of the last two splitting

quadrupoles, located at the horizontal astigmatic line of the beam, extinguishes again the

induced astigmatism without affecting the previous corrections [38].

Splitting quadrupoles

Crossed electric and 
magnetic quadrupoles

Octupole

Octupole

Splitting quadrupoles

axial ray off-axial ray

Crossed electric and 
magnetic quadrupoles

Fig. 6: Schematic representation of the SALVE–Cc/Cs–corrector based on the Rose–Kuhn design
consisting of eight multipoles. The principle of the fundamental electron rays in the
corrector for the axial and off–axial trajectories are given for the x–section on blue and
y–section in red (after [6]).

In summary, to correct Cs for optimized imaging conditions in HRTEM is a fundamental

requirement for medium voltages (100–300 kV). For low–voltages (20–80 kV) a Cc/Cs–

correction is required whose developement made great progress in the last years [37].
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2.2 Electron–Beam–Induced Damage Mechanisms

The accelerated electrons in TEM induce defects to the specimen during imaging due to

the specimen–electron interaction [7,40]. This effect can be compared to the Heisenberg

uncertainty principle because each electron, which contributes to the image, simultaneously

changes the state of the specimen [26]. Thus, care needs to be taken in image interpretation.

Electron–beam–induced damage mechanisms in a TEM can be split into two categories [7].

First, the electron–nucleus interaction, which can be assigned to elastic scattering and

involves knock–on damage. The second category involves all inelastic scattering events,

which cause damage to the structure and are induced by electron–electron interactions [40].

However, electron–specimen interactions also reduce the achievable resolution in a TEM [37].

Radiation damage in a TEM depends on the inserted energy per volume, which is propor-

tional to the number of electrons n per area [27]. The number of electrons with charge e,

which hit a defined area A of the sample is also called total dose D and can be described

with D = en/A. Beside the total dose D, also the signal–to–noise ratio SNR and the

image contrast C influence the achievable specimen resolution ds. Thus the instrumental

resolution di cannot be obtained with experimental conditions [37].

ds =

√

d2i +
(SNR)2

C2D
(24)

Only for a dose D → ∞ the specimen resolution equals the instrumental resolution.

However, the stability of a sample against the different radiation damage mechanisms is

limiting the dose, which can be sustained. In the following chapters, the different damage

mechanisms will be presented and discussed.

2.2.1 Knock-on Damage

In the following section, the notation of Ref. [41] will be followed and only the relativistic

case is considered.

Knock-on damage is the main process, which is caused by electron–nucleus interactions [7,

41,42]. It can be described by the transferred kinetic energy of the electron to the nucleus

due to a direct collision via elastic scattering. If the transferred energy exceeds a critical

limit, the target atom is displaced from the original position in the structure and a vacancy

is remaining. When the displacement of atoms takes place on its material’s surface, it is

sputtered [7]. However, if the transferred energy does not exceed the critical limit to remove

the target atom, a bond-rotation can still occur due to the transferred momentum. In the
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latter case the structure is changed but the total number of atoms remains constant [43].

Sputtering and bond-rotations are not necessarily taking place when an electron hits the

nucleus especially when the transferred energy is absorbed and results in elastic deformations.

In this case no structural changes occur.

A theoretical description of the displacement of an atom by a direct collision was first given

by McKinley and Feshbach [44], based on the scattering-cross section of the electrons on

the Coulomb potential of the nucleus, which was derived by Mott in 1929 [45].

σD =
4Z2E2

R

m2
ec

4
· Tmax
Tthr

πa20

(
1− β2

β4

)
·
[

1 + 2παβ

√
Tthr
Tmax

− Tthr
Tmax

(
1 + 2παβ +

(
β2 + παβ

)
ln

(
Tmax
Tthr

))]
(25)

Here, σD is the scattering cross section, Z the atomic number, ER = 13.6 eV the Rydberg

energy, a0 = 0.53 Å the Bohr radius of the hydrogen and α ≈ Z/137. Furthermore, β is the

ratio between the electron velocity ve and the speed of light c. If the maximum transferred

energy Tmax during the impact is higher than the threshold displacement energy Tthr, an

atom can be ejected from the structure. In the case of a static lattice, Tmax is given for an

elastic collision as shown in equation 26. The kinetic energy of the electron is E = eU , mn

and me is the mass of the nucleus and the electron, respectively.

Tmax(E) =
2E(E + 2mec

2)

c2mn

(26)

In figure 7 (a), the dashed lines depict the calculated cross sections σD for a static lattice

of MoS2 (blue) and graphene (red). The dotted line marks the border for MoS2 between

the areas with Tmax < Tthr in which no knock-on damage occurs and Tmax > Tthr in that

the transferred energy exceeds the threshold energy and leads to an ejection of the sulphur

atoms. Both areas are schematically given in figure 7 (b) and (c) for Tmax < Tthr and

Tmax > Tthr, respectively.

However, lattice vibrations due to finite temperatures appear in a real material and need

to be taken into account, as the transferred energy from the electron can be significantly

changed. When the atom is moving in the same direction as the incoming electrons, less

energy need to be transferred to eject the atom from the lattice. This means that the

maximum transferred energy Tmax(E) needs to be rewritten into T̃max(vn, E) [41], which is

given in equation 27 with the corresponding substitutions in equation 28.
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Fig. 7: Cross section σD for sputtering a sulphur atom (blue) from MoS2 and a carbon atom
graphene (red). The dashed lines show the behaviour for a static lattice, calculated with
the McKinley–Feshbach formalism and the solid lines show the dynamical shape, which
includes phonon vibrations (a). In the case of sputtering events in the static lattice, sharp
threshold energies Tthr can be given. The dotted line in (a) mark the threshold energy for
MoS2. If Tmax < Tthr, no sputtering event takes place (b) and for Tmax > Tthr sulphur
atoms can be displaced. However, in a real system with atomic vibrations, the threshold
energies are reduced as can be seen from the solid lines in (a).

T̃max(vn, E) =
r ·
(
r + 2t

c

)
+ t2

c2

2mn

(27)

r =
1

c

√
E (E + 2mec2) +mnvn and t =

√
(E + En) (E + 2mec2 + En) (28)

The velocity of an atom can be described by a 3D velocity distribution, which is mainly

included in calculations as the out-of-plane velocities characterized by the mean–square

width v2n [41, 42]. Three different approaches were estimated for the characterization of the

atomic vibrations. First, the ideal gas law [42] (cf. equation (29)), second, a Debye model,

estimating the thermal population of phonon modes [41, 46] in equation (30) and third, by
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considering the out–of–plane phonon density of states (DOS) [47] given in equation (31).

Ideal gas law:

v2n(T ) =
kBT

M (29)

Debye Model:

v2n(T ) =
3kB
8M

θD +
3kBT

8M

(
T

θD

)2

·
∫ θD

T

0

x3

exp(x)− 1
dx (30)

Phonon DOS:

v2n(T ) =
~

2M
·
∫ ωz

0

gz(ω)

(
1

2
+

1

exp ~ω
kBT
− 1

)
ωdω (31)

Here, kB is the Boltzmann constant, T the temperature, M the atomic mass and θD in

equation (30) is the Debye temperature. Furthermore, ~ is the reduced Planck’s constant,

gz(ω) and ωz are the Phonon DOS and highest out–of–plane Phonon frequencies, respectively.

The description with the ideal gas law leads for MoS2 to the same results as for the description

via the phonon DOS, if only the out–of–plane vibrations are considered [8,42,48]. For other

2D–materials such as graphene or hBN, the Debye model was applied [41, 46]. However, it

was shown that the description with the phonon DOS for the atomic vibrations in graphene

results in better accordance between theory and experiment [47].

Using one of the models in equation (29)–(31), a normalized Gaussian distribution for the

probability P (vn, T ) of the atomic velocity in the range of vn and vn + dvn is applied.

P (vn, T )dv =
1√

πv2n(T )
exp

( −v2n
v2n(T )

)
dvn (32)

For the dynamical knock–on damage cross–sections, equation (25) depending on T̃max(vn, E)

from equation (27) instead of Tmax(E) needs to be integrated over the atomic velocity range

weighted by the probability (cf. equation (32)).

σ̃D(T,E) =

∫ ∞

−∞
P (vn, T )σD(T̃max(vn, E))Θ(T̃max(vn, E)− Tthr)dvn (33)

The integration needs to be done numerically and lead to a knock–on damage cross–

section as shown with the solid lines in figure 7 (a). To achieve only physical meaningful

values for cross–sections, the Heaviside function Θ(T̃max(vn, E) − Tthr) was included to
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integrate over positive values.

Nevertheless, knock–on damage is not the only mechanism, which leads to a decomposition

of a material but at acceleration voltages in TEMs above the material’s knock–on damage

threshold it becomes prominent.

2.2.2 Electronic Excitations

Electronic excitations can be distinguished in radiolysis and ionization. In both cases the

incident electron couples to the electronic system of the material and loses kinetic energy,

similar to inelastic scattering processes [8, 49]. A simplified representation of radiolysis

and ionization is given in figure 8. Here, the incoming electrons excite the electrons of the

atom. If the transferred energy Tmax in the inelastic scattering process of the incoming

electrons is smaller than the Coulomb potential qZ/r2 of the system but still higher then

the corresponding energy eigenvalues, an atomic electron is excited to a higher state (a).

Here, q is the charge of an electron and r is the distance between the interacting electrons.

If the transferred energy Tmax > qZ/r2 thus, the transferred energy is high enough to eject

an electron from the electronic system of the material and leaves it positively charged (b).

These mechanisms are called radiolysis or ionization, respectively and cause a weakening or

breaking of bonds [50,51].

e-

Tmax Tmax

+

(a) (b)
Tmax > qZ/r2

e-

Tmax < qZ/r2

Fig. 8: Schematic depiction of electronic excitations, which lead to radiolysis (a) in which the
electron is excited to a higher state and ionization (b) when an electron is completely
ejected from the atom’s electron shell. Compared to radiolysis, ionization leads to a
positively charged system.

The electron energy loss spectroscopy (EELS) in TEM is based on inelastic interactions

of the incident electrons with the sample. In two–dimensional materials most of the high

energetic incident electrons pass the materials without any interaction. These electrons

generate the so–called zero–loss peak in EELS. The excitations by inelastic interactions
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can be divided into four categories. Phonon, valence hole, plasmon and core hole excita-

tions. Phonon mode excitations occur in the subelectronvolt regime [52]. Valence–band

excitations occur in the range of few eV and can also lead to excitons (electron–hole pair)

in semiconductors [53]. Plasmon peaks can occur at 5–25 eV and are intense even in

two–dimensional materials [8]. Excitations of core electrons by the incident electrons take

place at higher energy losses and are responsible for the tails in the EELS data [54].

Due to the Heisenberg uncertainty relation, scattering is delocalized. This can also be

regarded as a distribution of scattering probability due to the long–ranged Coulomb poten-

tial [53, 55].

However, two approaches for the description of the electronic excitations due to inci-

dent electrons, which cause damage, were estimated. The first approach is based on the

inelastic Rutherford differential cross–section σinel [49].

σinel = Z
4πa20ER
Ekin

· ER
Tthr,e

(34)

Here, Tthr,e is the minimum energy, which is necessary to excite an electron and Ekin the

kinetic energy of the incident electrons, which must be considered relativistic due to the

high acceleration voltages in a microscope. For two–dimensional materials the threshold

energies Tthr,e are approximated with their cohesive energies [8], which are 5.11 eV for

MoS2 [56] and 7.46 eV for graphene [57].

Owing to the relation between σinel ∝ 1/Ekin in equation (34), it is obvious that decreased

electron energy lead to increased inelastic scattering. However, radiolysis or ionization

processes, responsible for bond breaking are modified with an efficiency factor ζ, which

describes the proportion of contributing inelastic events [58].

σr(E) = π
Ze2

m0c2
2e2

Tthr,eβ2
· ζ (35)

The second approach uses an expression for the inelastic cross–section σB(E) given by

Bethe, which has been determined for each electron shell [26]. Assuming that the logarithmic

term is equal for all electron shells, one obtains the following approximation [8]:

σB(E) ≈ 4π
Ze4

(4πε0)22γm0c2Tthr,eβ2
·
[
log

(
2γm0c

2β2

Tthr,e(1− β2)
− β2

)]
ζ (36)

An accurate theoretical description for radiolysis or ionization based atomic displacements

is still not available as they are all depending on the efficiency factor ζ, which is so far
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determined by fitting experimental results. The efficiency parameters are in the range from

0 for graphene, 10−8 for MoS2 [8], 10−4 for silicates to 0.1 for halides [59]. It is obvious

that with increasing electrical conductivity the efficiency factor decreases or even reaches 0

when no defects due to radiolysis or ionization appear like in graphene.

Organic materials or molecules are very susceptible for electronic excitations because

molecular parts are often only coupled via single bonds. They disintegrate fast due to

inelastic scattered electrons [7]. For inorganic materials, a displacement due to a single

scattered electron requires in addition a conversion of the transferred energy to kinetic energy

of the nucleus [7,49]. Otherwise, multiple electron excitations are required to remove atoms

from covalently bonded structures such as graphene or MoS2. However, the appearance of

multiple excitations strongly depend on their lifetimes from the excitation to the relaxation.

In table 2.2 the typical lifetimes for semimetallic graphene and semiconducting MoX2 where

X stands for S, Se and Te atoms, respectively, are listed.

Table 2.2: Lifetimes of different electronic excitations in two–dimensional materials such as
graphene and semiconducting MoX2 where the X stands for S, Se and Te atoms.

Material Core hole Valence hole Plasmon Phonon Ref.

graphene 10−14 s 10−15 s 10−13 s 10−12 s [8]
MoX2 < 10−15 s 10−12 s 10−10 s 10−9 s [8, 60–62]

Dose rates in a TEM ranging from 105 to 106 e−/(nm2s) so that at the higher dose rates

every ∼ 10−5 s, an electron is passing the potential of a single atom. Even with considering

the long lifetimes of phonons compared to other inelastic excitations (cf. tab. 2.2), the

defect appearance due to multiple excitations are negligible.

However, electronic excitations can also lead to damage via charging (ionization) or an

indirect route, the so–called chemical etching. These mechanisms are introduced in sections

2.2.3 and 2.2.4.

2.2.3 Charging

A distinction between two types of charges can be made. First, the cation, which is an

atom with a positive net charge caused by ionization (cf. section 2.2.2) and second, the

anion, which is electron enriched so that it is a negatively charged ion.

In a TEM the incident electrons generate a surface potential, which is reduced by a low

electrical resistance of the sample, allowing to transport the charges away [7]. For thin

materials, just like the two–dimensional materials (cf. section 2.3.1), only a few electrons

excite the atoms or are absorbed within the sample especially at high accelerating voltages.
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Thus, good conducting materials like metals and the two–dimensional material graphene

are not susceptible for charging effects. In insulating materials, an internal electric field

can occur, leading to a lateral drift of ions, creating forces that can cause tearing of the

sample [63]. Furthermore, the electron beam can also lead to a Coulomb–explosion by the

internal electric field resulting in a hole formation in the specimen [50,54].

Electron–beam–caused damage can also occur via the so–called Knotek–Feibelman mecha-

nism [7]. This mechanism explains damage in metal oxides in which the incident electrons

create a core–hole on the metal that is recombined by an interatomic Auger decay from a

neighbouring oxygen–atom. Thus, the oxygen–atom is repelled by the charged metal ion,

which can result in an ejection of the oxygen [64].

2.2.4 Chemical Etching

Residues in the vacuum of the TEM (∼ 10−5 Pa) can lead to a sample decomposition

caused by chemical etching. The electron beam cracks the residual molecules in the vacuum

or surface contamination on the sample, forming radicals, which in turn can attack the

material and cause damage [19–21,27]. Mølhave et al. investigated the decomposition of

carbon nanotubes, which occurs via an exothermic reaction as it is shown in equation (37).

The corresponding enthalpy of formation is ∆H = −82.4 kJ/mol [21].

C + 2H2O → CO2 + 2H2

C + O2 → CO2

C +
1

2
H2 → CH

(37)

It was found that contribution of chemical etching is also very likely in graphene [21,22,65].

It has been demonstrated that vapour and metal–mediated etching in graphene is primarily

taking place at defect sites or contamination and the pristine lattice stays unaffected [66,67].

Metal atoms or clusters start to nucleate mainly on hydrocarbon contamination and can

initiate a decomposition of graphene due to hole formation [66]. Similar effects were observed

in our TEM experiments as it is shown in figure 9. (a) is the initial image where impurities

(marked with red dashed circles), which are probably metal atoms because of the high

contrast, are located at the edges of graphene or even on the hydrocarbon contamination.

Figure 9 (b) and (c) show the decomposition of graphene up to a total accumulated dose

of 1.2 · 109e−/nm2, starting from the edges. However, the decomposition in figure 9 could

be also supported by knock-on damage because the threshold energy is ∼ 50 keV for edge

atoms in graphene [68,69].
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(a) (b) (c)

Fig. 9: 80 kV Cs–corrected high–resolution TEM images of graphene imaged with dark atom
contrast showing hydrocarbon contamination but also graphene edges with impurity
atoms, which are marked with red dashed circles (a). It is assumed that they are metallic
due to the high contrast. In (b) and (c), further evolution of the hole growth in graphene
due to chemical etching, which is enhanced by the metallic impurities, is represented.
Used with kind permission from Fredrik Bräuer.

Incorporated impurities like metal atoms at defect sites in graphene can promote decom-

position due to chemical etching [65,70]. However, it was shown, that chemical etching is

not enhanced in the presence of gold atoms [66]. Thus, typical Au contamination, which

can originate from the Quantifoil films used as support for TEM samples, can be assumed

to have no effect on the chemical etching process. In general, chemical etching is still

be expected to be the main damage mechanism in a TEM at electron energies below 80

keV [21,22]. Furthermore, etching is reduced by extended pumping and via using a cold

trap where the residues in the vacuum will condensate.

For graphene liquid cells, the effect of chemical etching is in the literature not well under-

stood yet. Especially, when liquids like water are encapsulated in graphene and cannot be

captured by the cold trap. Water is known to radiolyse or ionize fast under the electron

beam, which should favour chemical etching [19,20].

Ionization: e− + H2O → H2O
+ + 2e−

Radiolysis: e− + H2O → H2O
∗ + e−

(38)

Here, the ∗ denotes an excited state. The excited water molecule can decay into free ions

or radicals, which are illustrated by the dot for the unpaired electron.

H2O
∗ → H + OH

H2O
∗ → H +

aq + OH –
aq

(39)

Particularly, the hydroxyl ( OH) radicals are very reactive and should promote decom-

posing reactions with graphene or other materials such as ionic crystals [19, 71]. In section
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4.2.2, a systematic study about the stability of graphene liquid cells under the electron

beam with ionic NaCl crystals is presented.

2.2.5 Heating

Direct heating due to the electron beam is minor for two–dimensional materials that

are discussed in this work [7]. However, this mechanism will be briefly mentioned for

completeness.

Due to inelastic scattered electrons, energy can be deposited into the system, which excites

phonons. This in turn gives rise to the local temperature but can also lead to an ejection of

secondary electrons [7]. The effect of heating has a great influence on polymers, biological

samples and insulating materials. Characteristics like thermal conductivity, sample thickness

and surface conditions complicate determination of heating effects. Moreover, if the materials

are good thermal conductors, which is normally the case for all metals, electron beam heating

can be neglected [26]. It was also evidenced that decreasing the sample’s temperature below

150 K, ends up in an increased characteristic dose of approximately three to five times,

which a specimen can withstand [20,50].
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2.3 Material Properties

In this chapter the properties of the materials used in this work are introduced. First, the

two–dimensional materials, which were of great importance in all experiments are presented

and second, the ionic crystals that has been used for the liquid cells (cf. section 3.1.2).

2.3.1 Two-Dimensional Materials

Two–dimensional (2D) materials became very popular since the successful fabrication of

graphene in 2004 by Novoselov and Geim [5], which was awarded with the Nobel Prize in

2010. The field of 2D materials is growing fast and does not include only graphene but also

transition metal dichalcogenides [72], black phosphorus [73], hexagonal boron nitride [74] and

2D polymers [75] just to name a few. They have all layered structure in common, can be easily

exfoliated and are promising for applications like, e.g., electronics/optoelectronics [76–79],

sensors [80, 81], quantum devices [82–84] and catalysis [85].

Graphene

Graphene is a two–dimensional allotrope of carbon, which can be obtained from the three–

dimensional graphite that has a layered structure shown in figure 10 (a) with interlayer

spacings of 3.35 Å [86]. Mainly AB stacking exist in graphite where the second layer is

shifted relative to the first one along two neighbouring carbon atoms so that half of the

carbon atoms of the second layer lie in the hexagons of the first layer. The other half of the

carbon atoms in the second layer are located in line with carbon atoms of the first layer.

These layers are weakly coupled by van der Waals forces [9]. Via exfoliation (cf. section

3.1.1), the weak van der Waals forces between the layers are being broken so that graphene,

which is only one atom thick can be produced. In figure 10 (b) a structure simulation of

graphene is depicted, which exhibits a honeycomb structure. The inset shows a magnified

part of the graphene structure. Primitive lattice–vectors are indicated by red arrows.

Within the layer, the hexagonal arranged carbon atoms are coupled by covalent bonds and

have a distance of 1.42 Å [9]. Even though, graphene is a two–dimensional material, it is

not perfectly flat. The graphene membranes exhibit out–of–plane deformations, which is

implied in figure 10 (b) [87, 88].

Moreover, graphene exhibits also remarkable properties such as ultrahigh charge carrier

mobility at room temperature of ∼ 10000 cm2/Vs [5], high Young’s modulus of ∼ 1 TPa [89]

and low opacity of∼ 2.3 % [90]. Furthermore, the band structure of graphene was determined

by Neto et al. via the tight–binding approach, which revealed an overlap of the conduction
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(a) Graphite (b) Graphene

3.35 Å

2.47 Å

Fig. 10: Structural representations of graphite (a) and graphene (b). Graphite is a three–
dimensional allotrope of carbon and has a layered structure with interlayer coupling by
van der Waals forces. The intralayer coupling is via covalent bonds. Graphene in (b)
is only one layer of graphite, which is one atom thick and therefore a two–dimensional
allotrope of carbon, which can be obtained via exfoliation.

band and the valence band at the Dirac points in the Brillouin zone so that good electrical

conductivity is ensured [9]. Recently, it was shown that even superconductivity with two

layers of graphene rotated about the ”magic angle” of 1.1° can be achieved [91]. Beside the

electrical properties, it has also been shown that graphene has a high thermal conductivity

(up to ∼ 5300 W/mK) [10]. These exceptional conductivity properties make graphene an

excellent candidate for electronic applications and thermal management.

Nowadays, graphene cannot only be easily prepared by exfoliation but it can directly be

grown on a substrate via chemical vapour deposition (cf. section 3.1.2). Thus, combined

with the remarkable properties, it is a promising material for TEM investigations up to

acceleration voltages that are below the knock-on threshold of ∼ 86 kV [41, 92]. Effects

like ionization, charging or heating can be neglected due to the high electrical and thermal

conductivity. Metal and vapor–mediated chemical etching are the only damage mechanism,

which lead to a decomposition of graphene at beam energies below 80 keV as discussed in

detail in section 2.2.4. However, due to the thinnes and the periodic structure, graphene

only contributes little to the contrast and can be removed in the image by Fourier filtering.

Therefore, graphene is often used as a substrate for molecules such as perchlorocoronene [93],

DNA [94] and proteasome [95]. Moreover, graphene is also used as protection for materials

against the electron beam irradiation in a TEM. In so–called graphene sandwiches where

a specimen is encapsulated between two layers of graphene, depicted in figure 11 (a),

materials such as MoS2 was investigated and it was shown that the resistivity against the

electron–beam–caused damage is increased by 3 orders of magnitude [11].

Graphene enclosures were also used to study liquids in the high vacuum of a TEM, which

is only possible due to its impermeability, which isolate the liquids from the environment
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(fig. 11 (b)) but still provide electron transparency [96,97]. These enclosures exhibit high

pressure, which is produced by the van der Waals forces between the graphene layers [16,17].

Most applications of liquid–cells in a TEM deal with in–situ observations such as growth of

nanoparticles [98,99], electrochemical reactions [100], study of biological samples [15,101,102]

and ionic crystals [14].

(a) (b) 

Fig. 11: Graphene encapsulations to protect materials such as TMDs in graphene heterostructures
(a) or liquids (b) against electron beam irradiation. Graphene liquid–cells offer also
the capability to study liquids in the high vacuum of a TEM by creating impermeable
enclosures.

Transition Metal Dichalcogenides (TMD)

Transition metal dichalcogenides (TMD) have the composition MX2. M stands for the

transition metals from group 4–10 and X for the chalcogen atoms in group 16 of the periodic

table. Only TMDs from group 4–7 have typically a layered structure so that they can

be exfoliated (cf. section 3.1.1) [72]. Layered TMDs are hexagonally packed with the

metal atoms sandwiched between two layers of chalcogen atoms. The intralayer bonding

is of covalent nature whereas interlayer coupling occurs via weak van der Waals forces.

Furthermore, properties of TMDs are ranging from insulators, semiconductors, semimetals

to true metals but they can also exhibit superconducting properties or charge density

waves [72,103–105].

In this work it will be focussed on the MX2 with M = Mo and X = S, Se, Te. Despite, the

same chemical composition, each material can occur in different phases with drastically

changed properties [72,104,106–108]. Different phases are shown in Figure 12. The trigonal

prismatic 1H–phase is primarily occurring in the monolayers of the Mo containing TMDs

(MoX2) shown in fig. 12 (a). In bulk material, it is the 2H–phase as the unit cell consists

of 2 hexagonal layers with an AA’ stacking where the Mo in the first layer sits above the

chalcogens in the second layer and vice versa [109]. The octahedral T–phase (fig. 12 (b)) is

metastable and can be converted from the 1H phase by annealing, for instance in MoS2

the transformation to the metallic 1T–phase was achieved at 600°C [104]. A distorted

octahedral T’–phase shown in fig. 12 (c), which has a monoclinic unit cell can occur via
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electron beam irradiation [110–112]. Among the Mo containing TMDs, MoTe2 is very

interesting as the energy difference between the 1H and 1T’–phase is very small (∼ 40 meV)

compared to MoS2 (∼ 550 meV) and MoSe2 (∼ 330 meV) [113]. This phase transformation

in MoTe2 can be easily induced by electrostatic doping [114], laser processing [115] or even

defect–induced strain [110,111].

(a) 1H-MoX2 (b) 1T-MoX2 (c) 1T'-MoX2

to
p 
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Mo
X=S, Se, Te

Fig. 12: Different phases of TMDs, ranging from the trigonal prismatic 1H structure (a) to the
metastable octahedral 1T-phase (b) to the monoclinic T’ phase (c).

Mo containing TMD structures differ strongly in the mass of the chalcogen atoms. The

masses are 32.07 u for sulphur, 78.96 u for selenium and 127.60 u for tellurium. This results

in different stability in the TEM regarding knock–on damage (cf. section 2.2.1) although

the displacement threshold energies are similar. Table 2.3 lists the displacement threshold

energies with the required electron beam energies in a TEM to displace the atoms.

Table 2.3: Threshold energies and the resulting electron beam energies for displacing the chalcogen
atoms in Mo containing TMDs [42].

Chalcogen Threshold energy Tthr Electron energies

S 6.9 eV ∼ 90 keV
Se 6.4 eV ∼ 190 keV
Te 5.9 eV ∼ 270 keV

Molybdenum has a displacement threshold energy of 20 eV in MoS2. The combination of

the mass of Mo (95.94 u) and a displacement threshold energy results in an electron beam

energy of about ∼560 keV [42]. Therefore, the chalcogen atoms are first to be displaced in

a TEM up to electron energies of 560 keV.

33



Dissertation Tibor Lehnert

The Mo containing TMD structures are isoelectronic and the electronic properties strongly

depend on the coordination of the transition metal with the corresponding d–electrons. In

TMDs, d and s orbitals of the transition metal and the s and p orbitals of the chalcogens

are hybridized. The transition metal d bands are located between the bonding σ and

antibonding σ∗ bands of the covalent Mo–X bonds. In the trigonal prismatic coordination,

the d orbitals will split into dz2 , dx2−y2,xy and dxz,yz. Between the first two groups of the d

orbitals, the bandgap is sizeable [72]. The third group of the d orbitals, dxz,yz is repelled by

the px,y orbital of the chalcogen. A small overlap occurs between the dz2 orbitals of the Mo

with the pz orbital of the chalcogen resulting in strong interlayer coupling [116]. Various

electronic properties are the result of different filling of the non–bonding d bands. Metallic

behaviour occurs when the orbitals are partially filled. In the case of MoX2, the orbitals

are fully occupied and exhibit therefore semiconducting properties with a transition from

indirect to direct bandgap going from bulk to monolayer [72]. Values for the bandgaps

in bulk but also in the monolayers of MoX2 are listed in table 2.4. The decrease of the

bandgap going from S to Te occurs due to a decrease in electronegativity and an increase

of the orbital radii, which yield to pronounced d states of the metal. The Fermi energy is

mainly derived by the d states so that wider d bands around the bandgap lead to decrease

of the band gap [117]. Furthermore, the increasing bandgap from bulk to monolayer is a

consequence of changes in the orbital hybridization e.g. the freeing of adjacent MoX2 layers

from the strong s–pz orbital interaction, which depends sensitively on the thickness of the

MoX2 [116].

Table 2.4: Bandgaps of Mo containing TMDs with indirect gaps for bulk going to direct bandgaps
in monolayers.

Material 2H bulk 1H monolayer Ref.

MoS2 ∼ 1.2 eV ∼ 1.89 eV [117,118]
MoSe2 ∼ 1.1 eV ∼ 1.58 eV [117,119]
MoTe2 ∼ 0.9 eV ∼ 1.23 eV [106,117]

A sizeable bandgap, high carrier mobility [120] and higher mechanical flexibility in

monolayer than in bulk [121] makes the two–dimensional materials favorable for flexible

electronics [122]. Furthermore, defect engineering can significantly change the electronic

properties [123] and can even promote magnetism [124]. Single chalcogen defects or Mo

interstitials can also lead to formation of inversion domains with mirror twin boundaries

(MTBs) [123,125,126]. It has been reported that MTBs, as quantum wires embedded in

a semiconducting environment, exhibit new properties like a metallic behaviour [125] or

even form charge density waves [127]. Two–dimensional TMDs show many interesting
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applications on atomic scale such as defect–based quantum emitters and spin–qubit–based

one–dimensional quantum objects [82–84].

2.3.2 Ionic Crystals

Ionic crystals arise by electrostatic interactions between positively and negatively charged

ions, i.e. cations and anions. Thereby, electrons are transferred from a metal to a non–metal

so that the electron configuration of the ionic crystal has closed shells, similar to noble

gases. In this section the ionic crystals CaSO4 and NaCl are introduced.

CaSO4

Calcium sulphate minerals got a lot of attention due to their hydration–dehydration

processes under various conditions [128]. Depending on the temperature and pressure,

different phases of CaSO4 can occur such as hydrous gypsum (CaSO4· 2H2O) with the

space group I2/a, the hemihydrate (CaSO4· 0.5H2O) with the space group I2 and the

anhydrite (CaSO4) [129–132]. The anhydrite can appear in three different phases. First,

the monoclinic high–pressure AI phase (space group: P21/c), the stable orthorhombic AII

phase (space group: Amma) and the hexagonal AIII phase (space group: P6222) [129,130].

Figure 13 shows the p–T–diagram of the different CaSO4 phases and dehydration boundaries

between CaSO4· 2H2O, CaSO4· 0.5H2O and CaSO4.
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Fig. 13: Pressure–temperature phase diagram of CaSO4 with dehydration boundaries between
gypsum, hemyhydrate and anhydrite. Values for the p–T–phase diagram are taken
from [129].
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Two triple points appear within the different calcium sulphate minerals. The first triple

point is located at 235 MPa and 353 K and connects gypsum, hemyhydrate (also called

bassanite) and anhydrite. The second triple point is found at 2.15 GPa with a temperature

of 523 K and is the connection between hemihydrate as well as anhydrite phases AI and

AII. At ambient pressure, a transition from gypsum to the soluble AIII phase takes place at

around 310–330 K. At higher pressure, a dehydration of the hemyhydrate to the AIII phase

can occur up to temperatures of ∼ 370–420 K. Above this temperature, the dehydration

leads to the AII phase. Furthermore, at 370–420 K the transition of the anhydrite AIII

to the AII phase takes place for pressures, which are approximately below the first triple

point [129,130]. In addition, the anhydrite AI high–pressure phase can transform from the

AII phase either at high pressures (> 215 GPa) or at ambient pressure with temperatures

above ∼ 1400 K [131].

There are only two stable phases of the calcium sulphate minerals, the gypsum and the

anhydrite AII phase, which are the most abundant sulphate minerals [130, 132]. The

anhydrite AII phase is less abundant than the gypsum but is widespread used for industrial

applications such as building industries and manufacturing of pharmaceuticals [132]. In

figure 14, structure simulation of the CaSO4 in the orthorhombic AII phase is represented

from [100], [010] and [001] direction.
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Fig. 14: Structure of CaSO4 in the orthorhombic Anhydrite AII phase from [100], [010] and [001]
directions. The red arrows indicate the lattice vectors of the unit cell. Calcium atoms
are coloured green, sulphur with orange and oxygen with red.
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The red arrows show the lattice parameters with a = 6.993 Å, b = 6.995 Å and c =

6.245 Å [130,132]. Ionic bonds occur between the Ca2+ and the SO2−
4 . Within the sulphate

SO2−
4 , covalent bonds with an sp3 hybridisation exist. The structure of the orthorhombic

anhydrite can be regarded as chains with alternating Ca and SO4 along the [100] and [001]

directions (cf. fig. 14).

NaCl

Sodium chloride is an ionic crystal, which is well explained in most textbooks for chemistry

and solid state physics [133,134], thus only a brief overview of the structure is given.

NaCl has a face–centered cubic lattice with the space group Fm3̄m and the bases (0, 0, 0)

for Cl− as well as (1/2, 1/2, 1/2) for Na+. The structure is shown in figure 15. According

to the ion radii, the distance between Na+ and Cl− atoms is ∼ 2.8 Å [133]. In addition,

the binding energy between the sodium and chlorine is approximately 7.9 eV [49].

2.8 Å

Na+

Cl-

Fig. 15: Face–centered cubic structure of NaCl. The basis are Na+ and Cl−, which are in a
distance of half the space diagonal of the unit cube. Sodium atoms are coloured with
violet and chlorine with green.

Molecular dynamic simulations were performed to determine the displacement energies of

the Na+ and the Cl−, which are 28.1 eV and 41.1 eV, respectively [135]. It can be deduced

that in a TEM with acceleration voltages up to 240 kV for sodium cations and 460 kV

for chlorine anions, no knock–on damage will occur. Thus, the only damage mechanism,

which would occur in TEM experiments is radiolysis and ionization. Due to the simple and

well known structure of NaCl, it is used for characterizing the effect of chemical etching on

graphene liquid cells and the decomposition process of the encapsulated ionic material.
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3 Methods

3.1 Fabrication and Transfer–Methods for TEM Samples

Sample preparation of large, freestanding monolayers of layered materials for TEM is still a

challenging task and needs to be further optimized. Moreover, the samples need to be thin

enough that the electrons in the TEM can still pass the specimen. The use of the so–called

”Scotch–tape” method for graphene in 2004 [5] was also the birth of other 2D materials and

the development of different preparation methods. Nowadays, methods like the chemical

vapor deposition (CVD) and molecular beam epitaxy (MBE) are used to grow artificial

monolayers of graphene and different TMDs [136–139]. Beside the preparation of single–

layers, heterostructures of different 2D materials were built, which need special transfer

methods like the so–called all–dry viscoelastic stamping method [140]. Here, a transfer

with a stamp of Poly(vinyl alcohol) (PVA) and Poly(methyl methaacrylate) (PMMA) is

used, which avoids contact with liquids.

However, these are only a few possible methods that exist for preparation. Nevertheless,

one difficulty for the preparation of TEM samples is the transfer of the flakes to the TEM

grid thus, not all preparation methods for 2D materials are suitable. In the following two

chapters the Scotch–tape method and preparation of CVD–samples for liquid cells with the

corresponding transfer methods will be introduced.

3.1.1 Exfoliation and Transfer of Layered Materials

Exfoliation of layered materials can be realized with the ”Scotch tape” method. Figure 16

depicts a schematic for the preparation process. A sticky tape is used to break the weak

van der Waals bonds between the layers by pushing the tape from both sides on the bulk

material. When the tape is again pulled apart, the bulk material is thinned down, which

can be seen as material is now attached to both sides of the tape. By folding the tape and

pulling it again apart, the material can be further thinned. Afterwards, the tape with the

thinned material is pressed onto a SiO2 substrate to transfer some flakes to the surface.

The SiO2 surface is normally on an additional Si substrate and gives the possibility to
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Scotch tape

SiO2 substrate
Bulk material

Fig. 16: Schematic for the scotch tape method for the exfoliation of layered materials. First,
bulk material is put on a sticky tape then the tape is folded thus the bulk material is
in contact from both sides with the tape. Afterwards, the tape is pulled apart and the
weak van der Waals bonds are broken and both sides of the tape, which were in contact
with the material, exhibit thinned down material. The tape with the material is pressed
onto a SiO2 substrate. With an optical light microscope, the SiO2 substrate can be
searched for monolayers.

search and characterize flakes with an optical light microscope. As soon as a thin, slightly

transparent flake is found, contrast measurements are used to determine the number of

layers [141,142]. Using the Fresnel formula, the reflected light R(n1) for a monolayer SiO2

can be determined by using equation (40). Interference effects are exploited, which occur

due to the different paths of the light through the flake, the SiO2 and the Si substrate

below.

R(n1) =

∣∣∣∣
r1e

i(φ1+φ2) + r2e
−i(φ1−φ2) + r3e

−i(φ1+φ2) + r1r2r3e
i(φ1−φ2)

ei(φ1+φ2) + r1r2e−i(φ1−φ2) + r1r3e−i(φ1+φ2) + r2r3ei(φ1−φ2)

∣∣∣∣
2

(40)

The phase shifts φj = (2πdjnj)/λ are caused by the changes in the optical paths j = 1.

Here, dj is the thickness, nj is the complex and wavelength dependent refractive index of

the monolayer (j = 1) and SiO2 (j = 2), respectively. There will be no phase shift for the

Si substrate (j = 3) because of the high thickness (≈ 525µm), which can be approximated

as semi–infinite layer. But at each interface, the vertically incident light is reflected, which

is described by the reflection coefficient rj.

rj =
nj−1 − nj
nj−1 + nj

with j = 1, 2, 3 (41)

The refractive index n0 is for the air, n1 is for the monolayer, n2 for SiO2 and n3 is for

the Si substrate. <(nj) gives the optical refractive index and the complex part −=(nj) is

the absorption coefficient. To determine the contrast, the area without contribution of the

monolayer also need to be considered. Equation (40) can be substituted with n1 = n0 = 1.
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R(n1 = n0 = 1) =

∣∣∣∣
r′2e

iφ2 + r3e
−iφ2

eiφ2 + r′2r3e
−iφ2

∣∣∣∣
2

with r′2 =
n0 − n2

n0 + n2

(42)

Thus, with equation (40) and (43), the so–called Weber contrast, can be used to determine

the resulting contrast of the monolayer at a certain wavelength.

C =
R(n0)−R(n1)

R(n0)
(43)

For graphene a theoretical contrast of ≈ 12% for green light on a SiO2 substrate with a

thickness of 90 nm was determined [141]. Figure 17 (a) depicts an experimental image of a

graphene flake in the green channel and the inset shows the original colors. A line–scan

was executed along the red line, which shows a contrast of 14% in the diagram. The

small variances between experimental and theoretical contrasts can occur due to a non–

homogeneous illumination.

Table 3.1 lists calculated contrast values of MoS2, MoSe2 and MoTe2 for green light (500

nm). The given refractive indices are determined from the dielectric functions in [143]. A

contrast in the MoS2 was reported to be ≈ 30% for experimental and ≈ 35% for theoretical

values [142]. However, the reported experimental value is still in the confidence interval of

our calculated contrast, which is given in the parenthesis in table 3.1.

Table 3.1: Determined contrast for monolayers of MoS2, MoSe2 and MoTe2 with a wavelength of
λ = 500nm on a 90 nm SiO2 substrate.

Material Refractive index n1 Determined Contrast C

MoS2 5.48− 1.34i 25(6)%
MoSe2 4.76− 2.23i 53(4)%
MoTe2 4.09− 1.87i 46(4)%

As soon as a monolayer on SiO2 was identified, the flake needs to be transferred to a

Quantifoil TEM grid R1.2/1.3 where 1.2 corresponds to the diameter of the holes in the

carbon mesh and 1.3 the spacing between the holes in µm.

First, the TEM grid is placed over the flake (cf. fig. 17) and brought into contact with a

drop of isopropyl alcohol C3H8O or water. To avoid moving of the grid due to to the drop

of the liquid, the grid can be fixed with a micromanipulator. Due to the evaporation of the

liquid, the grid is pulled towards the flake thus adhesion appears. Afterwards, a drop of 1.2

M – 2.0 M potassium hydroxide (KOH) solution is used to etch the SiO2 away that the grid

with the flake is released. Residues of the preparation are removed with double distilled

water. After the transfer, a light microscope is used to check if the flake was successfully
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transferred, which is shown in figure 17(c). For better identification the flake is marked

with a red dotted line.

To produce a heterostructures, the grid with the flake can be reused to stack additional

flakes on it.

Fig. 17: Identification and transfer of flakes to TEM grids. As soon as a thin flake is found on the
SiO2, contrast measurements can be performed to verify the presence of a monolayer. In
(a) signal of a graphene flake in the green channel is shown. The inset shows all channels.
A line–scan, along the red line is shown in the diagram. The contrast difference between
the flake and the background is 14%, which corresponds to a monolayer of graphene. In
(b) a TEM grid is placed over the flake and brought into contact with a drop of water or
isopropyl alcohol. To remove the grid with the flake from the substrate, KOH can be
used to etch the SiO2 away, which releases the flake with the grid. The transferred flake
is shown in (c) and is marked with a red dotted line for better identification.

3.1.2 Liquid Cells

For the preparation of liquid cells, chemical vapour deposited (CVD) graphene is used.

Chemical vapour deposition is a process to produce artificial graphene from gaseous reactants

on a substrate. As substrate, copper is usually used due to the advantage of a self-limiting

process when the surface is completely covered by graphene [138]. First, the Cu substrate is

put into a furnace and annealed at 1000 °C. Afterwards, a mixture of H2/CH4 is introduced

into the furnace to initiate the growth of graphene [137]. However, the used CVD graphene

in this work was obtained from the company Graphenea.
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To transfer the graphene for the liquid cell, two TEM grids are placed with a drop of water

or isopropyl alcohol on top of the copper facing the graphene towards the grid. A schematic

is depicted in figure 18 (a). Similar to the transfer of exfoliated flakes (see chapter 3.1.1),

the grids come into contact with the graphene.

Fig. 18: Schematic for a graphene liquid cell preparation. A TEM grid is brought in contact with
the graphene covered copper by evaporating a drop of isopropyl alcohol or water (a). The
copper with the CVD graphene on top is etched away in an ammonium peroxi–disulphate
solution and afterwards the remaining graphene with the grid on top is fished out and
cleaned with water (b). In (c) a pipette is used to drop a solution on the grid with the
graphene facing the liquid. A second TEM grid with CVD graphene is placed on the
first one (d). Due to evaporation of the liquids, the grids are coming into contact and
encapsulate the remained solution.

In the next step the copper is etched away with a 0.35 M ammonium peroxidisulphate

(APS) solution, so that the grids with the graphene remain on the APS solution (cf. figure

18 (b)). The grids are fished out with a sieve and cleaned with water. From this a sandwich

with water pockets can be produced by taking the first grid with a tweezer and putting

a drop of a two µl solution on the graphene covered side what is shown in figure 18 (c).

The second grid is put on top, with the graphene facing to the first grid (see fig. 18 (d)).

During the drying process the grids come into contact and encapsulate the remained liquid

in the pockets.
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3.2 TEM Imaging Conditions

In this work, two different TEMs were used. First, the Cs–corrected Titan 80–300 equipped

with a hexapole–corrector (cf. section 2.1.3) and second, the Cc/Cs–corrected Sub–Ångström

Low–Voltage Electron Microscopy (SALVE) instrument whose corrector is based on the

Rose–Kuhn design (cf. section 2.1.3). Different imaging conditions needed to be applied.

Both instruments are equipped with a Schottky–type field emmision gun (FEG). The gun

is heated to 1800 K and the electrons are extracted from the tip via an applied high electric

field into a vacuum, which is around 10−7 Pa. Furthermore, the tips consist of a pointed

tungsten wire, which is coated with a ZrO layer to lower the electron extraction energy [144].

In the next two paragraphs, the differences of the imaging conditions in the Titan and the

SALVE will be pointed out.

Cs–corrected Titan 80-300

The Titan microscope was only used at 80 kV. Instead of the default settings for the

extraction voltage at the gun (default: 3900 V), it was lowered to 2000 V to reduce the

Boersch–effect and therefore to lower the energy distribution of the electrons [145]. This

results in an improvement of the temporal coherence. A side–effect is an increase of the

extracted emission area, which effects the source size but that can be compensated by

choosing an appropriate gun lens value. However, the correction of the spherical aberration

drastically improves the spatial coherence and therefore the dampening envelope is not

limited by the virtual source and the convergence angle.

Typical dose–rates in the HRTEM experiments were about 106 e−/(nm2s) and the vacuum

in the TEM column was about 10−5 Pa. In addition, the Cs value was in the range of

10− 30 µm and therefore, according to Scherzer conditions (cf. equation (16)), dark atom

contrast was used. Targeted values for correctable non–isotropic aberrations (cf. chapter

2.1.3) up to the third order are listed in table 3.2.

Table 3.2: Typical values of the axial aberrations in the Cs–corrected Titan 80–300 for HRTEM
imaging

A1 A2 B2 A3 S3
> 10 nm > 100 nm > 100 nm > 2 µm > 2 µm
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Cc/Cs–corrected SALVE instrument

The Cc/Cs–corrected SALVE instrument was used at the voltages 20 kV, 30 kV, 40 kV, 60

kV and 80 kV. But the imaging conditions were similar for all voltages.

For HRTEM imaging, the extraction voltage was set to the default value of 3900 V because

a lowered value has, not like in the Titan, no drastic effect on the temporal coherence as it

is vastly improved already by the Cc–correction. Dose–rates in the SALVE experiments

were about 105 to 106 e−/(nm2s) and the vacuum in the column was about 10−5 Pa. The

chromatic aberration was corrected to values between −10 to −30 µm resulting in a reduced

focus spread (cf. chapter 2.1.2) compared to non–Cc–corrected microscopes. In the SALVE

instrument, the Cs is optimized with the PCTF, taking into account the desired resolution,

which were measured in Ref. [6] and a C5 that was around 2–5 mm. A negative Cs value in

the range of −10 to −20 µm was obtained and therefore, according to the used Lentzen

conditions in equations (17) and (18), normally bright atom contrast was used for imaging.

However, dark atom contrast was used at lower voltages (20 and 30 kV) when single

defects had to be imaged as the visibility was improved and a concealment of vacancies

due to delocalization effects can be excluded [146]. As in the case of the Titan microscope,

non–isotropic aberration conditions sought for the SALVE instrument, are given in table 3.3.

Table 3.3: Typical values of the axial aberrations in the Cc/Cs–corrected SALVE instrument for
HRTEM imaging

A1 A2 B2 A3 S3
> 10 nm > 50 nm > 20 nm > 1 µm > 1 µm

3.3 Density Functional Theory (DFT)

In this section, a brief and simplified overview of the density functional theory (DFT) is

given as it was used in this work to determine formation energies, electronic and magnetic

properties. DFT is a quantum mechanical approach for calculating, e.g., binding energies

and band structures for molecules or solids [147]. Therefore, the Nobel–Prize in chemistry

was 1998 awarded to Walter Kohn for developing and implementing the DFT [148].

Fundamentally, DFT is a method to solve a many–body problem via the Schrödinger’s

equation. If there are N electrons included in the system, the Schrödinger’s equation

becomes,
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[
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]
Ψ(r1, r2, ..., rN) = EΨ(r1, r2, ..., rN)

(44)

where v(ri) is the potential affecting the moving i–th electron and U(ri, rj) is the electron–

electron interaction. In the square brackets of equation (44), three terms are describing

the quantum mechanical state of the wave function Ψ(ri), which includes the information

contained in the system. The wave function here, depends only on the electronic coordinates

that is due to the Born–Oppenheimer approximation in which only the fast moving particles

in the system are considered. First, T̂ is the operator for the non–relativistic kinetic energy,

V̂ characterize the electron–nucleus interaction and Û the electron–electron interaction,

respectively. The operators V̂ and Û are described by Coulomb interactions.

V̂ =
∑

i,k

Qq

|ri −Rk|
and Û =

∑

i<j

q2

|ri − rj| (45)

Here, Q = Ze is the atomic charge, q = e is the elementary charge, ri,j the electron

and Rk the nucleus position, respectively. The main difference between a single–body and

many–body problem is the operator Û .

According to the Kohn–Sham equations, the density in the interacting many–body system

with the potential v(r) in equation (44) can be also calculated with a non–interacting single–

body potential vs(r) [149]. Thus, the system is specified by choosing a reasonable vs(r)

to simplify the Schrödinger’s equation, which is then solved for the wave function Ψ and

from the solution, observables are calculated. For DFT, the observable of the one–particle

density n(r) in the ground state is important as from here, all other observables can be

determined according to the Hohenberg–Kohn theorem [150].

It was found that a non–relativistic system differs only in the potential v(r) thus DFT

gives a way to deal with the operators T̂ and Û . Altogether the particle density n(r) is

sufficient to characterize the ground state properties in a many–body system.

For the DFT calculations regarding electronic excitations of the systems in section 4.1.2,

first the non–adiabatic Ehrenfest dynamics was applied, based on time–dependent DFT,

which is implemented in the GPAW program package [151]. Furthermore, the electronic

excitation–induced threshold energies were determined by using constrained DFT molecular

dynamic simulations with Perdew–Burke–Ernzerhof (PBE) [152] for exchange–correlation
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function and the projector augmented wave (PAW) formalism [153,154] as it is implemented

in the Vienna ab initio simulation package (VASP) [155].

The calculations in section 4.1.4 are also based on the generalized gradient approximation

with PBE exchange correlation functional [152], implemented in VASP. The atomic defect

structures were optimized using a 10 x 10 supercell. Furthermore, the formation energies

Ef for defect structures were calculated similar to Ref. [42] with,

Ef = Edef − (Epristine − µx) (46)

where Edef is the system’s energy with the defect, Epristine corresponds to the energy

of the pristine system and µx is the chemical potential of element x. The spin–polarized

energies of the isolated atoms were taken into account, which allowed also the determination

of magnetic properties as it is discussed in section 4.1.4.

47





Dissertation Tibor Lehnert

4 Results

In this chapter, the results about the electron–beam–driven structural modifications in

TMDs and in graphene liquid cells are presented. The sections are structured in such a

way that the publication with the corresponding results are mentioned at the beginning of

the sections and in addition, the corresponding publications are appended in Appendix A.

4.1 Defects and Damage Rates in Transition Metal

Dichalcogenides

Regarding the Mo containing TMDs, electron–beam–induced defect rates for MoS2 and

MoSe2 are analysed at different voltages as free–standing monolayers but also within

graphene–heterostructures. The motivation for this investigations were the findings of

former group members about the protecting ability of different graphene heterostructures

on MoS2 [11]. Based on their results, the following assumptions were made:

� The difference of the damage cross section in MoS2 covered with graphene on the

entry surface of the electron beam (G/MoS2) and with the exit surface covered

by graphene (MoS2/G) gives the knock-on contribution. Here, it is assumed that

a knock–on process depends on the direction of the incident electrons. Thus, the

sulphur atoms at the bottom layer can be still displaced into the vacuum within a

G/MoS2 heterostructure (knock–on active), while the displaced atoms are stopped by

graphene in a MoS2/G heterostructure (knock-on disabled) [11].

� The inelastic contribution is given by the difference between free–standing MoS2 and

G/MoS2. This assumption is based on the high electric and thermal conductivity of

graphene, which quenches electronic excitations and dissipating heat. Thus, inelastic

contributions such as ionization, radiolysis but also charging are suppressed [46].

Overall, the contributions of inelastic damage mechanisms are not yet fully understood.

Therefore, we extend the investigations on damage rates for a more accurate understanding
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of the different contributions. For quantitative results, the damage cross sections σ were

determined by directly counting single vacancies produced over time in sequences of HRTEM

images, similar as in the publication from Algara–Siller et al. [11]. HRTEM offers the

possibility to examine single defects in a large field of view within short exposure times (∼
1 s). In addition, the type of defect can be distinguished due to the high resolution and the

produced contrast. Figure 19 (a) shows a Cc/Cs–corrected HRTEM image of single–layer

MoTe2 with two different defects. For better visualization the framed areas are magnified

in (b). The red framed areas show a single Te vacancy, where only one Te atom is displaced.

Blue depicts a column Te divacancy, in which both Te atoms above each other are displaced.

To show the change in contrast, line–scans were performed (cf. lines in magnified areas)

that are given in the diagram. For the single vacancy (red curve), the contrast is reduced

to approximately the half compared to Te2 and for the column divacancy (blue curve), no

peak occurs at all. In addition, a shift between the Mo atoms of the red and blue curve can

be seen, which appears due to a Jahn–Teller–distortion (JTD).

(a) (b)
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Fig. 19: 80 kV Cc/Cs–corrected HRTEM image of MoTe2 (a). The framed areas are magnified
in (b) and the line–scans are shown in the diagram. Two Te atoms (Te2) produce
much higher contrast due to higher mass than a single Mo atom. The single vacancy is
shown in the red curve and marked with Te as there is only one Te atoms left. For the
column divacancy (blue curve) no signal appears as there are no atoms left. Next to the
vacancies, shifted Mo atoms due to the JTD between the red and blue curve occurs.

Coming back to the damage cross section that gives the probability for the emergence of

a vacancy and has the unit b (b stands for barn with 1b = 10−28 m2). The damage cross

section can be determined by,

σ =
∆V

N · φ. (47)
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Here, ∆V is the number of produced vacancies within a total accumulated dose of φ in

e−/nm2 and a total number of N chalcogen atoms. Furthermore, the confidence intervals

were determined by estimating
√

∆V for ∆V ,
√
N for N and 1% for the dose φ. For the

evaluation, there is no differentiation of single or column divacancies as the divacancy need

to be formed first via a single vacancy. Therefore, a divacancy is counted as single vacancy.

However, counting vacancies directly in the raw HRTEM images is time–consuming because

of rather low visibility and thus easy miscounting. To simplify the identification of vacancies

and increase the visibility simultaneously, Fourier filtering is used. Figure 20 (a) shows

an unprocessed Cc/Cs–corrected HRTEM image of MoS2 at 80 kV. After Fourier filtering,

where the frequencies of the MoS2 lattice are removed in the FFT, the visibility of the

vacancies is increased (b). As an example, in (a) and (b) the same column S divacancy and

single S vacancy are marked blue and red, respectively. The FFT in (a) corresponds to the

unprocessed image and the FFT in (b) with the black masks corresponds to the filtered

image.

(a) (b)

Fourier
filtering

1 nm

Fig. 20: Fourier filtering Cc/Cs–corrected HRTEM image of single–layer MoS2 to increase the
visibility of vacancies. (a) is the unprocessed image and (b) the Fourier filtered image.
The black spots correspond to vacancies. As an example, a column S divacancy (blue)
and single S vacancy (red) are marked in (a) and (b). The insets show the unprocessed
FFT (a) and the filtered FFT (b) where the frequencies of MoS2 are masked by the
black discs to remove the periodic MoS2 lattice.

With the materials MoS2, MoSe2 and MoTe2 examined here, it is assumed that only

chalcogen atoms are displaced because the Mo atoms are sandwiched between layers of S,

Se and Te, respectively and therefore, the threshold energies are much lower. The electron

energies to displace the chalcogen atoms are listed in table 2.3.
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4.1.1 Damage Rates in MoSe2 – Graphene Heterostructures

T. Lehnert, O. Lehtinen, G. Algara–Siller and U. Kaiser
Electron radiation damage mechanisms in 2D MoSe2
Applied Physics Letters 110, 033106 (2017)
(see appendix A.1)

Different MoSe2–graphene heterostructures were investigated in the Titan microscope

at 80 kV (cf. section 3.2) to determine the contributions of elastic and inelastic damage

mechanisms. For this, the above mentioned assumptions where the comparison of damage

cross sections for different graphene–heterostructure configurations are taken to differentiate

the contributions. Surprisingly, the MoSe2 showed almost identical behaviour under electron–

beam irradiation as the earlier results with MoS2 [11]. This brings the assumptions about a

strict separation of the damage mechanisms into question.

The different MoSe2–graphene heterostructures can be qualitatively seen in the 80 kV

Cs–corrected HRTEM images of figure 21. Every configuration is given with an initial image

and an image after a total accumulated dose of 7.7 · 108 e−/nm2. The free–standing MoSe2

in figure 21 (a) is heavily damaged after irradiation, which is noticeable by a big disorder

and appearance of holes in the structure. For G/MoSe2 in (b), an increased stability can

already be seen but a disorder in the structure is still present. Further improvement in the

resistance is achieved with MoSe2/G in (c), as the structure is still in tact and shows only

a few single vacancies. In G/MoSe2/G (figure 21 (d)), the vacancy concentration did not

change after the electron–beam–irradiation, which results in the highest resistance against

the electron–beam–induced damage of all configurations.

Quantitative results of the damage cross sections are summarized in table 4.1 and show

conformity with the images in figure 21. Moreover, the numbers are almost identical to

MoS2–graphene heterostructures published by Algara–Siller et al. which are determined

for the MoS2, G/MoS2, MoS2/G and G/MoS2/G configurations to be 4.5(4)b, 1.5(2)b,

0.48(4)b and 0.008(3)b, respectively [11]. Altogether, here an increase in electron radiation

hardness between the MoSe2 and G/MoSe2/G configurations by a factor of ∼400 was

determined. According to our assumptions that the elastic and inelastic contributions

can be seperated, the difference of MoSe2 and MoSe2/G would give a contribution of 63%

for inelastic mechanisms produced by charging, radiolysis and ionization. However, 24%

contribution of knock–on damage is determined by the difference of G/MoSe2 and MoSe2/G.

This result is surprising as theoretical predictions indicate no knock–on damage [42].

Even if knock–on damage occurs in MoSe2 at 80 kV, there should be noticeable change
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(a) MoSe2 (b) G/MoSe2 (c) MoSe2/G (d) G/MoSe2/G
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Fig. 21: Comparison of different MoSe2–graphene heterostructures with first the undamaged
structure and in the lower panels after a total dose of 7.7 · 108 e−/nm2. (a) shows free–
standing MoSe2, (b) with graphene on the entry surface (G/MoSe2), (c) with graphene
on the exit surface (MoSe2/G) and (d) with graphene on both sides (G/MoSe2/G) of
the MoSe2 monolayer. Going from free–standing (a) to the sandwiched MoSe2 (d), the
resistance against the electron beam irradiation is significantly increasing. In (a) the
structure is heavily damaged and in (d) no defects can be observed after the same total
dose. The scale bars are in all images identical. Reproduced from Appl. Phys. Lett.
110, 033106 (2017), with the permission of AIP Publishing.
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Table 4.1: Results of damage cross sections σ for different graphene–MoSe2 heterostructures. N
is the total number of Se atoms in the analysed area, ∆V the number of produced
vacancies after a total dose of φ. Reproduced from Appl. Phys. Lett. 110, 033106
(2017), with the permission of AIP Publishing.

Configuration N ∆V φ / (e−/nm2) σ / b

MoSe2 4305 133 7.5 · 107 4.1(4)
G/MoSe2 4032 87 1.4 · 108 1.5(2)
MoSe2/G 4799 114 5.4 · 108 0.44(4)
G/MoSe2/G 2908 8 2.7 · 109 0.011(4)

of knock–on damage contribution due to the difference of the masses between S and Se

by a factor of two. This is not the case because the determined damage cross sections of

the graphene–MoS2 and graphene–MoSe2 configurations are similar. Two findings can be

concluded from our results even though the exact damage mechanisms cannot be determined:

1. Due to the difference of G/MoSe2 and MoSe2/G, a directional dependence can be

observed as the G/MoSe2 is damaged faster, as the electron beam direction is the

only difference between the two configurations.

2. Either the atomic mass does not play a major role or, more likely, damage occurs via

an inelastic route. We suggest a two–step process where an inelastic process lowers

the knock–on threshold locally and an electron displaces the atom afterwards.

It is, however, surprising that knock–on damage for Se atoms seem to take place even it

is expected to be totally suppressed at 80 kV [42]. Our results make it necessary to carry

out further studies on understanding damage mechanisms such as lowering the acceleration

voltage in the TEM (cf. next section 4.1.2).
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4.1.2 Effects of Electron Excitations in MoS2 at different Voltages

S. Kretschmer, T. Lehnert, U. Kaiser and A. V. Krasheninnikov
Formation of Defects in Two-Dimensional MoS2 in Transmission Electron Microscopy
at Electron Energies below the Knock–on Threshold: The Role of Electronic Excitations
Nano Letters 20, pp 2865–2870 (2020)
(see appendix A.2)

Systematic HRTEM studies and first–principles simulations were performed to determine

the contributions of inelastic excitation processes on single–layer MoS2 at different electron

acceleration voltages below the material’s knock–on damage threshold. This studies revealed

that electronic excitations lead to a decrease of the knock–on threshold thus formation of

vacancies is possible down to half the threshold energy. Figure 22 shows Cc/Cs–corrected

HRTEM images of single–layer MoS2 acquired at different voltages before and after a total

accumulated dose of 1.5 · 107 e−/nm2 (left and right panels). Images in (a)–(c) are acquired

at 80 kV, 60 kV and 40 kV, respectively with bright atom contrast. 20 kV and 30 kV

Cc/Cs–corrected HRTEM images (fig. 22 (d) and (e)) are acquired with dark atom contrast.

We want to mention that delocalization effects are present at these low voltages. This,

could also affect MoS2 as the projected distance of neighbouring atoms (∼ 0.21 nm) is

only slightly larger than the delocalization at 20 kV (∼ 0.18 nm) [146]. Therefore, the

imaging conditions were set to ensure the visibility of vacancies, which resulted in dark

atom contrast at 20 and 30 kV.

In order to better visualize the difference between the voltages (a)–(e), the dashed framed

areas are Fourier–filtered and given in the inset (solid frame). The ∆V gives the produced

vacancies from the initial to the final image (left to right panel). That gives already a first

qualitatively impression about the stability of MoS2 at different voltages.

Quantitative values of the damage cross sections are given in table 4.2. It is noticeable

that the damage cross sections are increasing with decreasing acceleration voltage U up

to 30 kV, which is not surprising as inelastic scattering cross sections are σinel ∝ 1/Ekin

(cf. section 2.2.2). Contrary to all expectations, however, a significant decrease in the

damage cross section at 20 kV compared to 30 kV was observed. This indicates that neither

electronic excitations nor knock-on damage or chemical etching can be solely responsible

for the damage production at low voltages.

DFT calculation revealed, that excited states in a pristine MoS2 are spread within fs

time–scale over the whole lattice. However, as soon as the symmetry of the pristine system

is broken by, e.g., a recoil atom due to the transfer of kinetic energy, the excited states
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Fig. 22: Cc/Cs–corrected HRTEM images of MoS2 at various acceleration voltages. Shown images
are before and after (left and right panel) an accumulated dose of 1.5 · 107 e−/nm2.
During irradiation, ∆V sulphur vacancies are produced within the Fourier–filtered images
(solid framed insets) that were taken from the dashed framed area. A vacancy in the
filtered and raw image is marked by a cyan circle as an example. Scale bars are identical
in all images. (Reproduced in part with permission from Nano Letters 20, pp 2865–2870
(2020). Copyright 2020 American Chemical Society)
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Table 4.2: Quantitative results of damage cross sections σ for MoS2 at different acceleration
voltages U in a TEM. N is the total number of S atoms in the analysed area, ∆V the
number of produced vacancies after a total dose of φ.

U / kV N ∆V φ / (e−/nm2) σ / b

80 13474 281 3.9 · 107 5.3(4)
60 13818 282 4.2 · 107 4.9(4)
40 14781 227 1.7 · 107 9(1)
30 30947 604 1.7 · 107 11.6(5)
20 27309 503 2.7 · 107 6.7(5)

can be localized. Furthermore, DFT calculations resulted in a drop of the displacement

thresholds when the system is in an excited state. When an electron is excited from

the valence band, the threshold decreases to 4.8 eV and decreases further to 3.5 eV,

if a second valence band excitation occurs. These results confirm the possibility of a

two–step process assumed already in section 4.1.1. Figure 23 shows the experimental

damage cross sections (marked by red dots) and theoretical calculations of the – due to

electronic excitations – reduced knock–on damage threshold. Here, the threshold energies

were determined with spin–polarized DFT calculations resulting in a lower value for the

ground state threshold energy of 6.5 eV than previous calculations [42]. The theoretical

curves represent the excitation probability (black dotted line) based on the Bethe equation

(cf. equation (36)) and the McKinley–Feshbach formalism given in equation (25) for the

knock–on displacement thresholds (ground state Tthr = 6.5 eV depicted in dashed blue

and an excited state with Tthr = 3.5 eV in dashed orange). A good agreement with the

experimental data is achieved with a lower threshold energy (Tthr = 1.5 eV) illustrated

with the total cross section (green line). Here, the McKinley–Feshbach formalism with

the reduced knock–on displacement threshold Tthr = 1.5 eV is weighted with 1/Ekin for

the excitation probability and summed up with the McKinley–Feshbach formalism in the

ground state (dashed blue line). The lowered experimentally determined displacement

threshold (Tthr = 1.5 eV) could be explained by contributions of core hole excitations or

multi–electron excitations.

From the combination of DFT calculations and experimental TEM data different follow-

ings can be derived:

1. Excited states can be localized at incipient emerging defect sites of the recoil atoms

caused by ballistic energy transfer from the incident electron to the nucleus [156].

2. The knock–on damage threshold in MoS2 can be reduced to about the half of the
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Fig. 23: Experimental (red dots) and theoretical results on the displacement cross sections with
respect to the McKinley–Feshbach formalism with different threshold energies (ground
state Tthr = 6.5 eV blue and excited states Tthr = 3.5 eV orange). The black dotted line
represents the excitation probability with σinel ∝ 1/Ekin. A good agreement with the
TEM data is attained for an excited state with reduced knock–on damage threshold of
Tthr = 1.5 eV, which is shown in green. (Reproduced in part with permission from Nano
Letters 20, pp 2865–2870 (2020). Copyright 2020 American Chemical Society)

ground state value due to electronic excitations. This results in knock–on damage

thresholds down to acceleration voltages of ∼ 35 kV.

Once again, the results indicate the appearance of the previously proposed two–step

process (cf. section 4.1.1). Thus, the decreased damage cross section at 20 kV is a result of

a too low kinetic energy of the incident electrons so that the transferred momentum is no

longer sufficient to displace the atom even with excited states.
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4.1.3 Damage Rates in MoS2–Graphene Heterostructures at 30 kV

T. Lehnert and U. Kaiser
Damage Rates in MoS2–Graphene Heterostructures Induced by Inelastic Scattering
at 30 kV
to be published

Additional experiments with MoS2–graphene heterostructures at 30 kV were performed

as we want to clarify the behaviour of electronic excitations. To our understanding

electronic excitations should be quenched due to the graphene [11]. Therefore, MoS2–

graphene heterostructures at low voltages should exhibit significantly reduced damage cross

sections. Nevertheless, a behaviour, which is valid for inelastic scattering processes with

σinel ∝ 1/Ekin was observed even for heterostructure configurations with graphene. For a

better identification of the inelastic contributions, the ratio of the damage cross sections

can be taken, which results in a ratio of the acceleration voltages:

σ30kV
σ80kV

∝ E80kV

E30kV

= 2.67 (48)

Our evaluated damage cross sections for the MoS2–graphene configurations at 30 kV and

the values from Ref. [11] at 80 kV are listed in table 4.3 with the determined ratios. As

can be seen, except for the G/MoS2/G configuration, the behaviour corresponds to the

expected (equation (48)) inelastic scattering. This indicates contributions due to electronic

excitations even with graphene.

Table 4.3: Results of damage cross sections σ for different graphene–MoS2 heterostructures at
30 kV and 80 kV. N is the total number of S atoms in the analysed area, ∆V the
number of produced vacancies after a total dose of φ. The 80 kV values of the damage
cross sections were reprinted from Appl. Phys. Lett. 103, 203107 (2013), with the
permission of AIP Publishing.

Configuration N ∆V φ / (e−/nm2) σ30kV / b σ80kV / b σ30kV /σ80kV

MoS2 30497 604 1.7 · 107 11.6(5) 4.5(4) 2.58
G/MoS2 11152 35 8.3 · 106 3.8(7) 1.5(2) 2.53
MoS2/G 19898 79 2.6 · 107 1.5(2) 0.48(4) 3.13
G/MoS2/G 19257 17 4.0 · 108 0.022(8) 0.008(3) 1.75

That the ratio for the G/MoS2/G configuration is lower is not surprising as the MoS2

is completely encapsulated and therefore prevent the atoms to escape in any directions.

As discussed in section 4.1.1 we have again a directional dependence, which indicates the
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appearance of defects induced by inelastic scattering, only at the chalcogen layers, which

are not in direct contact with the graphene as shown in figure 24.

𝜎𝑖𝑛𝑒𝑙 𝜎𝑖𝑛𝑒𝑙

𝜎𝑖𝑛𝑒𝑙𝜎𝑖𝑛𝑒𝑙

MoS2/G G/MoS2/GG/MoS2MoS2
e- e- e- e-

Fig. 24: Scheme for electronic excitations resulting in sulphur displacement induced by inelastic
scattering σinel. Due to the electronic excitation quenching of graphene, inelastic
scattering, inducing defects in the graphene–MoS2 heterostructures will occur at the
chalcogen layers (red encircled), which are not in direct contact with the graphene.

If no graphene is protecting the MoS2, inelastic scattering resulting in vacancies will

occur at both chalcogen layers. When the graphene is on the entry or exit surface of

the electron–beam, the vacancies will be induced at the bottom or top chalcogen layer,

respectively. As the incident electrons need to transfer a momentum to displace the atoms

it is clear that the G/MoS2 is more susceptible to the electron–beam–induced displacement

than the MoS2/G. In the latter case, displaced chalcogen atoms are protected by any

underlying layers, which is not the case for G/MoS2 where the atoms can directly escape

into the vacuum of the TEM.

In this chapter it could be shown that not all electronic excitations, which lead to defect

formation, are quenched by graphene in heterostructures as it was expected according to

Ref. [11].

4.1.4 Electron–Beam–Driven Defect Evolution in MoTe2

T. Lehnert, M. Ghorbani–Asl, J. Köster, Z. Lee, A. V. Krasheninnikov and U. Kaiser
Electron–Beam–Driven Structure Evolution of Single-Layer MoTe2 for Quantum
Devices
ACS Applied Nano Materials 2(5), pp 3262–3270 (2019)
(see appendix A.3)

Defects can exhibit different, localized electronic properties and therefore, the knowledge

about their formation process in combination with their properties can be used for defect

engineering. Here, the evolution of zero and one–dimensional defect structures in MoTe2

under the electron beam are discussed and explained in combination with DFT calculations.

The knock–on thresholds are far above the used electron beam energies [42] but formation
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of single defects were still observed. This is caused due to excitation–induced reduction of

the threshold energies as discussed in section 4.1.2.

Figure 25 shows the formation and agglomeration of single defects to more complicated

defect structures, which we call ”extended” point defects. From (a) to (c) the migration

of a single Te vacancy and column Te divacancy is shown. Afterwards, a further single

vacancy (d) is formed and evolves with the other single vacancy to a column Te divacancy.

The two column Te divacancies agglomerate and form an extended defect, which we name

Tetravacancy I (fig. 25 (e)).

(a)

Mo Te2 Te

(b) (c) (d) (e)

0.5 nm

Fig. 25: 80 kV Cs–corrected HRTEM images recorded in the Titan with dark atom contrast,
showing the agglomeration of point defects to the Tetravacancy I structure in MoTe2
starting with three missing Te atoms (a). In the upper panels the raw images are given
and in the lower panel the atoms are marked with different colors as a guide for the eye.
The red arrows mark the migration direction of the Te atoms. From (a) to (b) one Te
atom moved up, thus the single vacancy and the double vacancy-column are next to
each other. In panel (c) the vacancies switched the positions. Due to a bond rotation
and a further Te vacancy (red circle), two single vacancies and one column divacancy
(d) agglomerate to the Tetravacancy I structure (e).

The identification of the extended defects is difficult in the Cs–corrected Titan due to

the limited resolution (cf. fig. 25). However, experiments performed with the SALVE

machine at 40 kV have led to the understanding of the evolution of the Tetravacancy I to a

distorted Tetravacacy II and also to a trefoil–like structure shown in the lower panels of

figure 26 (a)–(c). The upper panel shows the corresponding structure models after DFT

relaxation. Same sectors within the blue frames are shown in the structure simulation as

well as the experimental data. In figure 26 (a) the Tetravacancy I exhibit blurred contrast

of the Mo atoms surrounding the Te2–column. This blurred contrast is induced by atom
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vibrations, resulting in a metastable configuration. In fact, an evolution within 21 s to a

distorted tetravacancy (Tetravacancy II) takes place (fig. 26(b)) whose lifetime is much

longer (271 s). Even the Tetravacancy II transforms with an additional column Te divacancy

to a trefoil–like structure (Trefoil I) shown in fig. 26 (c). A similar, trefoil–like defect was

also observed in WSe2 [157]. Figure 26 (d) represents spin–polarized density of states (DOS)

for the extended point defects. It is noticeable that the defects induce midgap states within

the band gap changing the electronic transport properties [158]. Furthermore, the localized

shift of spin–up and spin–down states induce magnetic properties in the Tetravacancy I

and II structures up to magnetic moments of 4 µB and 2 µB, respectively.
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Fig. 26: DFT based structure simulation and 40 kV Cc/Cs–corrected HRTEM images (up-
per/lower panels) of the evolution of the Tetravacancy I (a) to the distorted Tetravacancy
II (b) after 21 s. After additional 271 s and a further column Te divacancy, the Trefoil I
structure is formed (c). The dose rate is ∼ 1.75 · 106 e−/nm2s. In (d), the spin–polarized
DOS for the defect structures are shown. The dotted lines indicate the band edges for
pristine MoTe2. Due to the asymmetric spin polarizations of the Tetravacancies I and
II, magnetic character can be expected. (Reproduced in part with permission from ACS
Appl. Nano Mater. 2(5), pp 3262–3270 (2019). Copyright 2019 American Chemical
Society)

Beside extended defects, also line defects have been produced. Figure 27 shows a single

vacancy line in zigzag direction with four missing Te atoms. The section inside the blue

frame is marked with the corresponding atoms. Between the two red triangles, the vacancy

line is located. A DFT based structure simulation is shown in (b) together with the

formation energy per Te atom. The strain–induced splitting of two Te atoms below the

vacancy line can be clearly observed in the experimental image and in the DFT calculation.

Moreover, DOS calculations for the single Te vacancy line showed that new states within

the band gap appear, which reduce the band gap.
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Fig. 27: 40 kV Cc/Cs–corrected HRTEM image of a single Te vacancy line with four missing
tellurium atoms in zigzag direction (a). In the right panel, the atoms are marked for
better visualization. (b) show a DFT based structure simulation of a single vacancy line
with the corresponding formation energy Ef . The red triangles indicate the position of
the missing Te atoms in (a) and (b). (Reproduced in part with permission from ACS
Appl. Nano Mater. 2(5), pp 3262–3270 (2019). Copyright 2019 American Chemical
Society)

However, in all experiments only single Te vacancy lines in zigzag direction were observed

although column Te divacancy and staggered Te divacancy lines were likely with respect to

the energetics (cf. fig. 28). Again, DFT calculations were performed to understand the

formation of the vacancy lines. First, it was determined that the armchair direction is less

energetically preferred compared to the zigzag direction. Only the column Te divacancy

line in armchair direction releases energy when the vacancies agglomerate to lines. This was

also reported previously [159]. The formation energies per Te vacancy, for defect lines in

zigzag direction (solid curves) are shown in figure 28. It is obvious that the agglomeration

of vacancies to defect lines is preferred as the formation energy for each additional vacancy

is slightly reduced. Especially the divacancy lines are in accordance to DFT–predictions

very likely to appear. The formation energies for the column Te divacancy line is always

lower then the single Te vacancy line and even the staggered Te divacancy line becomes

energetically favoured for more than four vacancies. However, the extended defects are also

summarized in figure 28. Starting from a column Te divacancy, it is energetically more

favoured to evolve into the Tetravacancy II with two column Te divacancies. To reach

the stable Tetravacancy II, first the Tetravacancy I has to be formed, which is metastable

according to the calculated energetics and the experimental observation with the vibrating

Mo atoms. Agglomeration of a third column Te divacancy results in the formation of the

Trefoil I structure, which is much more favoured than the divacancy lines with the same

number of vacancies.
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Fig. 28: Formation energies of vacancy lines in zigzag direction and extended defect structures as
a function of missing Te atoms. The dotted line indicate the agglomeration process of
extended defects starting from a column Te divacancy. It is clear that extended defects
(Tetravacancy II and Trefoil I) based in column divacancies are energetically prefered
compared to the divacancy lines. (Reproduced in part with permission from ACS Appl.
Nano Mater. 2(5), pp 3262–3270 (2019). Copyright 2019 American Chemical Society)

We conclude this chapter in the following way:

1. Extended defects like the Tetravacancy I and II as well as the Trefoil I agglomerate from

column Te divacancies. Furthermore, the tetravacancies exhibit localized magnetic

properties.

2. Single Te vacancies agglomerate to single vacancy lines in zigzag direction. DOS

calculations indicate a band gap reduction.

The results may have applications in quantum devices. Confined magnetic properties for

extended defects can be applied for quantum dots and the reduced band gaps for the line

defects within semiconducting matrices for quantum wires.

Additional extended defect structures: It was observed that further column Te divacancy

agglomeration lead to the formation of inversion domains with 4
∣∣4P (two point–sharing
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tetragons) and 4
∣∣4E (two edge–sharing tetragons) mirror twin boundaries (MTBs), which is

shown in figure 29 (a). Formation of 4
∣∣4P boundaries in MoTe2 can appear due to thermal

annealing, which results in a Te deficiency [160], similar to our electron beam irradiation.

The 4
∣∣4E MTBs were not observed before.

Phase transformations from the 1H to the 1T’ structure were found starting from single

vacancy lines. Six vacancies in a row are a typical length of single Te vacancy lines, which

undergo phase transformations (cf. fig. 29 (b)). The formation of the 1T’ phase occured

always along a distance of two unit cells so that the resulting vacancy line is reduced by

two vacancies. Phase transformations in the 1H MoTe2 to the 1T’ phase likely originates

from the defect–induced strain and could be also related to charge transfer and vibrational

properties [111–113].

1 nm(a)

4|4P

4|4P

4|4P

4|4E Mo

Te2
Te

(b)

Fig. 29: 40 kV Cc/Cs–corrected HRTEM images of additional extended defect structures in
MoTe2. In (a), 4

∣∣4P and 4
∣∣4E mirror twin boundaries, marked with red arrows in the

first panel, are shown. The two panels in (a) are identical but the second panel indicate
the structure of the MTBs. In (b) two consecutive images are shown. First a single Te
vacancy line between the red arrows, which transforms along the, indicated by white
arrows, to a 1T’ island with a trapezoidal basic structure. The scale bar is valid for all
images. (Reproduced in part with permission from ACS Appl. Nano Mater. 2(5), pp
3262–3270 (2019). Copyright 2019 American Chemical Society)
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4.2 Crystallization and Decomposition Effects in

Graphene Liquid Cells

In this chapter we deal with graphene liquid cells that are prepared as discussed in section

3.1.2. First, contamination in single–distilled water, which is encapsulated between graphene

is discussed and afterwards the effect of the graphene enclosures regarding the van der

Waals pressure is described on the basis of crystallization of CaSO4.

Second, we are curious to understand the effect of water on potential increase of chemical

etching [19–21]. Therefore, we started a systematic study of electron–beam irradiation

on liquid–cells with graphene encapsulated NaCl solutions regarding decomposition of the

formed crystals.

4.2.1 Crystallization of CaSO4 in Graphene Liquid Cells

T. Lehnert, M. K. Kinyanjui, A. Ladenburger, D. Rommel, K. Wörle, F. Börrnert,
K. Leopold and U. Kaiser
In Situ Crystallization of the Insoluble Anhydrite AII Phase in Graphene Pockets
ACS Nano 11(8), pp 7967–7973 (2017)
(see appendix A.4)

Single–distilled water was investigated with total reflection X–ray fluorescence spec-

troscopy (TXRF) and afterwards studied in the TEM after encapsulation between graphene.

We found that single distillation of water is not sufficient to remove all abundant alkali as

well as earth alkali cations and common anions such as sulphates. Trace elements in single

distilled water result in a resistivity of ∼ 0.1–1.0 MΩ/cm. In contrast, water obtained from

a multistage purification exhibit a resistivity of ∼ 18.2 MΩ/cm. The TXRF measurements

on the single–distilled water, which exhibit a pH of approximately 6, revealed traces of

Ca and S in a ratio of 1 to 1.5. These traces are typically present as calcium cations Ca2+

and sulphate anions SO2−
4 . Further traces of e.g. phosphorus, chlorine and potassium were

found. A full list of the measured traces can be found in the appendix A.4.

In the next step, the single–distilled water was investigated in the TEM within a graphene

liquid cell. In our experiments, growth and coalescence of bubbles, known as Ostwald

ripening, were observed [161].

At pressures in the range of kPa up to MPa, water is in the liquid phase [133]. Therefore,

it is astonishing that even liquids were observed in the vacuum of the TEM, which is in

the range of 10−5 Pa. This effect can be explained by the occuring van der Waals forces
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between the graphene layers [17,18]. The pressure between two layers of graphene can be

determined via PvdW ≈ EAE/d [162]. In combination with an adhesion energy EAE = 45

meV/Å2 of graphene [163] and a distance between the layers d = 3.4 Å [9], a pressure of

PvdW = 2 GPa can be determined. However, it is reported, that water is only in the liquid

phase when the distance between the layers is more than 20 Å [101], which results in a

pressure of PvdW = 360 MPa.

Figure 30 shows a sequence of HRTEM images, of the CaSO4 crystallization. The red frames

indicate the area where the FFT – shown in the right corners – were taken. Images (a)–(c)

show two orthorombic CaSO4 crystals in [100] orientation tilted to each other. In figure 30

(b) the different crystals are marked in the HRTEM image together with the corresponding

FFT reflections with different colors for better identification. The smaller crystal (blue frame

in (b)) reshapes to adhere to the large crystal reducing the boundary energy according to

the Lifshitz–Slyozov–Wagner (LSW) theory [99]. This theory describes a process for crystal

growth similar to Ostwald ripening. In figure 30 (d)–(e) the small crystal disappeared and

only the large crystal marked green survived. During the reorientation, the large crystal

has a growing rate of ∼ 0.7 nm2/s and afterwards it is increased to ∼ 1.05 nm2/s.

For the identification of the CaSO4 crystal and the corresponding phase, the experimental

data was compared to simulations. Figure 31 (a) show the Cs–corrected HRTEM image

of the grown crystal and (b) the corresponding FFT. Graphene reflections are marked

green and the CaSO4 red. The orthormbic structure in [100] projection indicates already

the anhydrite AII phase. The diffraction pattern simulation of anhydrite AII with [100]

orientation is preformed in figure 31 (c). (200) and (02̄0) reflections in the experiment agree

well with the tabulated ones [164]. In addition, EELS was performed to determine the

chemical nature of the crystals. As can be seen from figure 31 (d), calcium, sulphur and

oxygen signals were found as well as a carbon K – edge at 284 eV. The latter originates

from the graphene layers. The S L2,3–edge is located at 165 eV, Ca at 346 eV for the L3

and 350 eV for the L2–edge. An O K – edge appears at 532 eV and is shown in more detail

in the inset with a smoothed data indicated by the black line. No additional elements were

found with EELS. The results are consistent with the TXRF measurements.

A surprising result is the appearance of water in the liquid phase but also the crystallization

of anhydrite AII phase between graphene layers as for both, water and CaSO4, high

temperatures and high pressures are necessary in accordance to the p–T–phase diagram

(cf. figure 32 (a)). Based on the overlaps in the p–T–diagram of water (blue) and CaSO4

(green) the conditions within the graphene liquid–cell can be determined. The area with the

green colored gradient indicates the range of conditions existing in the liquid–cell, which

lay in the pressure interval p(∼ 100 kPa, ∼ 230 MPa) and in the temperature interval
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(b) 31 s (c) 61 s

(d) 121 s (e) 151 s (f) 181 s

(a) 

5 nm

Fig. 30: 80 kV Cs–corrected HRTEM image sequence of CaSO4 crystallization. In (a)–(e) two
tilted crystals with [100] orientations are shown. To reduce the boundary energy, the
crystals reshapes according to the LSW theory. For easier identification, in (b) and
(e) the different crystals and the corresponding reflections in the FFTs are marked
with colors. The FFTs were taken within the red framed areas.(Reproduced in part
with permission from ACS Nano 11, pp 7967–7973 (2017). Copyright 2017 American
Chemical Society)

T(∼ 370 K, ∼ 420 K). The pressure in the liquid–cell can originate from the van der

Waals forces as discussed above. Moreover, similar pressure ranges between graphene layers

were found to be 140 MPa to 400 MPa [18, 161]. However, a temperature range of 370

K to 420 K is unlikely because of fast heat dissipation by the graphene. The effect of

heating by the electron beam is also estimated to be very small for thin materials [7].

However, it was reported theoretically and confirmed experimentally that the transition

temperature for nanoparticles is much lower than for their bulk counterparts [165, 166].

Thus, we estimate in the following a thickness–dependent transition temperature Tn based

on the surface–to–volume model [167]:

Tn = T0 (1− 3r/D) (49)
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Fig. 31: Cs–corrected HRTEM image of the grown CaSO4 crystal (a) of which an FFT was
made (b). In the FFT the graphene lattice and CaSO4, which is due to the orthorombic
structure in the anhydrite AII phase. (c) shows a simulated diffraction pattern of the
anhydrite (AII) with corresponding indexing. There is a good agreement between (b)
and (c), which can be seen at the measured distances of the (200) and (02̄0) reflections.
EELS data in the range if 150 – 650 eV is depicted in (d) what shows the existence of
Ca, S and O as well as the C – edge produced by graphene. The inset in (d) shows a
magnified O K – edge. (Reproduced in part with permission from ACS Nano 11, pp
7967–7973 (2017). Copyright 2017 American Chemical Society)

Here, T0 is the transition temperature of bulk, D is the total thickness and r the minimal

thickness of the material. The result of the thickness–dependent estimation of the transition

temperature is given in figure 32 (b). For the upper curve a bulk transition temperature

of 420 K was used and for the lower curve 370 K. It is noticeable that the transition

temperature is decreasing to approximately 300 K at a thickness of 1.25 nm to 1.40 nm.

This corresponds to an anhydrite AII thickness of two unit cells, which is a reasonable

result.

The crystallization of anhydrite AII within graphene liquid–cells can be summarized as

follows:
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Fig. 32: Phase digrams of CaSO4 (green) [129] and water (blue) [133] (a) showing with the
color gradient the crystallization range of bulk anhydrite AII. A temperature for the
crystallization of ∼ 370 K – 420 K is unlikely as the graphene dissipates the heat
away. However, the theoretical determined transition temperature (b) is decreasing with
decreasing thickness of anhydrite AII such that a crystallization could already take place
at room temperature when the thickness is around 1.25 nm to 1.40 nm corresponding to
2 unit cells of anhydrite in the AII phase. The two curves in (b) mark the upper and
the lower limits of the transition temperatures from one unit cell to bulk. (Reproduced
in part with permission from ACS Nano 11, pp 7967–7973 (2017). Copyright 2017
American Chemical Society)

1. Overlaying p–T–phase diagrams can give the existing conditions within graphene

liquid–cells. This was done for anhydrite AII and water.

2. Within two layers of graphene, water exist in its liquid phase due to the high pressure

(up to 360 MPa for liquids between graphene layers) originating from the van der

Waals forces between the layers.

3. For CaSO4 in the AII phase, decreasing thickness results in a decreased transition

temperature and thus explains its existence at room temperature.

Although, water is stable on its own between graphene layers, experiments were conducted

to investigate the decomposition of NaCl in liquid cells.
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4.2.2 Defect–Induced Decomposition of NaCl in Graphene Liquid

Cells

T. Lehnert, F. Bräuer and U. Kaiser
Systematic TEM study of defect–induced decomposition of thin NaCl crystals within a
graphene liquid cell
to be published

To analyze radiation damage in graphene liquid cells, 0.01 M – 0.05 M NaCl solutions

were encapsulated between graphene layers. Formation of crystalline NaCl is attributed

to the supersaturation of the Na+ and Cl− in the liquid during the preparation process.

An example for an encapsulated NaCl crystal with an size of 220 nm2 is given in the

Cs–corrected HRTEM image sequence of figure 33. It is obvious that an initial stability

within the graphene enclosure is present before the NaCl crystal starts to decompose after

533 s. In figure 33 (a) raw images are shown and in (b) the ImageJ pluging ”Orientation

Mapping” was applied [125] to visualize different crystals. The two graphene layers are

coloured red and blue, respectively, and NaCl is coloured green (see the correspondingly

marked reflections in the FFT of fig. 33 (a)). As soon as the NaCl starts to decompose, a

hole can be seen in graphene, which is encircled in white along the edge. This was made

for better visibility because the orientation mapping is not accurate enough to emphasize

small defects and therefore needs to be identified by the eye. As discussed in section 2.3.2,

the dominant damage mechanism at 80 kV for NaCl is induced by electronic excitations.

From figure 33 we learn that the NaCl crystal decomposes almost completely, outgoing

from a first hole in graphene.

In total, ten NaCl crystals were analysed regarding to their decomposition and initial

stability. For this purpose, the projected crystal size, depending on the total accumulated

electron dose was measured in every recorded image sequence of the crystal’s lifetime. The

measured curves are summarized in figure 34. For better comparison, the datasets are

normalized to their maximum projected area. These values are used for further discussions

to differentiate the experiments. Most of the crystals exhibit similar behaviour in the

decomposition after an initial stability. A few crystals show slightly different behaviour.

After 80% of the ”85 nm2” crystal is destroyed, it seems that a re–encapsulation takes

place, so that some parts of the NaCl are stabilized again. In contrast to all other crystals

an initial growth for the ”2500 nm2” crystal was found as can be seen with the increasing

projected size of the black curve in figure 34. However, the decomposition process is similar

to the other crystals.
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Fig. 33: 80 kV Cs–corrected HRTEM image sequence over a total time t of 672 s showing the
decomposition process of a graphene encapsulated NaCl crystal. In (a), raw images
are shown and in (b) images processed with the Orientation Mapping plugin for easier
identification of the NaCl crystal (green) and the two graphene layers (blue and red)
as indicated with the corresponding reflections of the FFT in (a). The NaCl crystal is
stable for ∼ 533 s then a hole in one graphene layer is formed (white framed areas in (b)),
which induces a fast decomposition of the NaCl until the crystal is almost completely
decomposed. Applied dose rate was about ∼ 6.1 · 105 e−/(nm2s).
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Fig. 34: Projected size of investigated NaCl crystals over total accumulated dose. The actual size
of the crystals is given in the legend but for comparison the crystals are normalized to
their maximum size. It is noticeable that nearly each crystal is stable up to a certain dose
before the decomposition process starts. Most of the crystals show a similar behaviour
in the decomposition process.

The datasets can be characterized by a logistic decay function f(φ) to describe the crystal

decomposition.

f(φ) =
A

1 + ek(φ−φcrit)
(50)

Here, k is the highest rate of decomposition, φ the total accumulated dose, φcrit is the

critical dose and A the projected area. The derivative from equation (50) results in the

turning point of the curves. At the turning point, the critical dose is taken, which is

when approximately 50% of the initial crystal is decomposed. In addition, the highest

decomposition rate is also given at the turning point. The results for all datasets are

given in table 4.4. Values in the brackets are confidence intervals determined by error

propagation and estimated with 10% error for the measured crystal area and 1% for the total

accumulated dose. The individual columns in the table are provided with a color gradient

(from green to white) to visualize the increase of the crystal size and the decomposition

rate as well as the decrease in the critical dose. A general trend can be observed that the

decomposition rate is decreasing and the critical dose is increasing with decreasing crystal

size. The decomposition rates depend strongly on the size of the exposed crystal edges.

The more edges are exposed, the higher the decomposition rate. The increased critical
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dose with decreasing crystal size explains the probability of chemical etching in a certain

area. The bigger the area, the higher the probability that a hole is formed due to chemical

etching. This agrees also with the assumption that already one point defect in graphene is

sufficient to start the decomposition of the whole NaCl crystal.

Table 4.4: Projected crystal size of the encapsulated NaCl with the corresponding highest
decomposition rate and critical dose φcrit, describing the accumulated dose until 50%
of the crystal is decomposed. A color gradient is used to visualize the increasing size
and decomposition rate as well as decreasing critical dose with a color transition from
green to white.

Crystal size / (nm2) Decomposition rate k / (nm2/e) Critical dose φcrit / (e/nm2)

85 0.48(2) · 10−8 5.46(6) · 108

90 1.18(5) · 10−8 1.04(1) · 109

105 1.50(3) · 10−8 2.01(2) · 109

160 1.2(1) · 10−8 2.31(3) · 108

180 1.8(2) · 10−8 1.40(2) · 108

220 1.08(9) · 10−8 4.10(5) · 108

320 3.1(3) · 10−8 8.22(9) · 107

1200 2.7(3) · 10−8 1.15(2) · 108

1215 2.6(3) · 10−8 1.29(2) · 108

2500 2.3(2) · 10−8 1.05(1) · 108

In all our experiments we observed a strong connection between damage in graphene and

decomposition of the NaCl crystal. Moreover, a dependence on the encapsulated lateral

crystal size was found. Our explanations are:

1. Radiation–sensitive NaCl crystals can be protected by graphene encapsulation as

long as the graphene remains undamaged. Otherwise, the crystal starts to decompose

immediately.

2. Already one point defect in graphene can induce a complete decomposition of the

NaCl crystal. An increasing lateral size of the liquid cell results in a decreased lifetime

because of an increasing probability for any chemical etching event taking place on

the encapsulating graphene.
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4.3 Discussion

In this work we use the electron beam in a TEM simultaneously to image the material’s

structure and to induce structural modifications to the material. This includes structural

decomposition by atomic displacements but also the formation of new structures e.g., via

crystallization or agglomeration of defects. Formation of defects in the TEM are induced

by elastic and inelastic scattering processes [7, 8]. The suggested model by Algara–Siller

et al. [11] was used to distinguish the contributions of the damage mechanisms with

different configurations of graphene–MoSe2 heterostructures at 80 kV and graphene–MoS2

heterostructures at 30 kV. It could be shown for graphene–MoSe2 heterostructures as well

as graphene–MoS2 heterostructures that the ratios between the different heterostructure

configurations are very similar. This result indicates a contribution of knock–on damage

in MoSe2 at 80 kV and MoS2 at 30 kV even though the displacement thresholds are 190

kV and 90 kV, respectively [42]. We explain the contribution of knock–on damage below

the threshold energies by a two–step process, where an elastic displacement of an atom is

connected with a preceding inelastic event. The incident electron first excites the atomic

state, which lowers the displacement threshold energy and thus, either the same or a

second incident electron transfers enough momentum to eject the target atom. This process

can also be supported by the results of the systematic studies of the damage rates on

freestanding MoS2 at acceleration voltages of 20, 30, 40, 60 and 80 kV, which show the

typical σ ∝ 1/Ekin behaviour [49] for inelastic scattering processes down to 30 kV. At 20 kV

the damage rate is significantly decreasing, which indicates that the transferred momentum

is not necessarily sufficient anymore to displace the atom. Even with a core hole excitation,

the displacement threshold energy is reduced from 6.5 eV to 2.4 eV, which corresponds to

an electron–beam threshold energy of ∼34 keV.

The observed defect formation in MoTe2 also indicates a combination of elastic and inelastic

scattering mechanisms (two–step process) as the knock–on damage threshold is at ∼ 270

kV [42] and the experiments were performed at 40 kV. Vacancies could be also induced by

chemical etching. Again, graphene was found earlier to be ideal as a protecting substrate

for radiation sensitive materials for, e.g., graphene heterostructures [11,168] and graphene

liquid cells [96, 97]. In the graphene–TMD heterostructures we were able to confirm an

increase in the stability of up to three orders of magnitude, similar to the results in Ref. [11].

For graphene liquid cells, an initial stability arises so that liquid water but also ionic crystals

such as CaSO4 and NaCl can be investigated. This is interesting because water radiolysis

fast in the electron beam [19,20]. Furthermore, chemical etching is found to be the only

electron–beam–induced damage mechanism in graphene up to ∼80 kV [21]. Therefore,

75



Dissertation Tibor Lehnert

the initial stability and the decomposition was analysed with systematic studies of NaCl

crystals within graphene liquid cells. It could be demonstrated that a small defect in

graphene, even a single vacancy is sufficient to initiate an immediate decomposition of the

encapsulated NaCl crystal. This is also supported by the observed size–dependent stability

where smaller liquid cell systems were more stable than bigger systems. Our explanation

for this behaviour is the higher probability of an induced defect on a large area of the

encapsulating graphene, which again starts an immediate decomposition of the encapsulated

NaCl. A comparable effect could also appear in graphene–TMD heterostructures. If the

TMDs are only protected by one layer of graphene, the stability decreases compared to

the G/TMD/G configuration about two to three–orders of magnitude for the TMD/G and

G/TMD configuration, respectively. However, TMDs like the MoS2 and MoSe2 are not as

susceptible to inelastic damage mechanisms as the ionic crystals [49]. Therefore, TMDs

will not decompose as fast as ionic crystals.

The interaction of the electron beam with the sample, however, can also lead to formation of

new structures like extended defects, which also exhibit new electronic properties [125, 126].

Here, we followed atom by atom the evolution of single vacancies to line and extended

rotational symmetric defects in MoTe2. In combination with DFT calculations, the driving

force for the defect evolution could be determined explaining the desire of the system

to minimize its energy. Similar experiments were performed for a rotational–symmetric,

trefoil–like defect in WSe2 [157]. Moreover, the electronic properties for all observed defect

structures in MoTe2 were determined. In the case of the line defects, a reduction of the

band gap was found and for extended defects, spin–polarized DFT calculations revealed

localized magnetic properties.

Beside formation of new structures due to agglomeration of defects, new structures are

formed by minimization of surface energies according to the Lifshitz–Slyozov–Wagner

theory [99] and via supersaturation in graphene liquid cells [14]. Thus we could explain in

this way the in–situ growth of CaSO4 and NaCl crystals within liquid cells, which is based

mainly on reshaping of smaller crystals, which then attach to larger crystals. Furthermore,

we could explain the presence of CaSO4 in the AII phase by the corresponding p–T–phase

diagrams of water and CaSO4 and the knowledge of the van der Waals pressure between the

graphene layers. The determined pressure up to ∼230 MPa is in good agreement with earlier

studies, which lead to pressures in the range from ∼1.5 MPa to ∼1.2 GPa [17,18,162].

76



Dissertation Tibor Lehnert

5 Summary

In this thesis, 2D materials such as MoS2, MoSe2 and MoTe2 as well as graphene liquid cells

with NaCl and CaSO4 were studied to gain a profound understanding of electron–beam–

energy–driven effects on the sample structure. For the more recent experiments the newly

developed Cc/Cs–corrected sub–Ångström Low–Voltage Electron microscope (SALVE) was

used for voltage–dependent TEM studies between 80 kV down to 20 kV. Due to the large

acceptance angle of ∼60 mrad at all accelerating voltages, the instrument is very well suited

for in situ HRTEM studies showing the dynamics of structures with high precision on the

level of the single atoms in a large field of view, obtained within a single exposure of ∼1 s.

For earlier studies on TMDs and graphene liquid cell experiments, the Cs-corrected TEM

was used.

Experiments at reduced electron acceleration voltages were performed to eliminate knock–on

damage (elastic scattering events), which are one main part of specimen decomposition.

The other main part are electronic excitations, (inelastic scattering events), which increased

at lower voltages and were reduced in this work by encapsulation the material of interest

between graphene. The defined low thickness of 2D materials allowed direct interpretability

of the atom contrast. Additionally, the atomic coordinates were determined with high

precision and served as basis for electronic property calculations using DFT, performed in

cooperation within the frame of this work. In the following, a brief overview of the most

important findings within this work is given.

1. Electron–beam–induced defect creation in TMDs is explained by a two–step process

where the incident electrons induce an inelastic event, reducing the knock-on threshold and

then an elastic collision displaces the atom. This was found with experiments on different

graphene–MoSe2 and MoS2 heterostructures. They were constructed to control damage

mechanisms at electron–beam energies of 80 keV and 30 keV, respectively, which are below

their nominal knock–on damage thresholds. In both cases, however, significant contribution

of knock–on damage could be found.

Furthermore, damage rates in freestanding MoS2 at electron–beam–energies from 80 keV

down to 20 keV revealed that in a range from 80 keV down to 30 keV, the damage rates

follow the expected inelastic scattering behaviour of σinel ∝ 1/Ekin. A significant reduction
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of the damage rate was found at 20 keV. The experimental results, combined with theoretical

DFT calculations, confirmed formation of vacancies way below the knock–on threshold due

to combination of electronic excitations and knock–on damage. DFT calculations exhibited

that electronic excitations can localize at emerging defects at the position with the recoil

atom created by ballistic energy transfer. Therefore, the knock–on threshold can be reduced

nearly to the half of the ground state. This results in insufficient momentum transfer to the

atom at 20 keV and therefore the atom will not be displaced even at excited states. The

findings within this work agree with our proposed two–step process for single defects at

voltages below the knock–on thresholds and give insights into the electron–beam–induced

damage rates, which can be used for controlled defect engineering.

2. Graphene is not quenching all electronic excitations in heterostructures. This can

be followed from TEM experiments on graphene–MoS2 heterostructures, as it could be

demonstrated that each configuration without the complete sandwich–structure has an

increase in the damage rate even with graphene, which corresponds to the σinel ∝ 1/Ekin

behaviour resulting from inelastic scattering events, inducing electronic excitations.

3. Vacancies agglomerate to line or extended defects. This is concluded by several electron–

beam–induced, observed line and extended defects in MoTe2 at 40 kV, which were described

together with DFT calculations. Our results revealed that single Te vacancies agglomerate

in single Te vacancy lines and column Te divacancies agglomerate into extended defect

structures. In the range of the extended defects, also rotational symmetric structures, e.g.,

tetravacancies and trefoil-like structures were found. The line defects and extended defects

exhibit reduced bandgaps and localized magnetic moments, respectively, interesting for

modifying electronic properties on a nanoscale.

4. Pressure and temperature conditions within a graphene liquid cell can be estimated

by superposition of macroscale p-T phase diagrams combined with thickness-dependent

transition temperatures. This is deduced by crystallization of anhydrite AII from single–

distilled water inside a graphene liquid cell. TXRF and EELS measurements showed that

the main trace elements in the water were Ca and S. Moreover, the existence of liquids in the

graphene enclosure within the vacuum of the TEM was discussed in terms of van der Waals

forces, which induce a pressure between the graphene sheets. The superposition of the

p–T phase diagram of CaSO4 and water gives an estimation for pressure and temperature

conditions within the encapsulations. Combined with a rather simple model that introduces

a thickness–dependent transition temperature reasonable for the very thin CaSO4 crystal

within the encapsulation, the experimental values were verified.

5. Graphene liquid cells stabilize the encapsulated material as long as the protecting graphene

is undamaged. This is followed by the decomposition of NaCl crystals as soon as small
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defects in the protecting graphene were detected. We show that a first defect in graphene is

already sufficient to induce an immediate decomposition of the NaCl crystals. This agrees

with the finding of decreased lifetime with increasing lateral crystal size and therefore

higher probability of an appearing defect in graphene, which is mainly induced by chemical

etching.
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The contributions of different damage mechanisms in single-layer MoSe2 were studied by investigat-

ing different MoSe2/graphene heterostructures by the aberration-corrected high–resolution transmis-

sion electron microscopy (AC–HRTEM) at 80 keV. The damage cross–sections were determined by

direct counting of atoms in the AC–HRTEM images. The contributions of damage mechanisms such

as knock–on damage or ionization effects were estimated by comparing the damage rates in different

heterostructure configurations, similarly to what has been earlier done with MoS2. The behaviour

of MoSe2 was found to be nearly identical to that of MoS2, which is an unexpected result, as the

knock-on mechanism should be suppressed in MoSe2 due to the high mass of Se, as compared to S.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973809]

Modern transmission electron microscopes (TEM) allow

imaging materials at a single atom resolution with accelera-

tion voltages in the range of 20–300 kV,1–3 foremost thanks

to the practical realization of aberration correctors (AC) for

transmission electron microscopy.4,5 However, high electron

doses are required for achieving a high enough signal to

noise ratio for accurate detection of the atom position in

the image. This sets strong requirements on the studied mate-

rials in terms of radiation damage resistance, and in practice

many materials are destroyed by the interaction with the

electrons before a clear image can be acquired. For control-

ling the radiation damage, that is, for finding the optimal

experimental conditions for each material, it is essential to

understand the underlying damage mechanisms.

Radiation damage in a TEM is often split into two cate-

gories. First, elastic damage or knock-on damage describes

the processes involving direct elastic collisions between the

imaging electrons and the target atoms. Upon each collision,

momentum is transferred to the target atom, and if the

momentum exceeds a material dependent critical limit, the

atom is displaced from its original position. This limit in

transferred momentum or kinetic energy leads into a thresh-

old electron energy, below which knock-on damage should

not occur. The knock-on damage is the most studied mecha-

nism,6–10 mainly due to the simplicity of the process, as com-

pared to the other mechanisms. The recent experiments have

shown, however, that there is no sharp cut off in knock-on

damage due to the thermal vibrations of the target atoms,

and a finite displacement probability remains below the static

threshold.9 Even taking this effect into account, the knock-

on cross section becomes vanishingly small far below the

static threshold.

The second is a broader category grouping together all

the inelastic processes, where the imaging electrons interact

with the electronic system of the target, weakening or break-

ing bonds, heating the material and/or accumulating electro-

static charge.11,12 However, direct heating of the sample by

the electron beam has been estimated to be minor,13 espe-

cially in a 2D material such as MoS2 and MoSe2.

Damage can occur also via indirect routes, such as

chemical etching, where the electrons break down residual

impurities such as oxygen molecules or water in the micro-

scope, and the formed radicals in turn attack the sample

material causing its damage.

Recently, an experimental scheme for separating the

contributions of different damage mechanisms in single–

layer MoS2 was developed.14 In the experiments, MoS2/gra-

phene heterostructures were investigated by HRTEM, and by

comparing the damage rates in different sample geometries,

estimates on the different damage mechanism contributions

were attained.

The following comparisons were used.14 (1) The differ-

ence between the damage cross section in a sample with the

entry surface covered with graphene (G/MoS2) and a sample

with the exit surface covered (MoS2/G) gives the knock-on

contribution. This lays on the assumption that only the

knock-on process has a directional dependence, that is, if the

entry surface is covered, the sulfur atoms at the bottom can

still be displaced into the vacuum (knock-on active), whereas

with covering the exit surface the displaced sulfur atoms

are stopped by the graphene layer (knock-on disabled). (2)

The difference between a free-standing MoS2 and G/MoS2

gives the inelastic contribution. This, in turn, is based on the

assumption that graphene, which is a supreme electric and

thermal conductor, quenches the electronic excitations and

dissipates any introduced heat and eliminates sample charg-

ing, thus removing the inelastic damage.15 Of the two, the

latter is more conjecture because the damage created by

inelastic collisions with high energy electrons is not fully

understood.

Here, to extend on the earlier study with MoS2, similar

experiments were conducted with MoSe2/graphene hetero-

structures. MoS2 and MoSe2 have identical crystal structures,

and they are isoelectronic,16–18 while the main difference is

the different masses of the chalcogen atoms (32.07 amu for

S and 79.0 amu for Se) and the higher amount of electrons

(34 for Se and 16 for S), which increase the probability for

a)Electronic mail: tibor.lehnert@uni-ulm.de.
b)Now at Department of Inorganic Chemistry, Fritz-Haber-Institut der Max-

Planck-Gesellschaft, Berlin 14195, Germany.
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electron excitations due to the electron beam. As the momen-

tum transfer from the impinging electrons to the target atoms

is dependent on the target atom mass, knock-on damage can

be expected to be suppressed in the case of MoSe2 with

80 keV electrons (the minimum threshold energy is 6.4 eV

for MoSe2 and 6.9 eV for MoS2 which corresponds, due to

the different masses, to a static threshold electron energy of

190 keV and 90 keV, respectively6). Furthermore, the

knock–on threshold for the chalcogen atoms in the upper

layer is lower because they are stopped by the subjacent

layers.6 On the other hand, the formation energy of chalco-

gen vacancy in MoSe2 is 6.1 eV, as compared to 6.7 eV in

MoS2, which can be reflected as increased vacancy yield

through inelastic processes.6 Surprisingly, MoSe2 has almost

identical behaviour to MoS2 in our experiment. This result

calls for critical assessment of the assumptions about the

damage mechanisms, especially the strict separation into the

elastic and inelastic categories, and the experimental scheme

employed here for the separation of the different

contributions.

The heterostructure samples were constructed from

mechanically exfoliated flakes on SiO2. In the preparation

process, the Au Quantifoil TEM grids were placed on top of

the MoSe2 or graphene flakes with the position precisely

controlled by a micromanipulator. The Quantifoil film was

brought into contact by evaporating isopropyl alcohol after

which the SiO2 was etched with KOH, releasing the grid

with the flake. The process was repeated to bring more flakes

on top of the previously transferred one(s), resulting in the

desired heterostructures.

Based on the optical microscopy images, as shown in

Figure 1(a), the heterostructure was located in the TEM.

Electron diffraction patterns were recorded to confirm the

presence of the required layers (see Figure 1(b) for an exam-

ple of G/MoSe2/G) and the monolayer nature of the MoSe2

flake.19

Once the correct flake was located, AC–HRTEM image

sequences were acquired at high magnification to be able to

directly count the produced vacancies. The electron dose rate

was in the order of 106 e/(nm2 s) and a vacuum level was in

the order of 10�8 mbar during the experiment.

The effect of the graphene coating is evident in Figure

1(c), where the edge of the bottom graphene layer runs

through the field of view (that is, on the left there is a

G/MoSe2 structure and on the right G/MoSe2/G structure).

After an electron dose of 3� 109 e/nm2, the G/MoSe2 is

heavily damaged, while on the G/MoSe2/G the structure is

still relatively intact.

Figure 2 shows the qualitative difference between

the four sample configurations. For every configuration, an

initial HRTEM image and an image after a dose of

/ ¼ 7:7� 108 e�=nm2 are shown. In the case of the free-

standing MoSe2 (Fig. 2(a)), the sample was heavily damaged

by the dose with an extensive disorder and a large hole visi-

ble in the image. The images of G/MoSe2 (Fig. 2(b)) show

reduced damage, but the MoSe2 layer is still visibly dam-

aged. The damage in MoSe2/G is further reduced (Fig. 2(c)).

The highest improvement in radiation resistance is found in

the G/MoSe2/G case: in Figure 2(d), it can be seen that the

vacancy concentration remains unchanged after a dose which

destroyed the free–standing MoSe2, although the migration

of vacancies is also taking place in this configuration.

For determining the vacancy production cross sections

for each heterostructure, frames from the beginning of the

image sequence and at a maximum vacancy concentration

of approximately 7% were compared, and the total number

of new vacancies was directly counted. Due to the stacked

structure of Mo atoms between Se in a monolayer, only Se

vacancies are produced by the electron beam. As the electron

dose between these frames is known, the probability of creat-

ing a vacancy per electron impact (i.e., the cross section r)

can be calculated by DV=ðN/Þ, where DV is the number of

new vacancies, N the total number of Se sites within the ana-

lyzed area, and / the electron dose in e/nm2.

Quantification of the damage rates is summarized in

Table I, and the numbers agree with the previous visual

assessment. The cross sections for the MoSe2, G/MoSe2,

MoSe2/G, and G/MoSe2/G configurations are determined to

be 4.1(4) b, 1.5(2) b, 0.44(4) b, and 0.011(4) b, respectively,

where b stands for barn (10�38 m2) and the number in paren-

thesis is the confidence interval of the last digits. In earlier

studies, a damage cross section of 3.9 b for free-standing

MoSe2 (Ref. 10) was found, which is in good agreement

with our value. Compared to the free-standing case, the

damage resistance is increased by the factors of 2.7, 9.3

and �400 for the G/MoSe2, MoSe2/G, and G/MoSe2/G,

FIG. 1. (a) An optical microscopy image from a Quantifoil Au–grid with a G/MoSe2/G sandwich. The different layers are enlarged in the inset and framed

with colors, where the red and yellow flakes are graphene and the green one is MoSe2. The scale bar corresponds to 50 lm. (b) An electron diffraction pattern

of G/MoSe2/G with the MoSe2 peaks at 3.5 nm�1 and graphene peaks at 4.7 nm�1. The neighbouring graphene peaks correspond to two graphene layers, which

are in slightly different orientations. (c) A 80 kV AC–HRTEM image of G/MoSe2 (left area) and G/MoSe2/G (right area) after a total electron dose of

3.1� 109 e/nm2. It is striking that the left area with the G/MoSe2 configuration is highly damaged, while the right area is still in a good condition. The scale bar

corresponds to 3 nm.
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respectively. Damage in the graphene layers was not evalu-

ated, but earlier studies have shown graphene to be stable

under an electron beam of 80 keV.9

Assuming that only the knock-on process depends on the

direction of the electron beam, the knock-on cross section can

be calculated as the difference between the two cross sections,

yielding 1.0(2) b. This accounts for 24% of the total vacancy

production cross section in the free-standing case.

The inelastic contribution can be estimated by assuming

that already coating a single side of MoSe2 with graphene

suppresses this damage channel due to the quick dissipation

of heat, charge, and electronic excitations by the graphene

layer. The difference between the cross sections for the

MoSe2 and G/MoSe2 cases yields 2.6(5) as the inelastic cross

section, accounting for 63% of the total damage production.

Taking into account that 24% of the damage is produced

by knock-on damage, 63% by heat, charge and/or electronic

excitations, then 13% of the damage has to be produced by

other mechanisms, such as chemical etching and further ioni-

zation effects.

The estimated significant contribution of knock-on dam-

age brings the earlier conclusions14 into question, as the the-

oretical prediction would indicate no knock-on damage.6

Here, two possible explanations for this discrepancy can be

offered.

First, one has to ask whether the methodology employed

here is solid. More precisely, does the difference between

the G/MoSe2 and MoSe2/G cases really give the knock-on

cross section? As there is no other method available for iso-

lating the knock-on contribution, the correctness of the

method cannot be externally evaluated.

The alternative interpretation would indicate a marked

shortcoming of the damage model, where the damage mecha-

nisms are simply divided into the elastic and inelastic contri-

butions. For example, a process where knock-on thresholds

are influenced by inelastic scattering events prior to an elec-

tron impact could play a significant role.

Two things can, however, be concluded from the experi-

ment. First, there is a directional dependence in the damage

process, based on the difference between the G/MoSe2 and

MoSe2/G cases, even if the exact damage mechanism cannot

be determined. The damage rate is more strongly influenced

when the exit surface of the sample is covered with gra-

phene, which implicates faster damage rates on the exit sur-

face. As the direction of the electron beam is the only

TABLE I. Quantitative results for the four different heterostructure configu-

rations. N is the total number of the selenium atoms in the investigated area

and V is the number of the produced vacancies after a dose /. The damage–

cross–section r, which describes the vacancy production probability, is

determined with DV=ðN/Þ. For the confidence intervals, we took
ffiffiffiffi

N
p

for N,
ffiffiffiffi

V
p

for V, and 1% for the electron dose that were assumed. The values for

the damage–cross–section of MoS2 were reproduced with permission from

Appl. Phys. Lett. 103, 203107 (2013). Copyright 2013 AIP Publishing LLC.

Configuration N DV /ðe=nm2Þ r(b) r(b) for MoS2

MoSe2 4305 133 7.5� 107 4.1 (4) 4.5 (4)

G/MoSe2 4032 87 1.4� 108 1.5 (2) 1.5 (2)

MoSe2/G 4799 114 5.4� 108 0.44 (5) 0.48 (4)

G/MoSe2/G 2908 8 2.7� 109 0.011 (4) 0.008 (3)

FIG. 2. Comparison of the damage rate on TMDs under the electron beam for different heterostructure configurations. The initial HRTEM image and an image

after a dose of / ¼ 7:7� 108 e�=nm2 are shown. (a) Free–standing MoSe2. (b) MoSe2 with a protection layer of graphene on the entry surface of the electron

beam (G/MoSe2). (c) MoSe2 with graphene on the exit surface (MoSe2/G). (d) A sandwich where MoSe2 was coated with graphene from both sides (G/MoSe2/

G). The HRTEM images (a)–(d) show an increase in resistance against radiation damage going from free–standing to the G/MoSe2/G heterostructure. The

scale bar corresponds to 1 nm. The frames were numerically corrected for residual A2 astigmatism in the order of 100 nm.20
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difference between the surfaces, the directional dependence

is clear.

The second conclusion, related to a comparison to the

earlier MoS2 results (given in the last column of Table I

(Ref. 14)), is that the mass of the chalcogen atom does not

seem to play a large role in the damage rates. Once again,

the more than two-fold difference between the masses of S

and Se allow one to expect a marked difference in the elastic

damage. As the difference between the cross sections for

MoS2 and MoSe2 is small or non-existent, taking the confi-

dence intervals into account, one could conclude that the

damage occurs via the inelastic route. However, no clear

explanation for the directional dependence within the inelas-

tic damage processes can be found here, which in turn would

imply a contribution from elastic collisions between the elec-

trons and the atoms. Expanding on the earlier suggestion of a

two-step process, where inelastic processes first lower

locally the knock-on threshold, after which another electron

displaces the atom, it can be conjectured that if the threshold

becomes low enough, the knock-on cross-section becomes

very high, meaning that the first inelastic step would become

the rate limiting process, removing the mass dependence of

the rate.

Electron beam–induced damage mechanisms were stud-

ied in single–layer 2D MoSe2 in an aberration-corrected

high-resolution transmission electron microscope operated at

80 kV. The approach of the study was to construct different

graphene-MoSe2 heterostructures, which allow the control

over different damage mechanisms under the electron beam,

similar to what was done earlier with MoS2.14 A significant

contribution from the elastic (knock-on) damage was found,

which is a surprising result, as the high mass of the Se atoms

is expected to suppress the knock-on damage process at

80 kV.6 Comparing to the earlier results on MoS2, it was

observed that the mass of the chalcogen atom does not influ-

ence the damage rates. However, a directional dependence

of the damage process was found. Our explanation for the

results presented here is a two-step process, where first an

inelastic event significantly lowers locally the knock-on

threshold, after which a second electron displaces the atom

via an elastic collision. These results make the need for fur-

ther studies on the damage mechanisms clear, like the devel-

opment of an external test for the method employed here to

separating the damage mechanisms.
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ABSTRACT: Production of defects under electron irradiation in a transmission
electron microscope (TEM) due to inelastic effects has been reported for various
materials, but the microscopic mechanism of damage development in periodic solids
through this channel is not fully understood. We employ non-adiabatic Ehrenfest,
along with constrained density functional theory molecular dynamics, and simulate
defect production in two-dimensional MoS2 under electron beam. We show that when
excitations are present in the electronic system, formation of vacancies through
ballistic energy transfer is possible at electron energies which are much lower than the
knock-on threshold for the ground state. We further carry out TEM experiments on
single layers of MoS2 at electron voltages in the range of 20−80 kV and demonstrate
that indeed there is an additional channel for defect production. The mechanism
involving a combination of the knock-on damage and electronic excitations we
propose is relevant to other bulk and nanostructured semiconducting materials.

KEYWORDS: Two-dimensional materials, transition-metal dichalcogenides, high-resolution transmission electron microscopy, defects

The particle-wave dualism, as postulated by de Broglie,1 is
one of the fundamental concepts in physics directly

relevant to transmission electron microscopy (TEM). The
formation of the TEM image can be understood in terms of
the interference of electrons which passed through a thin
specimen, while momentum transfer to its atoms and electrons
from the impinging high-energy electrons is most intuitively
described in the particle picture. The latter process can give
rise to defect production in the specimen and normally needs
to be avoided to get the information about its atomic structure
without modifying or even destroying it completely. The
solution to this problem requires a detailed understanding of
the damage formation by high-energy electrons. Three
mechanisms (see refs 2−5 for an overview) can contribute
to the defect production: (i) the knock-on damage6,7 due to
elastic electron scattering and direct momentum transfer from
the electron to a target atom, (ii) damage due to inelastic
electron scattering and energy transfer to the electronic system
of the semiconducting and insulating target material leading to
electronic excitation and electrostatic charging6,8 (radiolysis),
and (iii) beam-induced chemical etching.9,10 The first channel
normally dominates at high electron voltages, but it is expected
to be inactive at voltages below a certain value, the so-called
knock-on threshold Uth, as the electron is not able to transfer
enough kinetic energy to the recoil atom and displace it. Thus,
avoiding knock-on damage has been the driving force behind
decreasing the voltage at which a TEM operates,11,12 especially
after the development of aberration correctors.12−16

The emergence of two-dimensional (2D) materials17

attracted additional attention to the damage problem, as
many of these systems proved to be radiation-sensitive
materials.2,18 At the same time, their very geometry, which
enables one to identify single atoms, made it possible to
quantify the damage at different voltages by directly counting
missing atoms9,19 and imaging the development of the damage
in the specimen with atomic resolution.20−23 Nevertheless, the
defect production channels mentioned above are difficult to
differentiate,2 and the role of electronic excitations is not well
understood. Currently, there is no quantitative microscopic
theory describing the relation between the amount of energy
deposited in the specimen through electronic excitations and
damage creation in periodic solids. The lifetime of a core hole
in inorganic 2D materials (of the order of a few fs)2,24 is too
short as compared to the time required to break a bond by
displacing an atom (∼102 fs) so that core holes alone can
hardly give rise to damage formation. The core hole can be
converted to valence electron excitation through Auger
processes with a much longer lifetime (∼106 fs)2 in
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semiconducting and insulating materials, but the simplistic
picture that excited electrons in materials in antibonding states
cause the bonds to break is misleading for crystalline materials
under electron beam in the TEM, as very few electrons are
excited (the deposited energy is many orders of magnitude
smaller than that under laser irradiation when it gives rise to
structural changes in inorganic 2D materials, see Supporting
Information (SI) for the estimates), and, contrary to
amorphous materials, isolated molecules, or bulk molecular
crystals, there is no physical reason why the excitation should
be localized on a particular bond. At the same time, numerous
experiments indicate that defects are produced in inorganic 2D
materials at voltages (e.g., 60 kV)20,21 well below Uth ∼ 80
kV.7,25

Here, using first-principles simulations, we study the
production of defects in 2D MoS2 at voltages below Uth and
suggest a mechanism which can be responsible production.
Specifically, we show that when the electronic system of the
specimen is in the excited state, the excitation can localize on
the emerging defect, which gives rise to the substantial drop in
the displacement threshold energy, so that formation of
vacancies at electron voltages well below Uth is possible. We
further carry out TEM experiments where we directly assess
the amount of damage created by the beam experimental data.
To assess the combined effect of electronic excitations and

ballistic energy transfer from the impinging electrons to the
recoil atoms, we carried out atomistic density functional theory
(DFT) simulations. We used several computational ap-
proaches. Specifically, we employed the non-adiabatic Ehren-
fest dynamics (ED) based on time-dependent DFT as
implemented in the GPAW code.26 Although ED, as a mean-
field approach, in which the nuclei evolve in an effective time-
dependent electronic potential in a state mixture, has several
shortcomings,27 it has provided lots of insight into fast
processes in solids, for example, stopping of energetic particles
in materials28−30 or excitation-mediated diffusion.31

In the second set of simulations, we assessed the
displacement threshold Td, that is the minimum kinetic energy
which must be assigned to the recoil atom to displace it
without immediate recombination with the vacancy, in the
presence of excitations using constrained DFT molecular
dynamic (c-DFT MD) simulations with the PBE exchange−
correlation functional32 and the projector augmented wave
(PAW) formalism33 as implemented in the VASP code.34,35

Here the excitation was modeled by keeping the occupancies
of the states at valence band maximum (VBM) and conduction
band minimum (CBM) fixed. The details of simulations are
given in SI.
We started by carrying out ED simulations of a 40 keV

electron impinging on 2D MoS2, see Figure 1. The electron in
these simulations was modeled as a classical point particle with
the mass of an electron, negative charge, and the interaction
with the electron/nuclei described by a modified hydrogen
PAW potential. The details are given in SI. This approximation
is justified by the small (∼10−2 Å) de Broglie wavelength of the
energetic electrons in the TEM, and it is close to the approach
where the energetic electron is approximated as a point source
electric field impulse.36,37 We stress that such an approx-
imation cannot be used to model electron scattering or
formation of the TEM images. The simulations indicate that
the electron transfers a part of its kinetic energy to the
electronic system of the target and leaves the system in a state
mixture comprising a valence band excitation. The excitation is

initially localized (Figure 1b), but it is spread over the whole
system after a few fs. The energy deposition is rather small in
this approach, as the PAW potential is too “soft” at small
distances from the particle.
In order to investigate the time evolution of the excitation

further and also account for a stronger perturbation of the
electronic system by the electron impact, a separate set of ED
simulations was performed. Exactly one electron was excited
into the CBM with a localization length of about 1 Å (Figure
1c). Further details can be found in SI. The charge density
difference for the excited state Δρ*(t) = ρ*(t) − ρ0(t), where
ρ* and ρ0 are the charge densities of the excited state and the
ground state for a given atom configuration, respectively, was
evaluated as a function of time t. The evolution of Δρ*(t)
initially centered at a sulfur atom shows that the excitation will
spread over the pristine lattice on a fs time-scale (Figure 1d),
similar to what was observed in the first simulation setup. This
confirms that in the pristine system, there is no physical reason
why the excited electron should be localized on a particular
bond when all the atoms are equivalent.
The behavior of the system is, however, completely different

when the translation symmetry is broken, for example, by an
emerging defect. Physically, this is the situation when an
electron ballistically transfers some energy to the recoil atom
and, at the same time, gives rise to electronic excitation (or the
excitation pre-existed in the system), as schematically shown in
Figure 2a. As we demonstrated previously, the delocalization
time of the excitation is very short, so that it is not important
for the evolution of the atomic system if the excitation was
initially localized on the recoil atom or a few Å away. To
address this, we carried out another set of simulations, where a
delocalized electronic excitation was created, and, at the same
time, kinetic energy of 7.0 eV was assigned to one of S atoms.
The evolution of Δρ*(t) in Figure 2b shows the localization of

Figure 1. ED simulations of a high-energy electron impact into a
MoS2 sheet. The electron is modeled as a classical particle with a
precisely defined trajectory, which can give rise to electronic
excitations in the target material, as schematically illustrated in (a).
(b) The spatial extent of the electronic excitation created in the
system immediately after the impact. (c) Simulations where exactly
one electron is excited with the excitation initially being localized on a
sulfur atom. (d) The spatial extent of the excitation after 1.6 fs as
described within the framework of ED.
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the excitation at the emerging vacancy site. The charge density
difference can be analyzed in more detail by calculating the
generalized inverse participation ratio (GIPR)38 for Δρ*
defined as

t r t V VGIPR( ) ( , ) d / d2
2

∫ ∫ρ ρ= |Δ * ⃗ | |Δ *|
Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ (1)

As evident from Figure 2c, localization of Δρ* is substantial
after 10 fs, when the recoil S atom is displaced by more than
0.6 Å. A decrease in the energy difference ΔE* = E* − E0,
where E* and E0 are the excited- and ground-state energies, is
related to the displacement of the atom, accompanied by the
appearance of a defect state in the band gap of the material as
the S atom moves out-of-plane. This is confirmed by static
calculations of the density of states at different times during the
displacement process shown in Figure 2d. As ED simulations
are computationally too expensive to calculate Td, we used c-
DFT MD to assess it. The initial kinetic energy was varied in
order to find Td. An atom in the simulations was considered to
be displaced when it moved at least 4.5 Å from its initial
position and it has a velocity component still pointing away
from the MoS2 sheet. Additionally, it was checked that the
average force on the recoil atom is below 0.01 eV/Å. This
situation is typically achieved for simulation times of about
400−600 fs (time step 0.2 fs). The conditions imposed on the
recoil atom ensure that it will not come immediately back and
fill the defect site.
The results are summarized in Table 1. For nonspin-

polarized calculations, Td for the ground state was found to be
7.1 eV in agreement with previous calculations.7 We also
repeated calculations with account for spin-polarization and
expectedly received lower values for Td (by spin-polarization
energy of an isolated atom). We stress, though, that the

ground-state DFT MD cannot adequately describe the
dynamics of the system associated with a spin flip, so that
we list both non- and spin-polarized values. Table 1 also gives
Td when a core hole with an infinite lifetime is present at the
recoil S atom. The details of simulations are given in SI. Td also
dramatically decreases, but as the actual lifetime of core holes
is very short, just a few fs, as discussed above, this process
cannot govern defect production, although it may still
contribute to the creation of defects at the early stages of
duamage development, effectively lowering Td.
In the same simulation setup, we found a pronounced drop

in the threshold to 4.8 eV, when one electron was in the
excited state. Td decreases further to 3.5 eV for the double
excitation. This illustrates that initially delocalized electronic
excitations localize on the incipient vacancy and have a
dramatic effect on the behavior of the system when kinetic
energy is transferred to one of the atoms.
Since displacement cross section data are available mostly

for high (above 60 kV) voltages,7,39 we performed measure-
ments of this quantity by directly analyzing high-resolution
(HR)TEM images of MoS2 sheet obtained at voltages below
Uth. Figure 3a presents Cc/Cs-corrected HRTEM images of

Figure 2. (a) Sketch of the initial simulation ED setup with a delocalized excitation, which localizes at the incipient vacancy when initial kinetic
energy is assigned to the recoil S atom. (b) Evolution of the excitation in MoS2 sheet, side and top views, which localizes at the emerging vacancy,
as quantified in panel (c), that also shows the change in the energy of the recoil atom. excitation energy. (d) The static electronic structure of MoS2
sheet with emerging S vacancy for several positions of the recoil atom with d being its displacement from the original position, as calculated by c-
DFT. The occupied defect state localized at the vacancy splits off from the CBM.

Table 1. Displacement Thresholds Td and Corresponding
(Static) Electron Voltage Uth for S Atom in 2D MoS2
without and with Account for Spin-Polarization

nonspin-polarized spin-polarized

Td (eV) Uth (kV) Td (eV) Uth (kV)

ground state 7.1 95.4 6.5 87.9
1× excited e− 5.3 72.7 4.8 66.2
2× excited e− 3.75 52.4 3.5 49.1
core hole 2.4 34.1
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single-layer MoS2 obtained at 20 kV before and after exposure
to the total dose of 1.5 × 107 electrons/nm2. The HRTEM
images were aqcuired with a dose rate of 6.7 × 105 electrons/
(nm2s). Similar images obtained at other voltages (20, 30, 40,
60, and 80 kV) are shown in SI. For easier identification of the
vacancies, the images were Fourier filtered to remove the MoS2
lattice. The insets in the panels show such images (solid
frames) from the dashed framed areas. It is evident from the
TEM images that vacancy concentration increases over time.
For quantitative evaluation, the displacement cross-section σ
was determined as ΔV/(Nϕ). ΔV is the number of produced
vacancies after an accumulated dose ϕ in an area with N sulfur
atoms. Values for ΔV are also given in SI.
The experimental values of σ are summarized in Figure 3b. A

notable feature is a smaller value of σ at 20 keV as compared to
that at higher energies, which indicates that there is a channel
for defect production with threshold energy well below the
ground-state Td. Neither the excitations alone nor chemical
etching (associated predominantly with the creation of reactive
species by removing H atoms from water molecules) can be

responsible for damage production at low voltages, as the
effectiveness of both processes monotonously decreases with
voltage. We stress that σ increases fast at voltages above 80 kV,
and it is of the order of 102 barn at 200 kV.39

The McKinley−Feshbach formalism40 with account for
thermal vibrations9 allows to evaluate σ using the calculated Td
and compare it to the experimental values. The total cross
section σtot(E) will be a sum of the two needed cross sections
which include knock-on events for the ground σ(E,Td

gs) and
excited σ(E,Td

exc) states:

E E T E T E( ) ( , ) ( , ) ( )d d
tot gs exc

inel
Betheσ σ σ χ= + × (2)

with the latter being scaled by the probability χinel
Bethe(E) ∼ 1/

E,41,42 to excite target electrons as a function of impinging
electron energy E, see SI for detail.
Figure 3b shows σ for the valence band excitations (Td

exc =
3.5 eV, red curve) and the ground state (Td

gs = 6.5 eV, blue),
along with χinel

Bethe(E). The values of Td are taken from Table 1.
As χinel

Bethe decreases with E, one can expect that σtot(E) can
qualitatively describe the trends in the experimental observa-
tions. However, as evident from the dashed curves in Figure
3b, the decrease in the radiolysis cross section is not fast
enough to provide a minimum on the total cross section curve.
For the quantitative agreement, Td

exc should be lower than the
calculated value, with the best fit yielding Td

exc = 1.5 eV, yellow
solid line. The lowering of the effective displacement threshold
may be related to the contribution from core holes at the initial
stages of damage development or multielectron excitations.
The excitation can hypothetically be created by not only that

same electron which displaces the atom but also by another
electron. The lifetime of an excitation in a MoS2 is about 1
ps,43,44 order of magnitude as the average time between two
consecutive impacts of electrons into an area with dimensions
of about 10 × 10 nm2 for the high current densities of 105−106
A/cm2. This is considerably higher than what can be achieved
in our experimental setup, but in thicker specimens (the
probability to excite electrons should be proportional to the
thickness of the target) with a long excitation lifetime, a two-
electron process may be possible: An electron creates an
excitation which is delocalized in the system and persists long
enough for another electron to hit a nearby region and move
the recoil atom from its position in the pristine lattice. The
breakup of the translational symmetry, in turn, leads to the
localization of the excitation at the emerging vacancy site,
lowering the binding energy and therefore the displacement
threshold. This indicates that the defect production rate (per
number of impinging electron) should be higher at high beam
currents, which has indeed been found in the experiments on
the inorganic materials3 for which radiolysis is the main
channel for defect production.
To sum up, using non-adiabatic ED combined with TD-

DFT, along with constrained DFT MD, we showed that
formation of vacancies in a single sheet of MoS2 is possible at
electron voltages well below the knock-on threshold due to the
combined effect of electronic excitations and knock-on
damage. We demonstrated that when a delocalized electronic
excitation exists in a semiconducting material, it can localize on
the emerging defect, for example, incipient vacancy at the
position of the recoil atom created by ballistic energy transfer
from the impinging energetic electron, weakening the local
chemical bonds. This leads to another channel for defect
production with a much lower threshold energy. The results of

Figure 3. (a) Cc/Cs-corrected HRTEM images of single-layer MoS2
before and after exposure to the total dose of 1.5 × 107 electrons/nm2

at an acceleration voltage of 20 kV. During irradiation, S vacancies
appear. Fourier-filtered images from the red dashed framed area are
given in the insets (solid frames). As an example, a vacancy in each
filtered and raw image is marked by a cyan circle. ΔV gives the
number of the produced vacancies. (b) The experimental (squares)
and theoretical (curves) displacement cross sections σ of S atoms in
MoS2, as calculated within the framework of the McKinley−Feshbach
formalism with account for thermal vibrations and with different
values of displacement threshold Td, corresponding to the ground and
excited states. The decrease in the excitation probability with
increasing electron energy is accounted for within the framework of
the Bethe theory. The total cross section with a Td = 1.5 eV, which
matches the experimental data reasonably well, is also shown.
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our TEM experiments on single-layer MoS2 sheets at electron
voltages in the range of 20−80 kV are consistent with that
picture. The mechanism we propose is relevant to other
semiconducting materials and, in addition to beam-induced
chemical etching, can be responsible for damage production in
a wide range of materials at low electron voltages.
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I. METHODS

A. Computational methods

Quasi-classical electron impact simulations:

Ehrenfest dynamics simulations based on the time-dependent density functional theory

of a negative point particle impinging with 40 keV energy on 2D MoS2 were carried out

using the GPAW code. The charge of the projectile was set to -1, and its mass was set to

1/1836 amu, which corresponds to the mass of the electron. The PAW data set was modified

taking the hydrogen dataset as a template, as detailed below. As the complete removal of

the original valence state of hydrogen is not possible for technical reasons, the corresponding

eigenvalue was moved up to the vacuum level. The simulations show no electron density

around the particle.

The header of the modified setup file reads:

<?xml version="1.0"?>

<paw_setup version="0.6">

<!-- Hydrogen setup for the Projector Augmented Wave method. -->

<!-- Units: Hartree and Bohr radii. -->

<atom symbol="e" Z="-1" core="0.0" valence="0"/>

<xc_functional type="GGA" name="PBE"/>

<generator type="scalar-relativistic" name="gpaw-0.4.2039">

Frozen core: none

</generator>

<ae_energy kinetic="0.000000" xc="0.000000"

electrostatic="0.000000" total="0.000000"/>

<core_energy kinetic="0.000000"/>

<valence_states>

<state n="1" l="0" f="0" rc="0.900" e="-0.00002" id="H-1s"/>

<state l="0" rc="0.900" e="-0.00001" id="H-s1"/>

<state l="1" rc="0.900" e=" 0.00000" id="H-p1"/>

</valence_states>

The sulfur PAW dataset still limited the simulation to impact parameters larger than
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0.4 Å. The initial system was carefully relaxed using the maximum force criterion set to

0.001 eV/Å and 0.15 Å grid spacing. The time-dependent density functional calculations

are performed on a coarser grid with a 0.25 Å spacing. A 4×4 unit cell was used for all

calculations together with a gamma point centered 3×3 kpoint sampling according to the

Monkhorst Pack grid. For the electron impact simulation, a time step of 0.05 attoseconds

is chosen.

Excited state evolution:

The system was prepared in an excited state by placing electrons in a conduction band

molecular orbital localized at a particular sulfur site. For that we made use of the dscf

routines as implemented in GPAW (version 1.1.0). For the ”weights” keyword the index of

the corresponding sulfur atom (here: 35) together with the weights of the projector functions

(here: all) are specified. Additionally the excitation is then restricted to an energy window

of 1 eV to simulate an excitation in the conduction band. Technically, this results in:

from gpaw import GPAW

from gpaw import dscf

calc = GPAW(...) # ground state calculation

exc = dscf.MolecularOrbital(calc, weights={35: [1,1,1,1,1]}, Estart=0.0, Eend=1.0)

dscf.dscf_calculation(calc_es, [[1.0, exc, 0]], atoms)

The evolution of the charge density was studied using Ehrenfest dynamics simulations. The

accuracy settings are the same as in the electron impact ED calculation. The time step was

adjusted to 5 attoseconds as a compromise between accuracy and simulation (wall) time.

10,000 time steps are performed corresponding to a simulation time of 50 fs.

Atom displacement in excited MoS2:

Ehrenfest molecular dynamics simulations based on time-dependent density functional

theory were carried out using the GPAW code to demonstrate the long-living excitation

and its localization under the displacement of the sulfur atom. The system was initially

prepared in a delocalized valence-conduction band excited state. Then, the velocity of the

sulfur atom is set to a value corresponding to the kinetic energy value transferred to it

from the impinging electron. The evolution of the charge density of this excited system was

calculated for 30 fs with a time step of 5 as.

Displacement threshold calculations:
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For the systematic determination of the displacement threshold under different conditions

(core hole, excited state) ab initio Born-Oppenheimer molecular dynamics simulations were

performed as implemented in the VASP code. An atom in the simulations was considered

to be displaced when it moved at least 4.5Å from its initial position and it has a velocity

component still pointing away from the MoS2 sheet. Additionally, it was checked that the

average force on the recoil atom is below 0.01 eV/Å. This situation is typically achieved for

simulation times of about 400 fs to 600 fs (time step 0.2 fs). The conditions imposed on the

recoil atom assure that it will not come immediately back and fill the defect site.

The excited state in these displacement simulations was modeled by fixing the occupation

number and performing constrained DFT cycles within the ab initio MD simulation. The

time step in these MD simulation run was set to 0.2 fs.

Core hole excitations: MD simulations accounting for a core hole excitation were carried

using the VASP code. Core hole excitations of the recoil atom were modeled by removing a

2p electron from the core of the “kicked” sulfur atom. The system was kept neutral by adding

one electron to the system (to the conduction band in the pristine system). The system size

and all other settings were the same as in the constrained DFT Born-Oppenheimer molecular

dynamics simulations described above.

B. Experimental methods

Sample preparation: Molybdenum disulfate was exfoliated on silicon dioxide substrates

with a thickness of 90 nm. With an optical light microscope and contrast, measurements

were identified [1]. Afterward, an Au Quantifoil TEM grid R 1.2/1.3 was placed on top of

the monolayer and brought into contact by evaporation of a drop isopropyl alcohol between

monolayer and grid. A solution of potassium hydroxide (KOH) was used to etch the SiO2

surface to release the TEM grid with the monolayer. Residues of the preparation process

are removed with double distilled water.

TEM imaging conditions: All TEM images were acquired with the Cc/Cs-corrected Sub-

Angstrom Low-Voltage Electron microscopy (SALVE) instrument which provides atomic

resolution from 80 keV down to electron energies of 20 keV [2]. The Cc and Cs values were
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corrected to be in the range of -10 to -20 µm. Typical dose rates in the experiments were

in the range of 105 e-/nm2. High-resolution images were recorded on a 2k x 2k GIF camera

with exposure times of 1 s.

II. DAMAGE ACCUMULATION IN A SINGLE LAYER OF MOS2 FROM THE

ANALYSIS OF TRANSMISSION ELECTRON MICROSCOPY IMAGES

Acceleration

voltage [kV]
N ∆V φ [107 e-/nm2] σ [barn]

80 13474 281 3.9 5.3(4)

60 13818 282 4.2 4.9(4)

40 14781 227 1.7 9(1)

30 30947 604 1.7 11.6(5)

20 27309 503 2.7 6.7(5)

TABLE I. Quantitative results for the damage-cross sections σ for the different acceleration volt-

ages. N gives the number of sulfur atoms in the analysed area, ∆V is the number of the produced

vacancies after a dose φ. The values in the parenthesis give the confidence intervals and were taken

as
√
N for N ,

√
V for V and 1% for the accumulated electron dose.

III. DETAILED EXPLANATION OF THE DISPLACEMENT CROSS SECTION

CALCULATION

Figure 3 b) displays the comparison of the experimental data obtained in TEM and

the displacement cross sections calculated from displacement thresholds determined in the

first-principles calculations. The TEM data is plotted with the values and uncertainties

summarized in Table 1 for different electron energies E (grey squares). The ground state

displacement cross section (blue solid line) for displacement threshold Td = 6.5 eV is com-

puted according to McKinley-Feshbach formula [3]

σel(E, Td) = π

(
Ze2

mec2

)2
1− β2

β4

{
(ξ − 1)− β2 ln ξ + παβ

[
2(
√
ξ − 1)− ln ξ

]}
, (1)
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3 nm

(a) 80 kV

(b) 60 kV

(c) 40 kV

(d) 30 kV

(e) 20 kV

ϕ
 =

 1
.5

 x
 1

0
7  e

- /n
m

2

ΔV = 7

ΔV = 13

ΔV = 11

ΔV = 5

ΔV = 3

FIG. 1. Cc/Cs-corrected HRTEM images of two-dimensional MoS2 before and after exposure

(left/right panels) to the total dose of 1.5 107 electrons/nm2 at various acceleration voltages. The

images for (a) 80 kV, (b) 60 kV, (c) 40 kV are acquired in bright atom and for (d) 30 kV and

(e) 20 kV in dark atom contrast. During irradiation, S vacancies appear. Fourier-filtered images

from the red dashed framed area are given in the insets (solid frames). As an example, a vacancy

in each filtered and raw image is marked by a cyan circle. ∆V gives the number of the produced

vacancies. Scale bars are the same in all images .
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where β = v(E)/c, α = Z/137 with the atomic number Z of the target atom and ξ =

Tm(E)/Td with the maximum transferrable energy Tm(E). The displacement cross section

is averaged over the out-of-plane velocity distribution [4] to account for thermal vibrations

of the target atoms within the Debye model (Debye temperature MoS2 θDebye = 262.3 K, ref.

[5]). The displacement cross section determined within the same procedure for the excited

state (Td = 3.5 eV) is shown in red. In order to establish a comparison to a competing

mechanism, the radiolysis cross section as determined by Susi et.al. is shown. Radiolysis

by electronic excitation, however, cannot explain the interplay of knock-on damage and

electronic excitation and the localization of the latter at a particular bond nor can it account

for the drop of the displacement threshold at 20 keV with decreasing electron energy. The

displacement cross section for lower displacement threshold (Td = 1.5 eV) combined with

the inelastic cross section according to Bethe theory [6] yield a better agreement and can

account for this drop. The total displacement cross section as the sum of both contributions

without and with account for electronic excitations is displayed in orange. The excitation

probability determined by the inelastic cross section within Bethe theory is given by

χBethe
inel (E;E) =

8πa20Z
2

β2

ER

γmec2

[
ln

(
2γmec

2β2

E

)
− ln

(
1− β2

)
− β2

]
× ζ, (2)

where a0 is the Bohr radius, ER = 13.6 eV the Rydberg energy, and γ = 1/
√

1− β2 denotes

the Lorentz factor. The unknown parameter E, which quantifies the average energy transfer

of the impinging electron to the electronic system of the target, can be estimated by a fit to

the sulfur ionization cross section [7] as E = 79.4 eV. The magnitude of the inelastic cross

section is summarized with the efficiency of the process to the parameter ζ. The contribution

of electronic excitations to the displacement cross section is than determined as

σes(E) = σel(E, T
es
d )× χBethe

inel (E,E). (3)

with ζ = 1.8 · 10−11 for Td = 1.5 eV.

IV. ENERGY DEPOSITION COMPARISON ELECTRON VS. LASER IRRADI-

ATION

To show that energy deposition under TEM imaging conditions is much smaller than

in the typical experiments when TMDs are subjected to laser irradiation and when struc-
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tural changes in the sample are observed, we present here the relevant order-of-magnitude

estimates.

The deposited power W in the TEM experiments can be defined as:

W = I · ninel · 〈E〉, (4)

where I is the total beam current (I = 6 · 1010 e−/sec in our experiments), ninel is the

percentage of non-elastically scattered electrons (ninel ∼ 10−2), and 〈E〉 is the average energy

loss (12 – 15 eV). In our experimental conditions W is of the order of 10−9 W. At the same

time, typical laser power (when the structure of the sample is changed) is at least 7 orders

of magnitude higher (tens of mW) [8, 9].

It is also possible to estimate the energy deposition per area:

w = j · ninel · 〈E〉, (5)

where j is the beam current density (j = 105 e−/nm2sec in our experiments), w ∼ 10−15

W/nm2. At the same time, assuming Wlaser ∼ 10−2 W and typical area of the spot of about

1 µm2, energy deposition per area would be wlaser ∼ 10−8 W/nm2. Although it is assumed

here that all energy is absorbed, the difference is also 7 orders of magnitude.

Another way to compare energy deposition is to look at the temperature raise under typ-

ical laser irradiation conditions and under electron beam in the TEM. It has been demon-

strated [10] that in graphitic atomically thin samples temperature raise due to the electron

beam is about 10−3 K. At the same time, laser irradiation has routinely been used for an-

nealing of MoS2 samples [9] or inducing phase transition in other dichalcogenides, MoTe2

[8]. In these experiments, temperature raised up to 700 K. The difference is nearly 6 orders

of magnitude, so that even if we assume that the energy deposited by the electron beam is

sufficient to raise temperature by about 1K, this would still be much lower than what occurs

under laser irradiation.
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ABSTRACT: The 40 kV high-resolution transmission electron
microscopy (TEM) experiments are performed to understand
defect formation and evolution of their atomic structure in
single-layer 2H MoTe2 under electron beam irradiation. We
show that Te vacancies can agglomerate either in single Te
vacancy lines or in extended defects composed of column Te
vacancies, including rotational trefoil-like defects, with some of
them being never reported before. The formation of inversion
domains with mirror twin boundaries of different types, along
with the islands of the metallic T′ phase was also observed. Our
first-principles calculations provide insights into the energetics
of the transformations as well as the electronic structure of the
system with defects and point out that some of the observed
defects have localized magnetic moments. Our results indicate that various nanoscale structures, including metallic quantum
dots consisting of T′ phase islands and one-dimensional metallic quantum systems such as vacancy lines and mirror twin
boundaries embedded into a semiconducting host material can be realized in single-layer 2H MoTe2, and defect-associated
magnetism can also be added, which may allow prospective control of optical and electronic properties of two-dimensional
materials.

KEYWORDS: defects, 2D MoTe2, transmission electron microscopy, transition metal dichalcogenide, DFT, quantum devices

■ INTRODUCTION

Transition metal dichalcogenides (TMDs) with a general
structural formula MX2, where M stands for a transition metal
(e.g., Mo. W, Re) and X for chalcogen atoms (S, Se, Te) are
layered materials, which can, depending on the constituent
chemical elements, be insulators, semiconductors, metals,
superconductors, or charge density waves.1−4 Single structural
units (sheets) of TMDs can be produced by exfoliation1 or
grown by chemical vapor deposition,5 and these two-
dimensional (2D) systems have been shown5−8 to possess
many interesting properties with numerous implications for
potential applications such as atomic defect based quantum
emitters or spin qubit based quantum wires.9−11 Moreover,
even for the same chemical composition, these compounds
exist in several crystalline phases with drastically different
properties.3,6−8 For example, the hexagonal 2H phase in Mo-
containing TMDs is normally semiconducting, while the
metastable monoclinic (1T′) phase is metallic.
Among TMDs, MoTe2 is one of the most interesting

materials, as the energy difference between its 2H and 1T′
phases is very small (∼31 meV per formula unit),12 and the
transformation from the 2H to 1T phase can be rather easily

induced by electrostatic doping13 or laser processing.14 The
precise control of the atomic structure offers opportunities for
engineering the electronic properties,15 device fabrication,14

and catalysis.16 Moreover, the properties of MoTe2 can further
be tuned by a controllable introduction of defects. Vacancies
were shown14 to facilitate a transition from the H to T phase
and be efficient catalytic centers.16,17 Metal vacancies and
chalcogen-metal antisites were demonstrated to promote
magnetism, thus adding functionalities to this system.18

Agglomeration of defects, either vacancies or Mo inter-
stitials, can give rise to the formation of inversion domains and
associated mirror twin boundaries (MTBs),15,19,20 which can
exhibit very peculiar behavior,21 as one-dimensional metallic
quantum objects confined into a semiconducting matrix.
Inversion domains with MTBs can be formed in 2D TMDs
under electron irradiation in a transmission electron micro-
scope (TEM) utilizing the electron beam both as an imaging
tool and a means to functionalize the material20,22,23 or by
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depositing extra Mo atoms at elevated temperatures.24 As
compared to other TMDs, the formation of a dense network of
inversion domains is particularly easy in MoTe2 due to its
larger unit cell size as compared to other Mo based TMDs,
which makes the interstitial site more accessible for extra
atoms.24

However, in spite of a few theoretical and experimental
works on MoTe2

25−27 and other TMDs,23,27−34 neither the
mechanism of the formation of these defects nor their
evolution under the electron beam is fully understood. The
atomic structure15 of the emerging MTBs appear to depend on
the material and experimental conditions, and electron
irradiation sometimes gives rise to the development of vacancy
lines but not MTBs.23,25,32,33 It is not clear what role point
defects play in MTB formation or how mechanical strain
affects this process. The exact structure and directions
(armchair, zigzag) of the line defects can be quite different,29,32

and the reason for this observation remains elusive, partly
because contrast and resolution are limited in conventional
spherical aberration-corrected TEMs.
Here, we use not only spherical (Cs), but also chromatic

(Cc) aberration-corrected high-resolution (HR) TEM at an
electron acceleration voltage of 40 kV, resulting in increased
resolution and contrast,35−37 to get microscopic insights into
defect appearance and evolution under electron beam in 2D
MoTe2. We combine our Cc/Cs-corrected HRTEM experi-
ments with first-principles calculations carried out within the
framework of the density functional theory (DFT) to
systematically study defect formation, migration, and coa-
lescence. We follow the transformations atom-by-atom and
show that single tellurium vacancies agglomerate either in
short vacancy lines, extended trefoil-like defects, and ultimately
form inversion domains. Our theoretical data on magnetic and
electronic properties of electron-beam modified MoTe2 show
that certain functionalities can be added to the system, such as
quantum dots and quantum wires, through a controllable
introduction of particular defects, which lead to application-
related control of optical, electronic, and magnetic properties
of 2D TMDs.

■ EXPERIMENTAL SECTION
Sample Preparation. Molybdenum ditelluride monolayers were

exfoliated via an adhesive tape on silicon dioxide substrates with
thickness of 90 nm as it is shown in Figure 1, (i) and (ii). With an
optical microscope, monolayers were identified due to contrast
measurements and compared to calculations with the Fresnel
formula,38,39 which yields to a contrast of ∼46% for a monolayer of
MoTe2 on 90 nm SiO2 illuminated with green light. After a monolayer
is located, a Quantifoil TEM grid R 1.2/1.3 is placed with a drop of
isopropyl alcohol on top. Because of the evaporation of the isopropyl
alcohol, the grid comes into contact with the flake (iii). With a drop of
potassium hydroxide (KOH), the SiO2 is etched away and therefore

releases the grid with the MoTe2 flake (iv). Afterward, the residues of
the preparation are removed with double distilled water. Although
some regions in the single-layer MoTe2 are contaminated, there are
still sufficient clean areas for the TEM investigations.

TEM Conditions. The high-resolution TEM images were acquired
at the Cc/Cs-corrected Sub-Angström Low-Voltage Electron micro-
scope (SALVE) at a voltage of 40 kV. Measured values for Cc and Cs
were in the range of −10 μm to −20 μm. The vacuum in the column
of the TEM was in the range of 10−5 Pa. Dose rates in the range of 106

e−/nm2 s were used, and the images were recorded on a 4k × 4k
camera with exposure times of 1 s.

Image Simulations. The image calculation has employed the
following experimental parameters: A focal spread of 0.5 nm, an image
spread of 30 pm, a convergence angle of 0.1 mrad, and a sampling of
0.16 Å/pixel to account for the influence of the CCD camera.
Furthermore, the fifth-order spherical aberration C5 was set to 1.8
mm and the following aberration coefficients were optimized and used
for the image calculation: a defocus of 7.5 nm and third-order
spherical aberration coefficient Cs of −8.2 μm.

Computational Methods. The density functional theory
calculations have been performed based on the generalized gradient
approximation (GGA) with Perdew−Burke−Ernzerhof (PBE)40 for
exchange-correlation function as implemented in VASP code.41 The
atomic structures of MoTe2 monolayers with various defects have
been fully optimized using 10 × 10 supercells. The maximum force
during the optimization was set to be less than 0.01 eV/Å. A plane-
wave basis set with an energy cutoff of 400 eV is used. The Brillouin
zone of the supercells was sampled using 4 × 4 × 1 k-points for
optimization according to the scheme proposed by Monkhorst and
Pack.42 Formation energies of defects have been calculated as Ef = Edef
− (Epristine − μx), where Edef is the energy of the system containing
defect and Epristine is the energies of the pristine system. μx stands for
the chemical potential of the X species, which is taken as the spin-
polarized energy of the isolated atom.

■ RESULTS AND DISCUSSIONS

Figure 2 shows a 40 kV Cc/Cs-corrected high-resolution
(HR)TEM image in bright atom contrast where differences
between the contrast of a single missing Te atom (Te vacancy)
and two missing Te atoms (Te divacancy-column) can be
clearly seen as marked in (a) by the green and blue arrows,
respectively. It should be noted that sub-Ångström resolution
(0.9 Å) is achievable at 40 kV electron accelerating voltage,
and our technique allows a fully atomic position-corrected
image acquisition within a short time scale (∼1 s) over a large
field of view.36 Any ballistic damage should be excluded at 40
kV due to high mass of Te and Mo atoms,43 the maximum
transferrable kinetic energy is 0.72 and 0.95 eV for the Te and
Mo atoms, respectively. This is far below the formation energy
for a Te vacancy (4.87 eV) and Mo vacancy (10.45 eV). We
stress that the displacement thresholds are generally higher
than the formation energies because a part of the deposited
energy can be transferred to the atoms neighboring the recoil
atom, which in addition to that may also need to overcome a

Figure 1. Fabrication process of a freestanding MoTe2 monolayer via exfoliation for TEM investigations.
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potential barrier.43 However, the electron beam is responsible
for vacancy production. Figure S1 in the Supporting
Information (SI) shows the increasing vacancy concentration
from ∼0.17 vacancies/nm2 to ∼0.27 vacancies/nm2 after a
total accumulated dose of ∼1.2 × 109 e−/nm2. The exact
mechanism of defect formation is not known, but it is likely
beam-induced chemical etching44 resulting from the reactive
species, e.g., fragments of water and other molecules present in
the TEM column and thus on the sample surface, is
responsible for the appearance of defects. Further damage
accumulation likely proceeds through the localization of beam-
induced electronic excitations on the existing defects resulting
in the promotion of electrons into antibonding orbitals and
bond-breaking.
As can be seen in Figure 2 a, single Te vacancies and column

Te divacancies occur frequently in the lattice due to the
interaction with the electron beam as shown previously for
other TMDs such as MoS2, MoSe2, and NbSe2.

29−31 The line
scan region in Figure 2c, obtained from the dashed area in (b),

indicates that one missing Te atom produces still a slightly
higher signal than a neighboring Mo atom (the mass is 127.60
u for Te and 95.94 u for Mo), the green diagram in Figure 2c,
and two missing Te atoms on top of each other (column
divacancy) can be identified by the strongly reduced signal in
the corresponding blue line-scan (see the framed area). The
faint signal might result from neighboring Mo atoms, which
slightly fall into with the line scan region. In addition, small
contrast contribution is also a consequence of multiple
scattering of the electron wave within the atomic layers of
single-layer MoTe2. This effect can introduce weak contrast
within the fully stoichiometric rings.45

The appearance of point defects and the migration of Te
atoms in MoTe2 was observed earlier with STEM.26 The
authors reported also rotationally symmetric defects, as well as
line defects such as mirror twin grain boundaries.26 As we show
below, the morphology of defects produced in TEM is
somewhat different from those obtained in the STEM mode.
However, the TEM mode allows fast image acquisition with a
large field of view, thus the dynamics and transformations of
point defects into rotational and extended defects can be
studied in detail. Furthermore, bigger surrounding areas of the
defects can be taken into account for understanding the
electron-beam-induced evolution due to the large field of view,
shown in Figure S1 in the SI.
In Figure 2d,e, structural models determined by DFT

calculations are shown for a single vacancy (d) and a column
divacancy, where two Te atoms on top of each other are
missing (e). The calculated formation energies for a single Te
vacancy and column divacancy are 4.87 and 4.46 eV per Te
atom (in total Ef (Te2) = 8.92 eV). These values are slightly
lower than previously reported as different chemical potentials
(with an account for spin polarization) of isolated atoms were
used in the calculations.43 Although it is energetically more
favorable to have a column divacancy than two single
vacancies, the system is not under equilibrium conditions,
and besides, the defects may be preferentially produced on one
side of the sheet only, which may explain why we see more
single vacancies in our experiments. The formation energy of
Mo vacancies was found to be Ef = 10.45 eV per Mo atom,
which is much higher than for Te. This is in line with the
observations that only Te vacancies and related defects were
present in our samples.
As evident from Figure 3a−c, the formation of more

complicated defects where several atoms are missing, was also
observed. Within the red frames in the lower images, the atoms
are marked with different colors (turquoise for Mo and orange
for Te2), which allows an easier comparison to the schematics
of the transformation process presented in Figure 3d. In Figure
S2 in the SI, image simulations of the of the more complicated
defects are given. We call these structures “extended point
defects”, as they are between truly point defects, like single
vacancies, and extended structures, like linear agglomerations
of vacancies, which can be of infinite length. The formation of
such defects starts with two column Te divacancies. Because of
the migration of two Te atoms, which move into the center of
the structure, a symmetric defect is formed, which we name
tetravacancy I. As a guide for the eye, black dashed lines and
arrows in Figure 3d indicate the distortion and migration of the
atoms, respectively. The faint and slightly blurred contrast of
the Mo atoms surrounding the Te2 atom column in the center
which appears in Figure 3a but not in Figure S2(a) in the SI,
might be caused by vibrating Mo atoms, indicates that the

Figure 2. The 40 kV raw data of Cc/Cs-corrected high-resolution
TEM images of MoTe2 is shown in (a) with different defects in bright
atom contrast. A column of two Te atoms is brighter than one Mo
atom. Single Te vacancies are marked with green arrows and column
Te divacancies with blue ones. In the case of one missing Te atom,
the contrast between the remaining Te is comparable to the contrast
of the neighboring Mo atoms, which can be seen in the green line
scan in (b). For column Te divacancies, the contrast vanishes as seen
from the blue line-scan (c). (d) DFT-optimized structure of a single
Te vacancy with the corresponding formation energy. The red dashed
circles mark the position of missing Te atoms. Image (e) is the
structure simulation of a column Te divacancy. Turquoise balls stand
for Mo and orange ones for Te atoms.
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tetravacancy I may be a metastable configuration. Indeed, a
distortion takes place, and tetravacancy I turns into the

distorted and more stable tetravacancy II configuration, Figure
3b. After further electron irradiation and additional Te2

Figure 3. The 40 kV Cc/Cs-corrected HRTEM images of two-dimensional extended defects in MoTe2 imaged in bright atom contrast. (a)
Symmetrical tetravacancy I structure, (b) a distorted tetravacancy II structure which is formed after 21 s, and (c) the trefoil-like structure (trefoil I)
after an additional 271 s. The dose rate was about 1.75 × 106 e−/nm2 s. Images below are identical, however, in the red-framed area atoms are
marked: Mo atoms are turquoise and two Te atoms above each other are marked orange. The schematic representations in (d) show the
corresponding structure simulations. Furthermore, the process of the experimental clustering of column divacancy is presented. Because of
tellurium migration, the intermediate tetravacancy I forms from two column divacancies. Afterward, the tetravacancy I transforms into the stable
tetravacancy II structure, and by forming further column Te divacancy, trefoil-like defect structures evolve (the given formation energies Ef are per
Te atom).

Figure 4. (a) Spin-polarized total density of states for various point extended defects in MoTe2. The dotted lines show the band edges of the
pristine system. (b,c) Majority/minority spin density of tetravacancy I, defined as ρup − ρdown, where ρup and ρdown are spin-resolved charge
densities for spin-up and down components, top (b) and side (c) views. Blue and red colors correspond to majority/minority spin densities,
respectively. The isosurface was set to 0.002 e Å−3. The magnetic character of the tetravacancies I and II defects are clearly observable due to the
asymmetric spin polarization effect in the band gap region.
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vacancy formation, the distorted tetravacancy II transforms
into a symmetric trefoil-like defect structure (trefoil I), Figure
3c. Because of a bond rotation, other types of tetravacancy and
trefoil defects can be formed such as tetravacancies III and IV
and trefoil II. However, these structures are less favored due to
the higher formation energy (see Figures S3 and S4 in the SI),
which is in line with the experimental HRTEM observations.
To study the electronic and magnetic properties of various

extended defects, the spin-polarized total density of states
(DOS) was calculated and shown in Figure 4. The presence of
defects significantly changes the electronic structure and
introduces a large number of midgap states. The defect-
associated midgap states are mostly localized around the
defects, and thus the defects act as scattering centers affecting
the electronic transport properties.46 Moreover, due to the
shift between the spin-up and spin−down states in the
tetravacancy I and II configurations, these localized states have
a magnetic character (cf Figure 4). While pristine MoTe2 with
the 4d2 configuration of Mo atoms is a nonmagnetic material,47

our calculations showed a total magnetic moment of 4 μB and
2 μB for tetravacancy I and II configurations, respectively.
Because of the locally changed electronic properties of the
defect structures, embedded into a semiconducting matrix,
they can be regarded as quantum dots. Similar behavior was
also found for the less stable tetravacancy IV (Figure S5 in SI).
It should be mentioned that a single Te vacancy exhibits
negligible spin polarization. The spin density plot of
tetravacancy I shows that the magnetism is mainly localized
on the three Mo atoms surrounding the central Te atom, with
some smaller contribution from the next adjacent Mo atoms.
In the case of trefoil defects, the number of midgap states
reduces when bonds are rotated and the system is non-
magnetic.
During subsequent TEM imaging, the interaction of the

electron beam with the MoTe2 specimen resulted also in line
defect formation. Figure 5 shows an experimental 40 kV Cc/
Cs-corrected HRTEM image of a single vacancy line,
composed of four missing Te atoms (a) together with the
calculated HRTEM image (b) based on relaxed atomic
coordinates determined by DFT calculations. The best fit
with the experiment was found when assuming a slight sample
tilt of 4°, which could be caused by a nonperfect sample
alignment. The lower panels of (a) and (b) are identical
images, but for better defect visualization, the atoms within the
red dashed area of the upper image are again marked with
different colors: solid, orange dots mark two stacked-up Te
(Te2) atoms, orange rings mark one Te atom, and the blue
solid dots mark Mo atoms, the single vacancy line is framed.
The comparison of the atom positions between experimental
and simulated images show qualitatively good agreement, with
minor differences possibly originating from the mechanical
strain present in the system and associated with the loss of
atoms.
To understand line defect formations, DFT calculations

were performed for different Te vacancy line structures and the
atomic configurations are displayed together with their
formation energies in Figure 6. Te vacancy lines are either
oriented in the zigzag direction (cf Figure 6a−c) or along
armchair direction (cf Figure 6e−g). In either of the directions,
the Te vacancy line can have four possible structures: a single
vacancy line, a column divacancy line, a staggered divacancy
line, and finally there are three missing Te atoms perpendicular
to the vacancy line direction (shown in Figure S6 in SI). The

tendency toward clustering of isolated vacancies can be
investigated via the energy gain upon forming extended defects
from isolated vacancies as a function of missing Te atoms. The
negative values indicate the energy release when vacancies
agglomerate into lines. It has been found that the vacancies are
more prone to cluster along the zigzag direction than armchair
direction. In the zigzag direction, Figure 6 d, the energy release
is about 0.04 and 0.6 eV per Te atom for a single vacancy line
and staggered divacancy line, respectively.
As compared to the zigzag direction (d), Te vacancy lines in

the armchair direction (h) are energetically less favorable. The
formation of the single Te vacancy line and the staggered Te
divacancy line is endothermic and thus unlikely. Only the
column Te divacancy line releases energy upon agglomeration
of vacancies, as previously reported.27 Overall, the formation of
vacancy lines along the zigzag directions is energetically
preferable compared to armchair direction.
The spin-polarized total density of states (DOS) was

calculated for different line defects along the zigzag direction,
shown in Figure 7. As can be seen, states appear which can be
interpreted as band gap reduction as compared to the pristine
structure of MoTe2, providing that the concentration of
vacancy lines is high. A similar effect on the band gap has been
observed for vacancy lines along the armchair direction (Figure
S7 in SI). However, line defects can be regarded as quantum
wires because of confined metallic properties within the
semiconducting MoTe2. Spatial localization of spin up and
down electron density indicates that some of these metallic
structures, e.g., column Te divacancy line could be used in
spintronics.
As evident from Figure 6, the most favorable configuration is

staggered Te divacancy lines followed by single Te vacancy
lines both in zigzag direction. In the experimental images, we
found only zigzag single Te vacancy lines, although point
defects of column Te divacancies were often observed, Figure

Figure 5. The 40 kV Cc/Cs-corrected HRTEM images of an
experimental (a) and a simulated (b) single vacancy line with four
missing Te atoms seen within the dashed frame in the upper images
(and framed by their solid rectangular in the lower images). In the
lower panels, atoms in the areas marked in upper image are
highlighted with different colors: solid, orange dots mark two stacked-
up Te atoms, orange rings mark one Te atom, and the turquoise solid
dots mark Mo atoms.
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2, while column or staggered Te divacancy lines were not
present.
This observation and structural evolution of the defects

under the electron beam can be understood in terms of the
energetics of defects of various types. Figure 8 summarizes the
formation energies for all defect structures including single
vacancy lines, tetravacancies, and trefoil-like structures. In the
case of the single Te vacancies, the formation of lines is
energetically favored. In the case of column Te divacancies
their agglomeration to lines is only slightly preferred. However,
their agglomeration to extended point defects releases a

substantial amount of energy, as schematically indicated by the
dashed path in Figure 8. On the basis of the energetics, one can
expect that two column Te divacancies directly form the
tetravacancy II structure. Although, as described above, the
tetravacancy II structure can only be reached via the
tetravacancy I structure, which is metastable, so that the
system prefers forming extended point defects, not column
vacancy lines.
The formation of the trefoil defect is due to further

clustering of column Te divacancies. It has a formation energy

Figure 6. DFT calculations for vacancy lines. In (a−c), vacancy line structures oriented in zigzag direction and the corresponding formation
energies Ef are presented. The energy gains upon forming extended defect from isolated vacancies are shown in (d) for vacancy lines of different
lengths. The single vacancy line is energetically favorable up to a length of three vacancies, and afterward the staggered divacancy line has lower
energy. The structure of vacancy lines and their formation energies in armchair direction are given in (e−g). In the side view of the atomic
structures, the red dashed rings indicate the positions of the missing Te atoms. (h) The energy difference for the agglomerated lines in armchair
directions. The only model, which yields energy gain upon agglomeration of vacancies, is the column divacancy line.

Figure 7. (a) Spin-polarized total density of states for various line defects in MoTe2. The defect structures are oriented along the zigzag direction.
The dotted lines show the band edges of the pristine system. (b,c) Spin density in column Te divacancy line. Blue and red colors correspond to the
majority/minority spin densities, respectively, top (b) and side (c) views. The isosurface was set to 0.0003 e Å−3.
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of 3.88 eV per Te atom, so that it is strongly preferred over the
Te divacancy line with the same number of missing atoms.
At higher vacancy concentrations, formation of inversion

domains, Figure 9a−c, and local phase transformations from
2H to 1T′ MoTe2 phase, Figure 9d−f, occurred. In the case of
the inversion domains, the observed MTBs evolve due to Te
deficiency and form 4|4P and 4|4E boundaries as shown in
Figure 9b. The shown inversion domain appeared due to
electron beam irradiation after a total accumulated dose of
∼1.4 × 109 e−/nm2. Formation of 4|4P MTBs due to thermal
annealing which leads to Te deficiency, similar to our electron-
beam irradiation, were earlier reported.25 However, the 4|4E
MTB (cf Figure 9b), based on Te deficiency was not observed
earlier in MoTe2. Panel (c) presents the same image as in
panels (a) and (b) but, for better visualization, the atoms are
colored: solid orange dots mark two stacked-up tellurium
(Te2) atoms and the blue solid dots mark Mo atoms. The red
arrows in (a) and (c) indicate the corners of the inversion
domain.

Figure 9d shows a single Te vacancy line with six missing Te
atoms. The vacancy line is located between the red arrows. The
displacements of Te atoms, indicated by white arrows, led to a
formation of an island of 1T′ phase in (e). Furthermore, the
single vacancy line moved along a distance of two unit cells. A
white dashed trapezoid is fixed in (d) and (e) at the same
position to clarify the change in the structure. Parts d and e of
Figure 9 are consecutive images with exposure times of 1 s.
Again, for better visualization, the atoms are colored in (f) like
in (c) but this time also with the orange ring which marks a
single Te atom. Similar transformations have been observed
under electron beam in Redoped MoS2.

3 The transformation
likely originates from strain induced by vacancies and possibly
other effects related to charge transfer and vibrational
properties.12,26,48

■ CONCLUSIONS

Our Cc/Cs-corrected HRTEM experiments performed at an
electron acceleration voltage of 40 kV revealed a plethora of
point and line defects in the HRTEM images of monolayer
MoTe2, and together with first-principles simulations, provided
insights into their formation and evolution process. We
demonstrated that Te vacancies can agglomerate either in
single Te vacancy lines or in extended defects composed of
column Te vacancies, including rotational trefoil-like defects.
Some of them, e.g., tetravcacancies I and II, have never been
observed before. We also showed that the formation of
inversion domains with mirror twin boundaries of different
types, along with the islands of the metallic T′ phase can occur
under the 40 kV electron beam. Our first-principles
calculations provided insights into the energetics of the
transformations as well as the electronic structure of the
system with defects. Specifically, we point out that some of the
observed defects have localized magnetic moments, which may
add functionalities to 2D MoTe2 through defect engineering.
Our results indicate that various nanoscale morphologies,

Figure 8. Formation energies of Te vacancy lines and extended
defects as functions of the number of Te vacancies. A dashed path is
added to illustrate and guide the eye along the agglomeration process
of column Te divacancies.

Figure 9. The 40 kV HRTEM images of inversion domains (a−c). In (a), the arrows indicate the corners of the inversion domain. The type of the
MTBs is marked in (b) with the red lines and correspond to 4|4P and 4|4E boundaries. In (c), the atoms are marked with different colors: solid
orange for Te2 and solid turquoise for Mo atoms. The images (d−f) show a local phase transformation from the 2H to 1T′ phase. The atom
migration indicated by white arrows is induced by a strain of a single Te vacancy line, located between the red arrows (d). Image (e) show the 1T′
phase. The white trapezoidal frame clarifies that the vacancy line is moved and it is shorter after the transformation. In (f), the atoms are again
colored for better visualization.
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including metallic islands of the T′ phase, and one-dimensional
metallic systems based on vacancy lines and mirror twin
boundaries embedded into a semiconducting host material can
be realized in single-layer 2H MoTe2. The former system can
be referred to as a quantum dot, while the latter structure is
very interesting in the context of fundamental aspects of the
physics of Tomonaga−Luttinger liquid49 and, as for practical
aspects, plasmonics. Our calculations indicate that defect-
associated magnetism can also be added to the system, which
may lead toward control of optical and electronic properties for
quantum devices in 2D materials.
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Figure S1: 40 kV high-resolution TEM images from the same area of single-layer MoTe2 in 
dependence of the electron dose. (a) is the starting and (b) the final image after a total accumulated 
dose of ~1.2∙10

9
 e

-
/nm

2
. From the red framed areas, Fourier-filtering was performed to remove the 

MoTe2 lattice thus the vacancies are better visible. Within the filtered images (upper right panels in (a) 
and (b)), the vacancies can be identified as darker dots. Contrast and brightness was optimized for 
better visibility. In (a), 60 vacancies were counted and in (b) more than 94. It is apparent that the 
MoTe2 is damaged during the irradiation with the electron beam. In (a) just single Te vacancies and 
column Te divacancies can be found as it is shown in the magnified area (blue frame, lower left 
panels). Due to the electron beam irradiation, extended defects such as the Tetravacancy I and II (b) 

are forming beside the single and column Te divacancies. 
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S3 

 

 
Figure S2: 40 kV HRTEM image simulations of Tetravacancy I (a), Tetravacancy II (b) and Trefoil I 
(c) in MoTe2. DFT based structure simulations which are shown in the lower panels were used for the 
image simulations. The sampling was set to 0.21 Å/pixel, similar to the sampling of the experimental 

images shown in the main manuscript (cf. fig. 2). The scale bars correspond to 0.5 nm. 

 

 
Figure S3: Schematics of the formation of the symmetric Tetravacancy III and distorted Tetravacancy 
IV structure and the corresponding formation energies based on our DFT calculations. The 
Tetravacancy III structure forms due to a bond rotation in the Tetravacancy I structure. A relaxation of 
the structure due to a slight distortion leads to the Tetravacancy IV.  

 

 
Figure S4: Formation of trefoil-like structures starting with three column vacancies in MoTe2 based on 
DFT calculations. Due to a bond rotation, the Trefoil I structure and the Trefoil II structure can be 
formed. However, the Trefoil I structure is favored due to the lower formation energy Ef. This 

calculation is in line with the experimental HRTEM observations.  
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S4 

 

 
Figure S5: Spin-polarized total densities of states for various extended defects in MoTe2. Zero energy 
corresponds to valence band maximum in pristine MoTe2. The dashed lines show the band edges of 
the pristine system. For the trefoil II, a strong spin polarization effect was found in the middle of the 
band gap which could have a similar origin as it was reported for Mo terminated edges in zigzag MoS2 

nanoribbons.
1
 

 
 

 

 
Figure S6: Line defects in MoTe2 with three missing single vacancies perpendicular to the spreading 
direction of the vacancy line. Panel (a) shows the defect structure in zigzag direction and (b) in 

armchair direction. In the side views, the missing Te atoms are indicated with red circles.  
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S5 

 

 
Figure S7: Spin-polarized total density of states for various line defects in MoTe2. The defect structure 

is along the armchair direction. The dashed lines show the band edges of the pristine system. Zero 
energy corresponds to valence band maximum in pristine MoTe2. 
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In Situ Crystallization of the Insoluble
Anhydrite AII Phase in Graphene Pockets
Tibor Lehnert,† Michael K. Kinyanjui,† Anita Ladenburger,† Dimitri Rommel,‡ Katharina Wörle,‡

Felix Börrnert,† Kerstin Leopold,‡ and Ute Kaiser*,†

†Materialwissenschaftliche Elektronenmikroskopie and ‡Institut für Analytische und Bioanalytische Chemie, Universitaẗ Ulm,
Albert-Einstein-Allee 11, 89081 Ulm, Germany

ABSTRACT: Single-distilled water encapsulated in gra-
phene pockets has been studied by aberration-corrected
high-resolution transmission electron microscopy and
electron energy loss spectroscopy at an acceleration voltage
of 80 kV. Inside the graphene pockets, crystallization and in
situ crystal growth are reported and identified as the
insoluble AII phase of CaSO4 (anhydrite) in a quasi-two-
dimensional system. Its formation condition is discussed
with respect to the possible temperature and van der Waals
pressure between the graphene sheets.

KEYWORDS: graphene pocket, anhydrite, aberration-corrected HRTEM, encapsulated liquid, crystallization

Liquid cells allow the study of samples in a liquid
environment in a transmission electron microscope
(TEM),1 as they serve as an enclosed system that

isolates the liquids from the high-vacuum environment in the
TEM of typically around 10−5 Pa and should add only low
contrast to the recorded image.2 Most experiments of liquid
cells in TEM report the in situ observation of various processes
in a liquid environment, such as growth of nanoparticles or
electrochemical reactions or study of biological samples.1−3

One of the challenges is to make liquid cells thin enough and
ensure electron transparency and to undercut the mean free
path of the electrons in the sample, thus enabling TEM
investigations at high resolution. This applies to the cell
window material as well as to the liquid itself. Other challenges
include overcoming the image blur due to inelastic scattered
electrons in combination with chromatic aberrations and due to
electron beam−liquid interactions.2 Recent developments allow
the construction of nanostructured liquid cells with electron
transparent windows made of thin SiN membranes fabricated
on silicon microchips,4,5 thin carbon films,6,7 as well as from
single-layer graphene.8

If a liquid is encapsulated between two single layers of
graphene, van der Waals attraction forces can form and push
the encapsulated material into narrow and closed graphene
pockets, which in fact can be regarded as liquid cells.9,10 Typical
bonding energies arising from van der Waals forces between the
layers are in the range of 13−21 meV/Å2, which were
calculated for different layered materials including transition
metal dichalcogenides, graphite, and boron nitride.11 Moreover,
the adhesion of graphene layers was also experimentally studied

with a blister test. For single-layer graphene, an adhesion
energy of 45 meV/Å2 was reported, and for two to five layers,
the energy was 31 meV/Å2.12

As one of the first applications, graphene liquid cells were
used to investigate colloidal platinum nanocrystal growth with
high-resolution TEM (HRTEM) for visualization of coales-
cence and structural reshaping.13 The growth of Pt−Pd
nanoparticles inside graphene oxide liquid cells was also
studied by TEM, and it was found that the growth as a
function of time follows a power law, which in turn agrees with
the Lifshitz−Slyozov−Wagner mechanism when the growing
process is limited by surface reactions.14 Other investigations
are directed to CuSO4 and Ca(OH)4 in water encapsulated in
graphene pockets, which are converted to CuO and CaO,
respectively, due to pressure and ionization effects.10

In order to understand the behavior of the liquid itself in
confinement, molecular dynamics simulations on the behavior
of water between graphene layers have been performed. It was
shown that water becomes anisotropic depending on the
distance between the graphene sheets.3 Furthermore, it was
reported that water is solid-like at graphene distances lower
than 7 Å and arranges in a hexagonal structure because of the
confinement within the graphite walls, and that it becomes
liquid-like and does not show any clear order for distances
around 20 Å.3 Further publications are concerned with the
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dynamics of nanobubbles confined in graphene pockets and the
gas transport between the nanobubbles.15 They observed
Ostwald ripening, coalescence of the bubbles, and determined
the internal pressure of the nanobubbles to be in the range
from 140 to 400 MPa depending on the bubble size.15 Despite
the reported research efforts with graphene liquid cells, a basic
understanding of the liquid dynamics, interfacial behavior,
pressure environment, beam−liquid interactions, and heat
transport is still lacking.
Modern transmission electron microscopes allow imaging

with single atom resolution even at lower acceleration voltages
ranging from 80 down to 20 kV,16−18 enabling the study of
materials with knock-on damage thresholds far below 80 kV.
Other damage mechanisms include radiolysis, heating, charging,
and chemical etching.19,20 It has been shown that encapsulating
beam-sensitive samples between graphene helps to reduce
radiation damage up to 3 orders of magnitude.21−23 The high
resistance of graphene against radiation damage is predom-
inantly due to its high mechanical strength and high electrical
and thermal conductivity.24−26 Due to these properties, and its
high stability when using primary electron energies of 80 keV
and below in the TEM,27 graphene is a promising material for
encapsulation of liquids3,13−15 and radiation-sensitive materi-
als.21−23

In this paper, we report on the crystallization of CaSO4 from
an aqueous solution, namely, single-distilled water, encapsu-
lated in graphene. CaSO4 shows a complex phase diagram, and
depending on pressure and temperature, different phases exist.
Possible CaSO4 phases include the hydrous gypsum (CaSO4·
2H2O), the hemihydrate (CaSO4·0.5H2O), and the anhydrite
phase (CaSO4).

28−31 Moreover, the anhydrite exists in several
phases, such as the AIII phase (γ-CaSO4) with a hexagonal
structure, the orthorhombic AII phase, and the monoclinic,
high-pressure AI phase.28,29 The transition of gypsum to γ-
CaSO4 takes place at temperatures around 42−60 °C at 105

Pa.28,29 Depending on the water vapor pressure, the
dehydration of hemihydrate to the soluble γ-CaSO4 and its
transformation into the insoluble AII phase occurs at
temperatures between 100 and 150 °C.29 At around 105 Pa
and above 1100 °C, the AII phase can transform into the AI
phase.30 Furthermore, two triple points for the calcium sulfate
minerals were found: At 235 MPa and 80 °C, the triple point
between gypsum, hemihydrate, and anhydrite is located, and
the second triple point appears at 2.15 GPa and 250 °C
between hemihydrate, anhydrite AII phase, and the high-
pressure AI phase (see Figure 5 and the more detailed
discussions below).28

RESULTS AND DISCUSSION
Total reflection X-ray fluorescence spectroscopy (TXRF) was
performed to analyze encapsulated single-distilled water. It
should be mentioned that single distillation of tap water is not
sufficient to completely remove highly abundant alkali and
earth alkali cations as well as common anions, such as sulfates,
nitrates, and carbonates. This is reflected by a resistivity of the
distilled water of approximately 0.1 to 1 MΩ·cm, whereas high-
purity water obtained by multistage purification exhibits a
resistivity of 18.2 MΩ·cm. Accordingly, traces of Ca and S were
found in a ratio of 1 to 1.5 in the applied distilled water present
as calcium cations Ca2+ and sulfate anions SO4

2− at a pH of
approximately 6. Besides these two elements, signals for
phosphorus (P), chlorine (Cl), and potassium (K) were
obtained, which are typically present as phosphates, chlorides,

and potassium cations (cf. Table 1). For light elements with an
atomic number smaller 13, TXRF detection is difficult or not

even possible. This includes Na as well as N and C that occur in
the form of nitrate or carbonate, respectively.
In Figure 1, we present two subsequent TEM images of the

liquid encapsulated between two graphene layers, taken at an

accelerating voltage of 80 kV. Because graphene is conductive,
the graphene pocket is thin and not actively heated or cooled,
so we assume room temperature in the TEM around the
sample.20,32 Due to the interaction with the electron beam, the
confined liquid (bubbles, brighter areas) moves within the
graphene pocket. We observed growth and coalescence of the
bubbles, which we interpret via the process known as Ostwald
ripening.15 One important observation is that the encapsulated
solution remains liquid despite the high-vacuum conditions in
the microscope of 10−5 Pa. This is surprising because, at room
temperature, water is liquid in a pressure range of kPa to
MPa.33 Thus, a graphene liquid cell must be characterized as an
enclosed system with its own pressure environment originating
from van der Waals forces between the two graphene sheets.9,10

The van der Waals pressure for liquids between two single
layers of graphene is reported as PvdW ≈ EAE/d.

34 A value for
the adhesion energy, EAE, of a monolayer of graphene was
experimentally determined to be 45 meV/Å2,12 and the
distance between two layers of graphene, d, is taken as ∼3.4
Å.24 Then, the van der Waals pressure can increase to PvdW ≈ 2

Table 1. Molar Ratios of Detected Elements Compared to
Calcium Set as 1a

element amount of substances relative standard deviation (%)

phosphorus 23 33
sulfur 1.5 128
chlorine 0.83 91
potassium 1.5 97
calcium 1
titanium 0.17 83
iron 0.066 95
nickel 0.11 55
copper 0.075 39
zinc 0.15 38

aMeasurements for light elements are imprecise, so that high relative
standard deviations occur like in the case of sulfur (number of replicate
measurements is 6).

Figure 1. Images of 80 kV bright-field TEM showing water between
two layers of graphene (a) and after 18 s in (b). The graphene
pocket with the water is indicated with the dashed line. In the
images, small bubbles (brighter areas) are surrounded by water
(darker areas). The scale bar corresponds to 20 nm.
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GPa. If we consider that water is in the liquid phase at distances
of more than 20 Å,3 the van der Waals pressure exerted by a
graphene pocket is approximately 360 MPa.
In Figure 2, we show an AC-HRTEM image sequence of a

growing crystal from the aqueous solution (single-distilled
water) obtained at 80 kV. In the images (a) - (c) a growth rate
of about 0.7 nm2/s was measured. The growth rate in the
images (e) - (h) increases to ∼1.05 nm2/s. Before we further
discuss the aberration-corrected (AC)-HRTEM data presented
in Figure 2, we performed electron energy loss spectroscopy
(EELS) experiments to identify the chemical nature of the
crystals. As can be seen from the spectrum in Figure 3, calcium
(Ca), sulfur (S), carbon (C), and oxygen (O) signals were
found. The S−L2,3 edge is located at 165 eV, and the Ca edge is

characterized by two peaks at 346 and 350 eV, which
correspond to the L3 and L2 edges, respectively. The prominent
peak at ∼284 eV corresponds to the C−K edge, which occurs
due to the graphene encapsulation of the solution. The O−K
edge is located at 532 eV. In the inset, the O−K edge is shown
in more detail, where the black line reflects the smoothed data
of the oxygen peak. Furthermore, no additional peaks from
other elements were found during the measurements on the
crystal. The EELS data from the crystal confirm the existence of
elements found also by TXRF measurements from the water
solution.
With the knowledge of the EELS data and all known Ca, S,

and O compounds, the images presented in Figure 2a−c are
only conformed with an orthorhombic anhydrite crystal in the

Figure 2. Series of 80 kV AC-HRTEM images showing the development of CaSO4 crystals inside a graphene pocket under electron irradiation.
(a) Initial image of CaSO4 with two tilted crystalline [100] orientations. The images (a−c) show a slow growing of the structure with the
higher contrast at a rate of ∼0.70 nm2/s. Fast Fourier transforms (FFTs) were made in the areas within the red frames. In the FFTs, one can
clearly see the two tilted orientations with a tilt angle of about 43°. Image (d) shows that one orientation disappears by reorientation. The
crystal adopts the orientation of the other CaSO4 crystal. In the FFTs of the following images, it can be also seen that only one orientation is
left (e−h). After the crystal orientation is adopted, the growth rate is increased to ∼1.05 nm2/s. The white bar corresponds to 10 nm.

Figure 3. EELS data in the range of 150−650 eV of the CaSO4 crystal. At 165 eV, the L2,3 edge of sulfur; at 284 eV, the K edge of carbon; at
346 eV, the L3 edge; and at 350 eV, the L2 edge of calcium can be seen. The oxygen K peak at 532 eV is also visible. The O−K edge is shown
in more detail in the inset. The black line shows the smoothed data of the recorded oxygen signal (red).
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[100] projection. As can be seen, the simulated [100]
diffraction pattern and [100] HRTEM image of CaSO4 (crystal
thickness of three unit cells (2.1 nm) was taken for the
simulation) in the AII phase in Figure 4a do match the
experimental AC-HRTEM in (b) and the fast Fourier transform
(FFT) in (c) taken from (b) (cf. Table 2, where experimental

data and simulated data for anhydrite are listed; the agreement
between the experimental and the simulated data is always
within the given confidence interval of our measurement).
Moreover, we see in Figure 2 two CaSO4 crystals which are

tilted toward each other and this way hinder each other’s
growth and reduce the growth rate until the thicker area
(higher contrast) reshapes the thinner part. After reshaping,
one orientation disappears (Figure 2d), which could be caused
by the attempt of the system to reduce its surface energy.
Afterward, the growth rate increases by a factor of ∼1.5. In
addition, the crystal grows in a sample area that seems to be
contaminated. This area is slightly thicker than the left parts of
images (a−h), which also explains the appearance of the bright
edge across the images. The origin of the contamination is very
likely hydrocarbons from the preparation of the sample in air or
residues of the encapsulated water.
To summarize, Figure 2 shows that the crystallization of

CaSO4 is slowed down when the two [100] crystals are in
contact (within the red square in Figure 2a−c). Subsequently,
an Ostwald ripening process startsin agreement with the
Lifshitz−Slyozov−Wagner theory, which conciliate the reduc-
tion of energy at the boundary. The smaller crystal then
disappears and just one CaSO4 crystal remains, which can be

also seen in the disappearing reflections in the FFTs in Figure
2d−h.
Lateral crystal sizes of CaSO4 in the AII phase were found to

be on the order of ∼103 nm2. Due to the small thickness of the
graphene pocket, the encapsulated anhydrite was treated as a
quasi-two-dimensional crystal. However, to get a profound
understanding, we performed thickness-dependent [100]
HRTEM image simulation of one (0.7 nm), two (1.4 nm),
and three unit cells (2.1 nm), as seen in Figure 5a. In Figure 5c,
the line scans from the simulations in (a) and the experiment in
(b) are compared. We can see the best agreement with a
thickness of two unit cells. However, fluctuations in contrast of
the single atom columns are clearly seen. Thus, we assume a
crystal thickness between two and three unit cells.
The crystallization of the quasi-two-dimensional anhydrite

phase from the liquid is a surprising result because, in a
standard 3D system, it crystallizes only at high pressures and
high temperatures.28 We are now going to discuss this phase
transformation in light of our nanoscale experiment. We start
with the macroscale p−T diagram of CaSO4.
The crystallization process of bulk anhydrite has been

discussed in the literature.28−30 The CaSO4−H2O systems are
characterized by dehydration reactions in high-pressure ranges
and at temperature ranges of 50−300 °C, which is given in a p−
T phase diagram.28 The triple point between gypsum, basanite,
and anhydrite was found to be at 235 MPa and 80.5 °C.28

Figure 6 displays an overlay of p−T phase diagrams for water
and CaSO4 to give a classical view on the crystallization
conditions; however, we have to be aware that the classical view
on the nanoscale is not necessarily valid. Based on the p−T
phase diagrams, one can estimate the pressure and temperature
within the graphene liquid cell to be in the ranges of ∼100 kPa
to ∼230 MPa and of 100−150 °C, respectively.
Interestingly, ∼230 MPa is in the range of earlier published

values for the pressure in graphene liquid cells.9,15 However, a
temperature of 100−150 °C for the crystallization is not likely
because direct heating due to the electron beam has been
estimated to be minor in very thin materials20 and the efficient
heat dissipation of graphene,25 as mentioned above.
In earlier studies, the effect of temperature for trans-

formations on the nanoscale is not unambiguously detectable.32

Furthermore, it was reported that the melting temperature of
nanoparticles is much lower than that of their bulk counter-
parts.35,36 This was predicted by theoretical calculations and
confirmed by experimental data showing that the solid−liquid
transition temperature decreases with smaller nanocrystal

Figure 4. (a) Simulation of the diffraction pattern and HRTEM image of anhydrite CaSO4 in the [100] direction. Experimental recorded 80
kV AC-HRTEM image (b) where the inset shows a magnified area of the CaSO4. The scale bar corresponds to 10 nm. In the FFT (c) taken
from (b), it can be clearly seen that an orthorhombic structure is present which corresponds to CaSO4 in the [100] direction. The two sets of
reflections of the graphene layers are marked by the dashed ring (c).

Table 2. Comparison between Measured Distances in the
FFT and Simulated Diffraction Pattern of Anhydrite CaSO4

a

reflections experimental data (nm−1) simulated data (nm−1)

(210) 3.51(3) 3.51
(200) 3.21(3) 3.21
(21 ̅0) 3.49(3) 3.51
(02 ̅0) 2.85(3) 2.86
(2 ̅1̅0) 3.51(3) 3.51
(2 ̅00) 3.18(3) 3.21
(2 ̅10) 3.49(3) 3.51
(020) 2.88(3) 2.86

aThe experimental data are in good agreement with the simulated
values. The number in the brackets gives the confidence interval of the
last digits.
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size.35,36 Here, we are now going to estimate the thickness-
dependent change of the transition temperature in thin CaSO4

films from a very simple model. We determine the surface-to-
volume ratio as a function of the thickness, D, of the nanofilm,
with Tn = T0(1 − 3r/D).37,38 Tn is the transition temperature of
the nanofilm, T0 is the transition temperature of the
corresponding bulk material, and r is the minimal possible
thickness of the material. In Figure 7, Tn is plotted over the
thickness D of the anhydrite film. The different curves, red and
blue, correspond to transition temperatures T0 in the bulk at
150 and 100 °C, respectively. For a thickness of 1.4 nm, T0 is in

the range of 24−37 °C, and for 2.1 nm, it is in the range of 50−
74 °C. Thus, the estimation of the reduced temperature for a
2.1 nm thin anhydrite agrees both with our understanding of a
nearly room temperature experiment in a graphene pocket and
with our estimation of the thickness from the comparison of the
contrast between image simulation and experiment (cf. Figure
5).

CONCLUSIONS
In conclusion, we reported on the crystallization inside
graphene pockets out of single-distilled water, which contained

Figure 5. (a) [001] HRTEM simulations of anhydrite dependent on the thicknesses [0.7 nm (1 unit cell), 1.4 nm (2 unit cells), 2.1 nm (3 unit
cells)]. (b) Experimental HRTEM image magnified from the red square in the overview image. Line scans in (c) were taken from the dashed
and solid lines in (a) and (b), respectively. The contrast comparison shows good agreement for two unit cell thick crystals (1.4 nm).

Figure 6. Overlay of the phase diagrams for CaSO4 (red)
28 and H2O (blue).33 The pressure and temperature range, where the crystallization

in bulk material takes place, is marked with the color gradient. The probability that the temperature is much higher than 370−420 K is low
because of the graphene encapsulation which increases the heat conduction so that a certain amount of the excessive thermal energy can be
disposed.
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Ca and S as main trace components. By AC-HRTEM and
EELS experiments, we found that quasi-two-dimensional
CaSO4 crystals in the insoluble anhydrite AII phase had been
formed, which was confirmed by HRTEM image simulations.
Their formation conditions were discussed with the help of the
macroscale p−T phase diagram of CaSO4, considering the van
der Waals pressure inside the graphene pockets and the
reduction of the crystallization temperature in an experiment
on the nanoscale.

METHODS
Single-distilled water has been analyzed by TXRF measurements using
a high-efficiency S2 Picofox spectrometer (Bruker Nano GmbH,
Germany). The incident X-ray beam is produced by an air-cooled low-
power Mo X-ray tube operated at 50 kV and 600 μA. Detection was
carried out perpendicular to the quartz glass sample carrier by a silicon
drift detector with an area of 30 mm2. Controlling the apparatus and
spectra deconvolution was performed by Spectra 7 software (version
7.2.5.0, Bruker Nano GmbH). Ten microliters of the distilled water
sample was transferred onto the precleaned and blank-tested sample
carrier and heated to 70 °C for controlled evaporation of water. Three
individual sample carriers were prepared analogously for statistical
evaluation, and each was measured twice with a live time of 500 s.
Element ratios (setting Ca to 1) were calculated after Bayesian
deconvolution from signal intensities, taking into account element-
specific sensitivity.
Two grids with chemical vapor deposited graphene grown on a

copper substrate were prepared. A few TEM grids were placed on the
surface of the graphene-covered copper, together with a drop of
isopropyl alcohol (C3H8O). The evaporation of the C3H8O resulted in
the grids adhering to the surface of the graphene-covered copper
substrate. In the next step, the copper was then etched away with a
0.35 M ammonium peroxidisulfate (APS) solution, so that the grids
with the graphene remain on the APS solution. They were fished out
with a sieve and cleaned with water. From this, a sandwich with water
pockets was produced by taking the first grid with a tweezer and
putting a drop of 2 μL of single-distilled water on the graphene-
covered side. The second grid was placed on top, with the graphene
facing the first grid. During the drying process, the grids came into
contact and encapsulated the remaining water in the pockets.
A third-order spherical aberration-corrected FEI Titan 80-300 was

used for imaging in HRTEM mode with an acceleration voltage of 80
kV. The experiment was performed with dark atom contrast, Cs ≈ 20
μm and an extraction voltage of 2000 V. The images were acquired
with dose rates on the order of 106 e/(nm2 s) and a vacuum level of

10−5 Pa. It is assumed that the specimen and the sample holder are at
near-ambient temperature.
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