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ARTICLE INFO ABSTRACT

Keywords: Electrostatic charging of specimens during electron, photon or ion irradiation is a complicated and poorly
Specimen charging understood phenomenon, which can affect the acquisition and interpretation of experimental data and alter the
ALO, functional properties of the constituent materials. It is usually linked to secondary electron emission, but also

Off-axis electron holography
Transmission electron microscopy
Secondary electron emission

depends on the geometry and electrical properties of the specimen. Here, we use off-axis electron holography in
the transmission electron microscope to study electron-beam-induced charging of an insulating Al,O; nanotip

on a conducting support. The measurements are performed under parallel electron illumination conditions as a
function of specimen temperature, electron dose, primary electron energy and surface cleanliness. We observe
a lack of reproducibility of charge density measurements after cycling the specimen temperature. Surprisingly,
we find both positively and negatively charged regions in closely adjacent parts of the specimen.

1. Introduction

The phenomenon of electrostatic charging of poorly-conducting or
poorly-electrically-contacted specimens in the electron microscope has
been discussed in the literature since at least the early 1960s (e.g.,
[1,2]). It is believed to occur when the inelastic scattering of electrons
leads to secondary electron (SE) emission. This process has been in-
vestigated much more intensively in the scanning electron microscope
(SEM) (e.g., [3]) than in the transmission electron microscope (TEM),
where specimens are typically thinner and primary electron energies
are higher.

In recent years, charging of biological specimens has attracted
increasing interest in cryo-microscopy (e.g., [4,5]), as it can result in
a strong degradation of image quality and, therefore, a loss of spatial
resolution. Some studies have focused on charging of C films used either
as supports for biological specimens (e.g., [4,5]) or as electrostatic
phase plates (e.g., [6]). Charging effects in C films are sometimes
associated with the “bee-swarm effect” [1], which is also referred to
as the “Berriman effect” in biological electron microscopy [4,7-9].
While it is generally expected that SE emission in a TEM leads to a

positively-charged state of the sample, studies have also shown that
negatively-charged states may exist in TEM specimens, suggesting that
SE emission is not the only mechanism involved in charging [6,10-15].

The effects of specimen charging can include position-dependent
image distortion and astigmatism, motion of irradiated areas of the
specimen and strong contrast at sharp or broken edges of the sample.
Theoretical analyses of microscopic charging mechanisms, in particular
by Cazaux [16-20], do not yet provide a complete description of the
phenomenon.

A phase contrast transfer function method has been used to measure
the phase shift induced by the electrostatic potential due to charg-
ing [21,22]. Although several off-axis electron holography studies of
charging in the TEM have also been performed [23-26], they have
been limited to simple scenarios and have not addressed the role of
the environment on the surface of the specimen.

Systematic quantitative measurements of specimen charging are
essential to understand the mechanisms of charging in thin specimens
that have different electrical properties and geometries, as well as to
establish how to reduce charging effects when imaging using both low
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and high energy electrons. Here, we use off-axis electron holography to
study charging in an insulating Al,O5 nanotip on a conducting support
as a function of specimen temperature, electron dose, primary electron
energy and surface cleanliness.

2. Experimental methods

Off-axis electron holography [27,28] is an interferometric technique
based on the superposition of an object wave that travels through a
region of interest of the sample with a reference wave that travels
through a nearby region of vacuum. The resulting interference pattern
in the image plane carries information about the phase and amplitude
of the object electron wave, which can be retrieved by suitable algo-
rithms. The technique has been used to map long-range electrostatic
and magnetic fields [29-33]. It should be noted that care is required in
such experiments if the reference wave is perturbed by fringing fields
that originate from the sample itself [34].

In the absence of magnetic fields and assuming that dynamical
diffraction can be neglected, the phase of the object wave can be
written in the form

+oo
o(x.y) = Cp / (Voo 1, 2) + Vag1p(x,,2))dz &

o0

where z is the incident electron beam direction, V, and V},,p are the
contributions to the electrostatic potential from all charges and from
the mean inner potential (MIP) of the specimen [35], respectively and
C} is an interaction constant that takes a value of 6.53 x10° rad/(V m)
for 300 kV electrons. By making use of Gauss’ law, the (cumulative)
projected charge distribution in the specimen can be obtained from a
recorded phase image by using the expression [25,36]

Oc = —E—O}I{ Vo(x(D), (1)) - n(x(), (1)) dl , (2)
Ce Joc

where ¢, is the vacuum permittivity, C is a chosen region of integration,
0C denotes its boundary, V is a two-dimensional gradient operator, O,
is the total charge present in a Gaussian volume of space that is defined
by an infinite (along the z axis) cylinder whose cross-section is C, I is a
curvilinear coordinate along dC and n is the outward normal to it. The
MIP contribution to a recorded phase image typically has to be removed
before performing such a calculation, as it can introduce “artificial”
charges at specimen edges, interfaces and thickness gradients, even
though its contribution to the total charge in an entire specimen is
always zero [26,37]. This approach has been applied successfully to
measure charge distributions in a variety of specimens [25,36-38].

3. Experimental details

In the present work, we study a nanotip comprising an insulating
apex (Al,03) and a conducting base (Cr,AlC). Cr,AlIC belongs to the
subset of ternary metal carbides that have the general formula M, ;AX,
(M: early transition metals, A: A group element, X: C or N) and are
referred to as MAX phases. Some ceramics that belong to this family
(e.g, CryAlC) possess self-healing properties [39]. The products of
oxidation, such as Al,05 and other oxides, have been shown to fill crack
sites, thereby effectively healing them. Here, this material, in which
Al,O; is an insulator and the MAX phase is a conductor [40], is used
to investigate specimen charging in the TEM.

A nanotip was prepared using focused ion beam milling in an FEI
Helios NanoLab 460F1 dual beam system. Details of materials synthesis
and nanotip preparation can be found elsewhere [41].

Off-axis electron holography experiments were performed at 300
and 60 kV in an FEI Titan 60-300 microscope equipped with a high
brightness field emission gun and an electrostatic biprism. The biprism
wire was always nearly perpendicular to the axis of the nanotip and was
electrically biased at 100 V. In this case, under elliptical illumination,
the major axis of the elliptical beam was perpendicular to the axis
of the nanotip. This means that the electron beams always touched
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the apex and part of the conducting base, excluding the part connect-
ing to the half Cu grid (ground). Off-axis electron holograms were
acquired using a direct electron detection Gatan K2-IS 4kx4k camera
when the microscope was operated at 300 kV. The interference fringe
spacing was 2.4 nm (5.4 pixels), resulting in a spatial resolution of
approximately 5 nm in reconstructed phase images, as defined by the
size of the mask applied during hologram reconstruction. The width
of the interference region was approximately 1.5 pm. An Ultrascan
2kx2k charge-coupled detector (CCD) camera was used in Sections 4.2
and 4.3. The width of the interference region was approximately the
same as that above. Reference holograms were recorded from vacuum
after moving the specimen away from the field of view (FOV). Dig-
ital reconstruction of the holograms was performed using a standard
Fourier-transform-based approach implemented in Holoworks software
(Gatan, Inc.). Phase images after reconstruction were unwrapped to
avoid 27 jumps. The only unwrapping errors occur inside the nanotip,
where the unwrapped phase is not trustworthy and is not used in
the discussion. If not otherwise specified, phase contour maps, which
show equiphase lines, were plotted by calculating 1 + cosine of the
phase multiplied by 4. During off-axis electron holography experiments,
the specimen temperature was controlled using a double-tilt liquid-
nitrogen-cooled specimen holder (Gatan model 636), which can be used
to vary the specimen temperature between —180 and +110 °C.

High-angle annular dark-field (HAADF) scanning transmission elec-
tron microscopy (STEM) imaging and energy dispersive X-ray spectro-
scopic (EDXS) elemental mapping experiments were performed at 200
kV using an FEI Titan 80-200 ChemiSTEM microscope equipped with a
high brightness field emission gun, a probe C, corrector and a super-X
EDXS detector.

4. Results

The nanotip studied here had a length of ~20um, a diameter of
~90 nm at its apex (marked by red dashed lines in Fig. 1) and a
diameter of 1.5 pm at its base. The elemental maps shown in Fig. 1b—e
highlight the presence of a chevron-like Cr-rich region, which is marked
by cyan dashed lines in each image. A region of (Al, Cr),0; is also
present at the very apex of the nanotip, as marked by red dashed
lines. Additional precipitates (possibly Cr oxides) are also seen in the
Al,O; region, as marked by a red arrow in Fig. la. The elemental
maps were recorded after the charging experiments that are described
below had been completed, in order to avoid potential changes to the
charge/surface state of the nanotip resulting from illumination by a
focused STEM probe.

4.1. Temperature dependence

Fig. 2 shows phase images and corresponding phase contour maps
recorded from the nanotip using off-axis electron holography at dif-
ferent temperatures in sequence, measured at 300 kV. The holograms
were acquired using a dose rate of ~ 2.6 e//‘-’\2 /s using an exposure
time of 8 s. These conditions resulted in a high signal-to-noise ratio
in the reconstructed phase images. The measured phase shifts, which
decrease from the apex of the nanotip into the surrounding vacuum,
suggest the presence of positive charge at the apex of the nanotip
at all specimen temperatures. This observation is consistent with a
SE charging mechanism. It should be noted that no dependence of
specimen charging on electron dose or dose rate was observed over the
studied temperature range of between —180 and +80 °C.

The results show that initially, at room temperature, almost concen-
tric phase contours are present around the apex of the nanotip (Fig. 2a),
suggesting that charge accumulates primarily in this region. This ob-
servation does not necessarily indicate that the charge was induced by
electron beam illumination, as there is no access to the state when the
electron beam was switched off. Corresponding phase maps recorded
after heating the nanotip to 50 and 80 °C are shown in Fig. 2b and c,
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Fig. 1. Chemical characterization of the Cr,AlC-Al,O; nanotip. (a) STEM HAADF image. (b)-(e) EDXS elemental maps of Al, Cr, O and C, respectively. White dashed lines mark
the outline of the nanotip. Cyan dashed lines mark the interface between Al,0; and Cr,AlC. Red dashed lines mark the interface between (Al, Cr),0; at the apex and Al,O;. The
red arrow in (a) marks the positions of nanoprecipitates, which are thought to be chromium oxides.

respectively. The amount of charge present at the apex of the nanotip
can be seen to decrease monotonically with increasing temperature.
On the assumption that the SE yield is approximately independent of
temperature, this observation suggests that the electrical conductivity
of the nanotip increases at higher temperature, allowing the induced
charges to be compensated more easily from the conducting base.

Surprisingly, when the nanotip was cooled back to room temper-
ature (Fig. 2d), the charge remained almost the same as at 80 °C
(Fig. 2c). Since the effect of temperature on electrical conductivity
should be reversible, this observation suggests that the surface or
defect state of the sample changed irreversibly during the acquisition
of off-axis electron holograms as a function of temperature. It may
also suggest the deposition of conductive C contamination at the apex
during the cooling process.

When the nanotip was then cooled to —180 °C (Fig. 2e), the number
of phase contours increased, indicating stronger charging of the apex
of the nanotip, presumably again resulting from the temperature de-
pendence of its electrical conductivity. Subsequently, the nanotip was
heated to room temperature (Fig. 2f), resulting in a lower amount
of charge than at any previous temperature. Remarkably, when the
nanotip was taken back to 80 °C (Fig. 2g), the charge at its apex
disappeared almost completely. This charge state then persisted when
the nanotip was cooled back down to room temperature (Fig. 2h) using
the same approach as in the first cooling iteration from 80 °C to room
temperature (Fig. 2c-d).

Since the charge in the specimen was almost absent in the final
stages of this cycle, the phase image shown in Fig. 2h was used to sub-
tract the MIP contribution to the phase from the other phase images in
the data set. In this way, “artificial” charges associated with variations
in the MIP and specimen thickness in the tip could be eliminated [26].
It should be noted that heating/cooling cycles of the specimen may
change the MIP. Although such changes may affect the analysis of

charge distributions inside the nanotip, they do not affect the analysis
of cumulative charge distributions, since the MIP contribution to the
total charge is zero [26]. The resulting phase difference images were
used to obtain cumulative charge profiles using Eq. (2).

Cumulative charge profiles were calculated from the phase images
recorded at room temperature (Fig. 2a) and —180 °C (Fig. 2e) and are
shown in Fig. 3. The integration area used to measure the cumulative
charge is marked by a rectangle in the inset to Fig. 3. The size of the
integration area was gradually decreased by shrinking it from the left
side to the right side, as marked by a white arrow. Both profiles show
an increase in the total charge, before a sharp decrease towards the
vacuum region. The results suggest that the integration area contains
regions that have charge of different polarity, comprising negative
charge further from the apex and positive charge closer to the apex.
The peak in the profiles is 200-250 nm from the end of the apex,
which is consistent with the length of the apex region and suggests
that the polarity of the charge changes close to the interface with the
conductive base. At room temperature (red profile in Fig. 3) there is a
deficit of approximately 115 electrons in the apex of the nanotip, while
at —180 °C (blue profile in Fig. 3) there is a deficit of approximately
140 electrons. On the assumption that both profiles start at approxi-
mately the same value, it can be concluded that the conductive base
is less negatively-charged at room temperature than at —180 °C. It is
interesting to note that, to within the measured precision, the profiles
show a linear decrease in the apex region, which is consistent with the
expected line charge model for an ellipsoidal needle shape [42,43].

4.2. Surface cleanliness

In order to assess the reproducibility of the results presented above,
the charge state in the nanotip was checked after several days. Unex-
pectedly, when using parallel illumination with a dose rate of approx-
imately 2.6 ¢/A /s (as in the above results), specimen charging was
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Fig. 2. Off-axis electron holography of electron-beam-induced charging of the nanotip after the specimen temperature was changed in sequence. The images are shown in the
order, in which they were recorded, starting and finishing at room temperature (RT). The first and third rows show phase images. The second and fourth rows show corresponding

hase contour maps. The contour spacing is 2 rad.
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Fig. 3. Cumulative charge profiles determined from the phase images recorded at room temperature (Fig. 2a) and at —180 °C (Fig. 2e) using Eq. (2). The integration area, which
is marked by a rectangle in the inset, shrinks in the direction marked by a white arrow. The MIP contribution to the phase was subtracted using the phase image shown in Fig. 2h.
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Fig. 4. Off-axis electron holography of electron-beam-induced charging of the nanotip after exposure to air. The nanotip was illuminated by 300 kV electrons at a dose rate of

2.6 e//?\" /s. A phase image is shown on the left. A corresponding phase contour map is shown on the right. The contour spacing is 2 rad.
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Fig. 5. Off-axis electron holography of electron-beam-induced charging of the nanotip measured at 300 kV after one minute of plasma cleaning. The upper row shows phase

2r

images. The lower row shows corresponding phase contour maps. The contour spacing is b rad. The electron dose rate is indicated above each image.

found to be negligible, as shown in Fig. 4. This observation suggests
that either exposure to ambient atmosphere or electron irradiation may
have changed the surface or defect state and therefore the charging
behaviour of the sample. Little dependence on either dose rate or dose
was found, as before.

An attempt was then made to change the surface state of the nanotip
by using plasma cleaning (Fischione Instruments, model 1020) with O
at a pressure of 10~! mbar, which is expected to remove C, H and O
contamination from the specimen surface. Fig. 5 shows measurements
of charging of the nanotip after one minute of plasma cleaning. When
using similar electron beam illumination conditions and microscope pa-
rameters as before, it can be seen that the original charging behaviour
of the nanotip had recovered. Little dependence on dose rate (Fig. 5) or
total dose was again observed. At a dose rate of 2.2 ¢ /;\2 /s, the phase
contours are perpendicular to the axis of the nanotip, whereas at dose
rates of 1.1 and 0.6 e/1°\2 /s they are inclined slightly.

It is interesting to note that there is a ’2—’ phase shift between the
left and right sides of the nanotip (away from the apex), as revealed by
bright phase contours on one side connecting to dark contours on the
other side. Approximately 2/3 of the distance along the nanotip in the
FOV, the % phase shift disappears. The g phase shift may be induced
by a temporal variation in the charge on the nanotip during electron

exposure. However, corresponding Moiré fringes were not observed in
the holograms or reconstructed amplitude images [44].

4.3. Primary electron energy

In order to assess the dependence of specimen charging on primary
(incident) electron energy, the accelerating voltage was switched from
300 to 60 kV without taking the sample out of the microscope. Fig. 6
shows the results of charging measurements of the nanotip recorded
using 60 kV electrons. Just as at 300 kV, there is little dependence on
electron dose rate or total dose.

As a result of the poor quality of the phase inside the nanotip, in
particular at 60 kV (when most electrons are not able to penetrate
through the specimen), representative phase line profiles were plotted
instead of cumulative charge profiles, which may suffer from imperfec-
tions of the phase inside the nanotip. Fig. 7 shows representative phase
line profiles recorded at different accelerating voltages. The positions of
the line profiles are close to and parallel to the axis of the nanotip, as
marked by a white line in the inset. The phase shown in Fig. 4 was
also plotted for reference. As the interaction constant Cp in Eq. (1)
takes a value of 1.14 x 107 rad/(V m) at 60 kV, while it takes a value
of 6.53 x 10% rad/(V m) at 300 kV, phase images recorded at 60 kV
was rescaled by the ratio of Cp at the two accelerating voltages so
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Fig. 6. Off-axis electron holography of electron-beam-induced charging of the nanotip measured at 60 kV. The upper row shows phase images. The lower row shows corresponding

2r

phase contour maps. The contour spacing is <- rad. The electron dose rate is indicated above each image.
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Fig. 7. Representative line profiles taken from phase images recorded after plasma cleaning at 60 kV (green) and 300 kV (blue) and before plasma cleaning at 300 kV (red). The
phase shift measured at 60 kV is scaled for comparison with the phase shift measured at 300 kV (see text for details). The chosen line, which is parallel to the axis of the nanotip,

is marked by a white line in the inset.

that the results could be compared with each other directly via the
corresponding potentials or total charges. The reference phase line
profile (red in Fig. 7) is almost flat, suggesting there is negligible
charging before plasma cleaning, consistent with discussion in Sec-
tion 4.2. At 60 kV (green profile), the scaled maximum phase shift
is approximately 2.56 rad higher than that at 300 kV (blue profile).
Both profiles show a similar behaviour. The results suggest that a lower
primary electron energy results in the nanotip becoming more strongly

charged. This behaviour is expected, as the yield of SE emission is
inversely proportional to primary electron energy [3,45].

5. Discussion

The polarity of the electron-beam-induced charge (i.e., positive) that
we observe experimentally using off-axis electron holography in the
insulating apex of the nanotip and its dependence on primary electron
energy are consistent with predictions for SE emission, while the lack
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of dependence of the amount of charge on electron dose rate and
total electron dose is unexpected. The dependence of the amount of
charge on specimen temperature may be explained by changes in the
conductivity of the conducting base of the nanotip, while the lack
of reproducibility following successive cycles of heating and cooling
suggests that changes in temperature may alter the surface or defect
state of the sample. Changes in electron-beam-induced charging of the
nanotip observed after plasma cleaning suggest that the build-up of C
on the specimen surface may play a decisive role, highlighting the need
to have better control over the cleanliness of sample surfaces in all
TEM experiments. The complexity of the present sample, including its
geometry, morphology and the presence of damage or ion implantation
from sample preparation, makes the measured charge state difficult to
model theoretically.

Future experiments will benefit from the examination of ultra-clean
samples of simple geometry (e.g., a sphere or a cube), with known
conductivity and a known (i.e., Schottky or Ohmic contact) contact
to ground, as well as from the use of a well-controlled environment
(ultra-high vacuum, O, H,O or even liquids) and from the systematic
variation of specimen temperature, primary electron energy, electron
dose and applied electrical bias. The simultaneous measurement of elec-
tron optical phase, X-ray emission, SE emission and electron energy-loss
spectroscopy, both with high temporal resolution and in coincidence,
is also required to fully understand the underlying mechanisms of SE
emission and electron-beam-induced charging. An additional compli-
cation in such measurements is that they are expected to depend on
whether parallel or focused electron beam illumination is used.

6. Summary and conclusions

Electron-beam-induced charging of a nanotip comprising an in-
sulating Al,O; apex on a conducting Cr,AlC base has been studied
using off-axis electron holography as a function of specimen tem-
perature, electron dose rate and total dose, surface cleanliness and
primary electron energy. Secondary electron emission, the electrical
conductivity and the surface state of the sample are found to play
important roles in the charging process. However, the role of intrinsic
and electron-beam-induced defects remains unknown. Improved con-
trol and knowledge of the specimen geometry, surface state, electrical
contact and surrounding environment are required to understand and
interpret charging behaviour resulting from electron irradiation. New
experimental approaches to mitigate the effects of specimen charging
in the transmission electron microscope are also required.
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