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charging-induced imaging
instability in transmission electron microscopy†

Linhai Wang,a Dongdong Liu,a Fan Zhang,b Zhenyu Zhang, *a Junfeng Cui,a

Zhenghao Jia,b Zhibin Yu,a Yiqiang Lva and Wei Liu *b

Revolutionary microscopy technologies for aberration correction in spatial and energy aspects have

exhibited continuous progress, pushing forward the information limit of materials research down to

a scale of sub-angstrom and milli-electron voltage. Nevertheless, imaging quality could still suffer due to

sample instability, e.g. the charging effect, which always comes along with electron microscopy

characterizations. Herein, using a defocus estimation algorithm and an in situ image feature tracking

method, we quantitatively studied the image drifting dynamics induced by the charging on transmission

electron microscopy (TEM) carrier grids with tunable electrical conductivity. Experimental evidence

clarifies the debate about the charge types, proving that the irradiation of the electron beam induces

a positive charge on the grid sample of poor electrical conductivity. Such charge accumulation accounts

for subsequent imaging instability, including the increase of defocus and the drift of lateral images.

Particularly, the competition between charging and discharging was found to dynamically modulate the

propagation of electron beam, resulting in a periodically reciprocating movement on TEM images. These

findings enrich understanding on the dynamic principle of charging effects as well as the details of image

drifting behaviors. It also suggests specific attention on the importance of conductivity control on a TEM

specimen, beyond all the efforts for instrumental improvements.
Introduction

Higher resolution for more atomic structural information has
been a long-standing pursuit of scanning/transmission electron
microscopy (S/TEM); hence, microscopists devote themselves
with tremendous efforts to overcome the instrumental defects
from either the electron source quality or the electromagnetic
lenses via developing correctors to reduce the inuence of both
spherical and temporal aberrations.1,2 Major breakthroughs in
modern TEM realize the successful correction of up to h-
order aberration, facilitating a spatial resolution down to the
level of half-angstrom.3 However, merits from these revolu-
tionary instrumental improvements could be quite difficult
when applied to a practical TEM sample of poor electrical
conductivity (e.g., semiconductors, metal oxides, silicates et al.),
which could probably suffer from imaging instability issues due
to the charging effects induced by the electron beam irradia-
tion. Such charging-induced imaging instability could be
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a challenge out of tolerance particularly for those attempts of
atomic structure imaging. Moreover, it also reports that the
charging effects would not only induce imaging aberration and
shiing but also cause damages and structural defects to the
sample.4,5

Rooted in the intrinsic interactions between the incident
beam and materials for observation, a charging phenomenon is
understood within the framework of electron capture and
second electron (SE) excitation and emission procedures, which
are described quite differently in previous studies in diverse
scenarios of electron beam irradiation. First, from the
perspective of electrostatic eld (EF) formed by incident e-beam
and excited SE, Cazaux J. theoretically analyzed the charging
effects on an insulator surface by considering the SE emission
yield;6,7 on the other hand, a dynamic double-layer model
aiming to describe the temporal correlation of charge effects
was proposed by Melchinger A. and S. Hofmann.8 Despite these
efforts, debates remain unresolved for the charging types
(positive or negative). S. Hettler, et al. report a thin carbon lm
being negatively charged at a moderate temperature,9 while
other researchers believe that beam irradiation leads to a posi-
tive charge on a thin sample.10 Besides, previous work on the
charging effect, which is thought usually but could yield serious
interference to microscopy imaging. At present, researchers
mainly focus on the theoretical studies of thick samples in SEM
imaging,11,12 whereas experimental explorations on the
Nanoscale Adv., 2021, 3, 3035–3040 | 3035
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quantitative dynamics of charging-induced instability in TEM
imaging are rare. However, this turns out to be signicant
because an image stability issue becomes more critical in the
aberration-corrected microscopy.

In this study, we present an experimental study on the dynamics
of the charging-induced image dri under TEM conditions. The
tunable electrical conductivity was realized on a commercial TEM
grid in an innovative design of sandwich-like conguration giving
the capability of changing charge transport resistances to verify the
inuence of charging effects during TEM imaging. We were able to
precisely determine the charging-induced image shi either along
the beamdirection of Z axis or within the XY plane of the sample by
developing algorithms dedicated to track the defocus change and
image dri. The quantitative analysis on experimental results
conrms that in TEM the beam irradiation positively charges a thin
lm sample because of distinct image driing characteristics
including the increase of defocus and lateral shi of images in the
sample plane. A delicate reciprocating movement during the
imaging dri was rst discovered, which presents good agreement
with the dynamic equilibrium driven by the periodic competition
between charging and discharging procedures. In this study, the
demonstration of the charging-induced imaging instability would
arouse general attention of researchers on the quality control of
sample conductivity that is vital for TEM characterization.

Results and discussion

To precisely evaluate the charging-induced imaging dri along
the Z axis, the defocusing parameter is quantitatively calculated
from the in situ recorded HRTEM series during sample charging
Fig. 1 PSDs (black dotted line) and their corresponding CTF curves (red
(0.003U), (a) before irradiation, (b) irradiated for 5min, sample (II) modera
sample (III) high resistance (insulator), (e) before irradiation, and (f) irradi

3036 | Nanoscale Adv., 2021, 3, 3035–3040
under beam irradiation. In particular, the fast Fourier trans-
form (FFT) patterns known as digital forms of Thon rings are
produced from the acquired HRTEM images of an amorphous
carbon lm.13 Thon rings are composed of alternating light and
dark rings with different radii, representing the luminance
values (I) at different frequencies (m). Experimental I–m curves
are also referred to power spectrum density (PSD).14–17 For each
diffraction pattern, PSD was calculated by integrating the
selected ring area, containing all light and dark rings conducted
by ImageJ. The defocus values of the HRTEM image are con-
tained in the contrast transfer function (CTF) tted by the
envelope function,18

y ¼
������e

�

�
1
2
ðlpdÞ2m4þ

h�pa
l

�2

ðCsl
3m3þlmÞ2

i�
sin

�
lpf m2 þ pl3Csm

4

2

�������
(1)

where l ¼ 0.00418 is the de Broglie wavelength of electrons
under 80 kV accelerating voltage, d ¼ 1 is the defocus spread
due to aberration, m is the spatial frequency for a particular
direction, a is the semi-angle characterizing the Gaussian
distribution, Cs is the coefficient of spherical aberration, and f is
the defocus. With good consistency of PSD and CTF, the defocus
f can be determined by the diffraction pattern of an amorphous
lm.17

The PSD curves of samples and their corresponding tted CTF
ones as well as Thon rings are shown in Fig. 1. Fig. 1(a) illustrates
the result of the gold (Au) grid with good electrical conductivity
(sample I) before irradiation. It is measured to be 0.003 U and the
line) of samples with different resistances for sample (I) low resistance
te resistance (1.065U), (c) before irradiation, (d) irradiated for 5min, and
ated for 5 min.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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defocus is calculated as�139.1� 1.6 nm; aer being irradiated for
5 min (Fig. 1(b)), the defocus becomes �140.0 � 1.5 nm, showing
a small defocus variation of <1 nm that is almost negligible. While
for sample II with an increased resistance of 1.065 U, the defocus
increases from �416.3 � 3.6 nm to �424.6 � 2.7 nm aer 5 min
irradiation (Fig. 1(c and d)), which depicts that the focal length
turns to increase by �8 nm at a moderate resistance. In order to
obtain more signicant imaging variation, sample III using the
plastic underlay is studied, providing high resistance that is theo-
retically innite. As shown in Fig. 1(e and f), before irradiation, the
defocus of the image is calculated to be�108.1� 1.1 nm (Fig. 1(e)),
while the defocus changes by a value of 57 nm aer irradiation
(Fig. 1(f)). Herein, it should be emphasized that all parameters for
the irradiation treatments were kept identical in all three sample
groups to drive the imaging defocus change. From the above-
mentioned results, it is obvious that greater the resistance of the
sample, the larger the increase in the image defocusing.

On the basis of the aforesaid exploration of the imaging dri
behavior along the beam direction, the manner of image stability
within the sample plane (horizontal dri) was investigated by
tracking the movement trajectory of a sample feature in the real-
time recorded image series (Fig. 2(a–c)). Fig. 2(d) demonstrates
the horizontal displacement curve P(t) as a function of the beam
irradiation time. It can be primarily divided into two movement
Fig. 2 Image shifting in the XY plane under high resistance for (a) the
displacement–time function P(t) in the X direction, and (e) slope curve o

© 2021 The Author(s). Published by the Royal Society of Chemistry
manners at different periods: a monotonic movement, followed by
a periodic oscillation around the nal position. Aer the initial
charging, the image moves along one direction (at �72.5� coun-
terclockwise from the X axis) till the displacement of �20 nm
within the rst duration of 52 s. It is worth noticing that during
a such one-way shiing procedure, the image simultaneously
exhibits a periodic ‘fallback’ behavior. This turns out to be the
dominant movement style at the next stage from 52 s to the end. A
stable oscillation period of about 11–13 s is retained over the entire
charging-induced imaging dri process, which has been unam-
biguously illustrated in Fig. 2(e) via plotting the driing speed (rst-
order deviation of P(t)).

The irradiation by the electron beam can charge the TEM
sample.1 Usually, charges derived from samples with a low
resistance will be ground through holder in an instant causing
no inuence on the electron beam propagation, thus inducing
no imaging instability issues. However, accompanied with the
increase in the sample resistance, themobility of owing charge
retarded causing charge accumulation on the sample, and
therefore an EF is formed around the sample.8 Owing to such
EF, some principle characteristics could be physically deduced.
First, it is can be understood that EF is in asymmetry, which is
ascribed to the asymmetric distribution of accumulated charges
given the random contact between the TEM grid and the holder
tracked particle in the OpenCV program at 0 s, (b) 52 s, (c) 90 s, (d)
f function P(t).

Nanoscale Adv., 2021, 3, 3035–3040 | 3037
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Fig. 3 Schematic diagrams of (a) charge distribution, (b) electronic deflection, and electron beam scattering (c) without vertical EF (before beam
irradiation) and (d) with EF under irradiation.
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for every sample loading. Second, there always exists a dis-
charging mechanism to compensate for the charging one as the
grid is being continuously irradiated. Third, the asymmetric
nature EF is expected to induce modulation on the electron
wave propagation, vertically changing the beam focusing, while
simultaneously horizontally shiing image position. Besides, to
date, the charge type remains unclear, particularly under a TEM
circumstance.

On the basis of experimental results through quantitative
measurements, we were able to conrm the positive charging
for the TEM thin lm in this study for the rst time. The
mechanism details on the charging-induced imaging instability
could also be discussed. Specically, when an electron beam
bombards a specimen, secondary and Auger electrons are
stimulated from a thin surface layer, causing the asymmetry of
charge distribution on the upper and lower surfaces of the
sample (Z axis).14 On the other hand, within the sample plane,
the electrons lost in the illumination area will be compensated
from the surroundings for samples with good conductivity.
However, for samples with a charge transport problem, charges
accumulate near transition locations with resistances from low
to high, such as the interfaces from sample to the supporting
lm, supporting lm to the metal grid, and grid to the TEM
3038 | Nanoscale Adv., 2021, 3, 3035–3040
holder. It is the random distribution at those transition sites
that leads to the asymmetric charging and corresponding EFs
both vertically and horizontally (Fig. 3(a)).

The consistent evidence of defocus increase for all the beam
irradiated samples suggests that the beam electrons accelerate to
a higher velocity as they pass through the sample, resulting in an
extended focal length under the constant focusing strength of the
objective lens. It is therefore an overall downward EF proves to exist
owing to the asymmetric charge distribution on the upper and
lower surfaces of the sample lm. The schematic optical diagram
for the charging-induced defocusing variation is displayed in
Fig. 3(c and d), conrming that TEMsamples are positively charged
under irradiation. Due to the impact of vertical EF, the speed of
electron beam incidence increases to V0 + DV, resulting in
a reduced scattering angle a0 (red path) at the exit wave plane of the
TEM sample, as shown in Fig. 3(d). In that case, the focal plane
moves down to the focal plane, lowering the image plane to image
plane0 and causing the enlargement of defocus.

The asymmetric charge distribution in the XY plane induces
a lateral EF perpendicular to the beam propagation direction,
accounting for the horizontal imaging dri drawn in Figs. 2(a–
c). In the early stage of overall discharging from 0 to 52 s, the
beam is deected continuously by horizontal EF towards one
© 2021 The Author(s). Published by the Royal Society of Chemistry
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direction, enabling the observed one-way driing of the TEM
image (Fig. 2(d)). Moreover, at some sites of the grid with charge
accumulation, the continuous beam irradiation during imaging
brings charge density to a critical threshold, where a maximal
EF leads to the breakdown at that site and triggers localized
discharging. A second charging cycle follows as the charge
density stays below the threshold till the site reaches next the
discharging point. The above oscillating behavior of localized
charges is attributed to the intrinsic dynamics driving the TEM
image to move shis forward and backward, when the overall
image displacement comes to the stable status from 52 s to the
end revealed by Fig. 2(c and d).

Fig. 3(b) presents a simplied physical model of interaction
between beam electron and horizontal EF without considering
the spiral propagation. The EF E(t) is calculated,

EðtÞ ¼ QðtÞ
303rS

(2)

where Q(t) is the overall net quantity of the charging interfaces
denoted as a capacitor conguration, resulting in the formation
of E(t), 30 is the dielectric constant for vacuum, 3r is the relative
dielectric constant for the charged sample, and S is the relative
area of later E(t). In this electric eld, for any charge q0, it
produces an electric eld force F(t) described as,

F(t) ¼ q0E(t) ¼ m0a(t) (3)

where m0 is the mass of charge q0, and a(t) is the acceleration.
Since the initial velocity in the X axis, vx0 ¼ 0, the displacement
P(t) can be described,

PðtÞ ¼ 1

2
aðtÞt2 ¼ FðtÞ

2m0

t2 (4)
Fig. 4 Schematic diagrams of sandwich-like TEM grids with
controlled charge transport resistance via adapting different annular
underlays: (a) Au grid, (b) Cu grid with Cu annular underlay, surface
oxidized at 300 �C, and (c) Cu grid with plastic annular underlay.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Substituting eqn (2) and (3) into eqn (4), it recasts,

PðtÞ ¼ q0t
2

2m0303rs
QðtÞ (5)

Differentiating on both sides, the dri velocity of the elec-
tron beam, equally for image dri, v(t) is,

dPðtÞ
dt

¼ q0t

m0303rs

	
QðtÞ þ t

dQðtÞ
2dt



¼ vðtÞ (6)

The driing speed is inuenced by the temporal term
q0t

m0303rs
and charge accumulation term

	
QðtÞ þ t

dQðtÞ
2dt



, in

which the later one has primary determination on the variation
of v(t) since it integrates the contribution of both Q(t) and t.
Therefore, for the overall discharging process within the stage
of beginning 52 s, the image driing rate v(t) decreases quickly

(Fig. 2(e)) as the Q(t) reduces
�
dQðtÞ
dt

\0
�

As the overall net

charges neutralize, it enters the competition stage of charging/
discharging cycles.
Conclusions

In summary, to investigate the inuence of resistance imposed on
the imaging performance of TEM, a sandwich-like conguration is
developed to change the sample resistance from 0.003U to 1.065U
for electric isolation. In situ HRTEM imaging combined with
specially developed microscopy data process algorithms was
adopted for precisely calculating the defocus values as well as
tracking the imaging dri. Quantitatively experimental evidence
discloses the image shi along the beam direction (Z) and within
sample planes (X and Y). It is found for the rst time that the beam
irradiation on a TEM grid sample has a positively charging effect
and increases imaging defocus. Moreover, our experiments
discover a periodic charging and discharging oscillation dynamics
that drive the reciprocating movements of the TEM image. These
discoveries in our study provide experimental insights into
charging induced imaging instability in TEM. In addition, it is
expected to arouse attention on the conductivity control for TEM
samples on ensuring the imaging quality particularly for the
aberration-corrected microscopy efforts.
Experimental details

The imaging shi was quantied by tracking the precise
movement along the vertical axis (optical axis of a microscope,
referred as direction Z) and within the sample plane (XY plane).
To quantitatively investigate the inuence of the charge trans-
port resistance on defocus variation (Z), a commercial TEM grid
was used as a control sample (sample I: low resistance, Fig. 4(a))
and two sandwich-like grids were designed to achieve
controlled charge conductive characteristics. For instance, the
Cu gird combined with a CuO annular underlay (sample II:
moderate resistance (Fig. 4(b))) and Cu grid combined with
a plastic annular underlay (sample III: high resistance
Nanoscale Adv., 2021, 3, 3035–3040 | 3039
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(Fig. 4(c))). Two annular underlays were introduced on the two
sides of a commercial TEM grid with a diameter of 3 mm and
a thickness of 25 mm coated with carbon supporting lms. To
avoid the short circuit contacting with a TEM holder, a grid edge
was cut off leaving a smaller square constrained between two
underlays. Fig. 4 shows schematics of three samples with
different resistances. Sample I is a commercial Au grid. Sample
II is a Cu grid with a CuO annular underlay that is oxidized on
copper underlay by heating to 300 �C in air. Sample III is a Cu
grid with the plastic annular underlay. The resistances of
samples were measured by the 4-wire method using a Source
Meter (KEITHLEY 2450) and Kelvin clips with tips made by
a single crystal copper coated with gold.

A sample with high resistance was specially focused since its
enhanced charge resistance nature provides magnied inu-
ence on the charging-induced imaging instability. It thus allows
us to complete the quantitative analysis on the image dri in
a shorter time, so as to exclude the interference from the sample
damage issue on the measurement. In particular, the carbon
lm region is focused for analysis on the vertical dri for the Z
axis. For the horizontal dri in the sample plane, the TEM gird
was loaded with nanoparticles, serving as the target to be
tracked via the image recognition algorithm. To enlarge the
inuence of charging effects along the sample plane, a strategy
of instant charging was utilized to initiate the dri process,
where the grid was quickly charged in large quantity by directly
irradiating the plastic underlays with the beam and back to
track imaging dri on the sample region. This instant charging
makes the following horizontal driing analysis performed in
an overall discharging background.

Besides, the in situ dynamic dri process is displayed in Movie
S1† under the in situ TEM mode on an aberration-corrected envi-
ronmental TEM (Thermo Fisher Scientic Titan Themis ETEMG3),
equipped with a 4k� 4k resolution camera, recorded at a rate of 2
frames per s (OneView IS from Gatan Ametech Co., Ltd.). TEM
experiments were conducted at 80 kV. The dose rate was 725 e�A�2 s
and coefficient of spherical aberration was Cs ¼ �2 mm. To
calculate defocus variation, one high-resolution TEM (HRTEM)
image was captured for the amorphous carbon lm supported on
the grid. Aer the irradiation of the electron beam for 5 min,
another HRTEM image was acquired at the same location to reect
the change of defocus.

For the analysis of microscopy data aer the experiments, an
algorithmwas developed for precisely calculating the defocus value
of imaging via the quantitative tting of contrast transfer function
(CTF) that was extracted from the frequency pattern of each
HRTEM image. Moreover, the displacement of imaging along the
XY plane of a sample was monitored by tracking the feature of
nanoparticles in the image series using OpenCV algorithm.
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