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Abstract

This manuscript demonstrates the susceptibility of ultrathin Mobil Five (MFI) zeolite
nanosheets to low-keV electron beam damage in a scanning electron microscope (SEM). Beam
dose rates and characteristic beam doses are quantified at beam energies from 15 keV to 30 keV
using an on-axis transmission electron detector to measure signal decay times in diffraction
patterns and by underfocusing to enable spot size measurement. Characteristic beam doses
ranged from approximately 1.9 C/cm? at 15 keV to 14 C/cm? at 30 keV, and the damage
mechanism was attributable to radiolysis but other processes including electrostatic charging and

sputtering could not be ruled out.
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Introduction

The last decade has seen a resurgence in transmission imaging and diffraction methods in
the scanning electron microscope (SEM) (Keller et al., 2022). One reason for this is the
relatively recent, increasing implementation of electron detectors that enable low energy
transmission electron imaging and diffraction with beam energies ranging from approximately
3 keV to 30 keV (Klein et al., 2012; Brodu et al., 2017; Caplins et al., 2019; Orekhov et al.,
2020). Another reason is the emergence of new materials that lend themselves to the low beam
energies typical of conventional SEMs. Two-dimensional (2D) materials and low-Z materials
immediately come to mind as ostensibly ideal candidates for scanning transmission electron
microscopy in a scanning electron microscope (STEM-in-SEM). The inherently thin dimension
of 2D materials is generally on the same order of magnitude as the electron mean free path at
SEM energies, meaning that image interpretation is not overly complicated because of multiple
scattering events, and low-Z materials may benefit from the larger characteristic scattering
angles of electrons in the SEM compared to higher energy electron microscopes. For example,
the larger scattering angles can give rise to stronger contrast that can be beneficial for observing
small changes in mass-thickness commonly found in biomaterials and other organic materials

(Kuwajima et al., 2013).

While some materials in those broad classes may be ideal for low-energy transmission
electron studies, many are also susceptible to electron beam damage. For example, as a material
class zeolites are especially beam sensitive and avoiding damage is a significant challenge
regardless of the electron beam energy (Csencsits and Gronsky, 1987; Pan and Crozier, 1993;

Ugurlu et al., 2011; Cretu et al., 2015). Even in the SEM, the crystalline structure degrades



extremely rapidly with electron beam exposure, and mass displacement is evident at beam

energies as low as 15 keV (vide infra).

Beam damage mechanisms include displacement damage (knock-on and sputtering),
ionization damage (radiolysis), electrostatic charging, and heating. Several recent articles
provide an excellent overview of damage mechanisms in different materials and also point to the
importance of quantifying and minimizing damage (Jiang, 2016; Egerton, 2019; Chen et al.,
2020; llett et al., 2020). The predominant damage mechanism can depend on different
parameters including material type (i.e., insulator, conductor, organic, inorganic), sample
geometry (i.e., solid, porous, bulk, 2D, etc.), and beam energy. For example, knock-on damage
may not be prevalent at conventional SEM energies for inorganic conducting samples, but there
is no practical lower energy threshold for organic samples to avoid ionization damage (Egerton,
2012; Egerton, 2019). As the electron beam energy Eo is reduced, the inelastic scattering cross-
section increases approximately as 1/Eo and therefore the ionization damage sensitivity increases.
Although electron scattering physics is well understood, commonly applied theories cannot
always explain the observed damage behavior, particularly at typical SEM energies (Gu et al.,
2017), and multiple damage mechanisms may also be simultaneously active in some samples

depending on the beam energy (Ugurlu et al., 2011).

Beam damage can be quantified in terms of particle fluence, defined as the number of
primary electrons incident per unit area of sample (e/A?) (Egerton, 2019). The concept of a
characteristic or critical dose is often invoked when quantifying beam damage (Egerton et al.,
2004). The characteristic dose can be defined different ways, but here it is defined as the fluence
at which the intensity of a particular reflection in an electron diffraction spot pattern decreases to

1/e of the initial intensity, or 1/lo ~ 0.368. Quantifying beam dose, in general, is not



straightforward in an SEM because the direct beam spot size at optimal focus conditions is too
small to easily measure, particularly with modern field emission SEMs (FE-SEMs). Moreover,
for thicker samples where damage zones extend beyond the direct beam into a teardrop-shaped
interaction volume, it becomes especially difficult to quantify the spatial extent of the damage
zone and hence obtain a characteristic dose. Using an ultrathin sample can perhaps alleviate that
issue. Furthermore, on-axis diffraction cameras that enable fast diffraction pattern intensity
decay rates to be used as a damage metric have not seen use in SEMs until very recently. To
those ends, previous SEM beam damage studies have employed conventional transmission
electron microscopy (TEM) to measure damage zones (Howie et al., 1986; Gu et al., 2017).
Electron energy loss spectroscopy has also been used to assess beam damage (Isaacson et al.,
1973; Egerton et al., 2006; Ugurlu et al., 2011), but those accessories are extremely rare on

SEMs.

For these and other reasons, characteristic beam dose assessments have not been as
widely pursued in the SEM as they have in higher energy electron microscopes. However, the
resurgence in transmission electron techniques in an SEM has brought with it the incorporation
of on-axis diffraction detectors that can, in some instances, enable beam damage to be quantified
without resorting to other characterization tools. To that end, this manuscript demonstrates the
extreme susceptibility of 2D MFI zeolite nanosheets to low-keV electron beam damage in a
conventional SEM by measuring diffraction pattern (DP) intensity decay rates and the spatial
extent of the damage zone. Dose, dose rate, and characteristic dose are quantified at beam

energies from 15 keV to 30 keV.

Experimental



A Zeiss* Sigma 300 VP SEM was used for all imaging and diffraction. Figure 1a shows
a representative image of several overlapping 2D MFI zeolite nanosheets recorded using the
InLens secondary electron detector, 20 keV primary electrons, and a 30 um aperture (beam
current =~ 440 pA). The sheets are nominally two unit cells thick (i.e., approximately 5 nm thick)
and supported on an ultrathin carbon/lacey carbon substrate (Jeon, et al., 2017). Smaller bright
seed crystals and wrinkling can be observed in the image. Real space transmission images were
recorded with the Zeiss aSTEM solid-state detector, and diffraction pattern videos were recorded
with a retractable scintillator-coupled digital camera. Figure 1b shows the experimental setup of
the retractable scintillator-coupled camera. Here, a YAG:Cd scintillator and a Thorlabs 340M
camera were used. A complete description of the detector can be found elsewhere (Caplins et
al., 2020). For all experiments, the sample was positioned between the SEM pole piece and

scintillator using a cantilevered, three-slot sample holder (Fig. 1c).

Two slightly different approaches were used to quantify beam damage parameters.
Neither was designed to minimize beam damage. In the first approach, the intent was to obtain
tye decay times of the (200) reflection as a function of primary electron energy with the beam
focused to obtain the smallest spot size at the sample. With the sample held stationary at
approximately 13.78 mm working distance (WD), the electron beam was manually positioned at
several locations on the sample and the digital camera was used to record videos of fading DPs at
beam energies ranging from 15 keV to 30 keV. To ensure that the signal was obtained from
regions of the sample comprising only single sheet thickness, a fast-scan low pixel density
secondary electron image was recorded prior to recording the videos and used as a guide to

manually position the electron beam.



In the second approach, the primary electron beam was focused at different WDs ranging
from at the sample (13.78 mm) to 100 um below the sample (13.88 mm) to obtain different
primary electron beam spot sizes. For example, at each energy the beam was first focused at the
sample WD and a video was recorded of fading DPs at different locations on the sample.
Without moving the sample along the optic axis or changing the electron accelerating voltage,
underfocus was then implemented by typing the desired WD into the SEM control software. At
each combination of beam energy and underfocus, the beam was positioned manually and held
stationary at several locations while a video of the fading DP was recorded at each location. For
both approaches, videos were recorded using a 500 Hz frame rate, 1 pixel x 1 pixel binning, and
a 100 pixel x 100 pixel sensor area. A 30 um aperture was used to limit the beam current
(measured using a Faraday cup) from approximately 515 pA (15 keV) to 660 pA (30 keV).
From the videos recorded using both approaches, the average intensity of the (200) reflection
was quantified as a function of time, and an exponential decay function was fit to the data to
determine the time, tue, required for the average intensity to decrease to 1/e of the initial

intensity. MATLAB* was used for video and data processing.
Results

Figure 2a shows traces of the average video frame intensity as a function of time for
beam energies ranging from 15 keV to 30 keV. Here, the beam was specifically focused at the
sample (i.e., WD ~ 13.78 mm). Sharp peaks in the different traces correspond to each time the
beam was repositioned on the sample, and the signal decay is representative of how the entire
DP fades with beam exposure. For example, each point in the different traces represents the
average intensity of a single 100 pixel x 100 pixel video frame which encompassed several

orders of diffraction spots including the direct beam. A representative video frame from one of



the peak locations the 30 keV video dataset is shown inset in the figure, and the (200) reflection
is indicated by the inset arrow. Beam dwell time at each manually selected position was
approximately 5 seconds. Notice that as the beam energy was reduced the sharp peaks that
occurred each time the beam was repositioned also decreased in intensity. This was due to a
combination of factors including the decreasing beam current as the accelerating voltage was
reduced and the conversion efficiency of the scintillator, which decreases with incident electron

energy.

The sharp peak positions in Fig. 2a were used as a starting point from which the average
intensity of the background-subtracted (200) reflection was quantified as a function of time.
Although numerous peaks appear in the traces of Figure 2a, DPs were only used if there was no
strong evidence of sample wrinkling (Kumar et al., 2015) or significant deviation from the [010]
zone axis. Figure 2b shows representative traces of the intensity of the background-subtracted
(200) reflection as a function of time at each beam energy. The inset of Figure 2b summarizes
the average t1e decay times when focus was at the sample WD. Regardless of beam energy, tie
was approximately 40 ms. Practically speaking, for 5 nm thick MFI nanosheets supported on an
ultrathin carbon substrate, several tens of milliseconds is a reasonable upper time limit for
collecting single DPs under the conditions used here (i.e., with focus at the sample) without

incurring significant signal degradation due to increasing sample damage.

One way to extend tye is by underfocusing the primary electron beam, thereby effectively
distributing the beam current over a larger area of the sample. (Underfocus is defined here as
setting the WD below the sample, or further away from the objective lens.) Although the point-
to-point spatial resolution for conventional SEM imaging is not optimal when using this

approach, the benefit is that the diffraction signal collection time can be significantly extended,



which can result in a stronger signal-to-noise ratio over a wider range of operating conditions.
More importantly, by underfocusing, the increased spot size at the sample also allows the
damage zone diameter to be measured in a straightforward manner and a characteristic beam
dose to be determined. For example, Figure 3 shows representative images of the sample after a
30 keV beam was manually positioned at different locations with focus at the sample (WD ~
13.78 mm, Fig. 3a), 10 um under the sample (WD ~13.79 mm, Fig. 3b), 20 um under the sample
(WD = 13.80 mm, Fig. 3c), and 50 um under the sample (WD = 13.83 mm, Fig. 3d). The inset

arrows point to dark spots that are suggestive of damage where the beam was positioned.

At the smallest spot sizes the image contrast at the specified positions is indicative of
through-holes in the zeolite nanosheets (Fig. 3a, Fig. 3b). Although not shown here, similar
contrast was observed when 15 keV electrons were used. This is somewhat surprising given that
the sample is supported on an ultrathin carbon substrate which is thought to help minimize
displacement-type damage (Egerton, 2010; Zan et al., 2013). Moreover, the faint brighter halos
around the spots in Fig. 3c and Fig. 3d are suggestive of sample sputtering or perhaps charging
(Downing et al. 2004). To that end, transmission electron images were recorded in the SEM to
support the conjecture that the spots are holes rather than other imaging artifacts such as beam-
induced contamination. Figure 4a shows a secondary electron image of the sample with damage
spots obtained using three underfocus settings. The smallest spots on the far-right side of the
image appear to be through-holes even at positions where two zeolite nanosheets overlap
(indicated by the thicker red arrows). In the bright-field transmission image (Fig. 4b) the spots

are brighter than the surrounding areas, and in the annular dark-field transmission image
(Fig. 4c) the spots are darker than the surrounding region. In all three images, the contrast of the

indicated spots compared to the immediately surrounding areas is a strong indication that the



sample is damaged, and that material displacement is likely as a result of beam-sample

interaction.

To quantify characteristic beam dose, the cross-sectional area of the primary electron
beam at the sample must be known. To that end, the diameters of damage zones like those in
Figure 3 and Figure 4 were measured as a function of underfocus and taken as a surrogate for the
diameter of the primary electron beam. (Using the damage zone as beam diameter surrogate is
not unreasonable because when astigmatism is intentionally added to the to the primary electron
beam, the non-circular shape is also evident in the damage zone. For example, see Fig. 3e.) As
Figure 5a shows, the damage zone diameter increases approximately linearly with increasing
underfocus. This is not surprising since the variation in underfocus is small compared to the
sample WD (i.e., the sample was at 13.78 mm and the maximum underfocus was 100 um, or
WD = 13.88 mm). Note that when the beam is focused between the sample and approximately
10 um under the sample, measurements of the damage zone may not be truly representative of
the actual beam spot size because obtaining focus exactly at the sample plane can be challenging
even in ideal environment. The WD of a well-focused image can also vary depending on the
accelerating voltage. For these and other reasons, including the fact that through-holes were
created in the sample, dose calculations at focus and at the smallest underfocus settings should be

interpreted with caution.

Taken together with electron beam current measured using a Faraday cup, the average
damage zone diameters (Fig. 5a) and the tye decay times obtained from video data of fading DPs
(Fig. 5b) can be used to calculate the beam dose rate (e/(A%), Fig. 5¢) and dose at tie (e/A2, Fig.
5d) for different beam energies. As Figure 5b shows, tie increases approximately quadratically

with underfocus. This trend is reasonable given that the beam current is unchanged at a chosen

10



beam energy, but the effective area over which it is spread increases with the square of the
damage zone diameter. As Figure 5d shows, when the underfocus is greater than approximately
20 um (i.e., the beam is spread to a diameter that does not produce through-holes at the
timescales employed here), the dose approaches an approximately constant value that depends on
beam energy. These constant values, calculated as the average dose from 20 um to 100 um
underfocus, are shown in the inset table and are interpreted as the characteristic dose for the
sample under the specified operating conditions. Notably, the characteristic dose decreases with
decreasing beam energy, meaning that as the beam energy is reduced it takes fewer electrons to

impart the same amount of damage as is done at higher beam energies.
Discussion

MFI zeolite DP intensity decay rates and characteristic doses have been examined
previously, albeit at significantly greater beam energies. For example, in one report employing
400 keV electrons, a 2 A dose-limited resolution was established by noting the disappearance of
the (10 0 0) reflection at a dose of approximately 300 e/A? (Pan and Crozier, 1993). Based on
the order of magnitude difference in beam energies and the difference in sample configuration
(i.e., they examined powder), it is difficult to make a direct comparison with the results presented
here. Although the (10 0 0) reflection can be observed using the SEM at 15 keV with focus at
the sample, the 500 Hz frame rate required to capture the decay of the (200) reflection with
sufficient temporal resolution was too fast to allow observation of weaker high order reflections.
It is also difficult to make a direct comparison of the characteristic dose for the (10 0 0) and
(200) reflections because higher order reflections are more sensitive to structural changes and
will lose intensity more rapidly than reflections closer to the direct beam. However, the damage

mechanism in that report was attributed to radiolysis by another author (Egerton, 2012), which is
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in line with the results obtained here (vide infra). Elsewhere, 300 keV electrons were used to
examine 2D MFI nanosheets practically identical to the ones examined here (Kumar, 2015).
Although the (200) reflection was not specifically studied, the decay times of other low order
reflections were several orders of magnitude longer than those reported here. For example, the
intensity of the (303) reflection did not decay by more than 40% even after 100 minutes. Itis
noteworthy that by decreasing the beam energy one order of magnitude from 300 keV to 30 keV,
tie decreases by several orders of magnitude. Naturally then, one might ask what happens when
the beam energy is reduced an additional order of magnitude from 30 keV to 3 keV. Does ti/e
decrease again by several orders of magnitude? Does a lower cutoff energy exist at which
damage is no longer an issue, and is that lower energy practical for imaging and analytical
purposes? The scintillator-coupled camera used here is not effective 3 keV, and although direct
electron detection cameras that can record 3 keV signals have seen use in SEMs (Orekhov et al.,
2020), the maximum frame rate of those devices (40 Hz) is not sufficiently fast to capture the DP
decay rate for this material at the beam energies used here. Significantly faster direct electron
detection cameras are commercially available (MacLaren et al., 2020), but they are largely
dedicated to higher energy electron detection and not yet optimized or commercially available

for low keV SEM applications.

Regarding the damage mechanism responsible for the holes observed in the nanosheet
sample, some speculation is offered. There are very few reports on beam damage at
conventional SEM energies, but general guidelines to distinguish between sputtering and
radiolysis have been given for inorganic samples at beam energies between 100 keV and 300
keV (Egerton, 2012). For example, one guideline suggests that for radiolysis the characteristic

dose increases with increasing beam energy. As the inset table of Figure 5d shows, the
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characteristic dose increases approximately linearly with beam energy so one could infer that
radiolysis is an active damage mechanism. Another guideline is that a characteristic dose < 1000
C/cm? points to radiolysis. The characteristic doses tabulated in Figure 5 are well below this
threshold. If these two guidelines are assumed to be valid at lower beam energies, then the

damage mechanism can be tentatively assigned to radiolysis.

Although radiolysis involves bond breakage and structural degradation which could lead
to the appearance of holes, other mechanisms could be occurring simultaneously and should be
considered. For example, conventional knowledge suggests that sputtering is unlikely at SEM
beam energies (Egerton et al., 2010). However, the zeolite nanosheet examined here is both
porous and 2D meaning that the surface area-to-volume ratio is very large. Because the binding
energy for surface atoms and displacement energy for atoms adjacent to pores is lower than it is
for atoms in the bulk, sputtering should not be overlooked as a damage mechanism. To that end,
the faint bright halos around the damaged areas in the secondary electron images of Figure 3d
and Figure 4a are suggestive of sputtered material redeposited around the perimeter of the holes.
However, transmission images, which can reveal small changes in mass-thickness (Holm et al.,
2020), do not show contrast indicative of redeposited material. Alternatively, the halos could be
an artifact of electrostatic charging which can induce displacement damage (Egerton, 2019).
Electrostatic charging is generally much more apparent in secondary electron (SE) images than
in transmission images in the SEM, and this behavior was observed while imaging the sample
using secondary electrons. For example, Figure 6 shows a conventional SE image recorded
using the InLens detector after the sample was intentionally damaged with a 15 keV electron
beam positioned at different locations. Two bright horizontal lines, a strong indication of sample

charging, can be observed extending from one of the damage spots. These lines do not always
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appear at every damage spot, but they only appear after the sample has been previously subjected
to intentional beam damage. Moreover, in regions where the ultrathin carbon support film is
missing and the zeolite nanosheets are only supported by lacey carbon, sample charging is also
apparent at the edges of the nanosheets in transmission images. To that end, an internal electric
field induced by the electron beam may be partially responsible for specimen thinning and/or
hole formation due to ion migration or dielectric breakdown (Egerton, 2012). In another report,
Gu et al. (2017) reported sputtering damage, restructuring, and formation and amorphization of
precipitates in a Zircaloy-4 sample at 30 keV in an FE-SEM. This result is notable because the
sputtering threshold for Zr atoms (210 keV) is significantly higher than 30 keV. The
observations were tentatively attributed to the high beam current density (on the order of A/cm?,
which is comparable to what was used in this work) and the relatively high energy deposition
rate. When the electron beam is optimally focused at the sample WD, the beam spot size is of
similar dimension to the MFI zeolite unit cell (i.e, lattice parameters a~ b ~ 2 nm, ¢ = 1.3 nm)
(Olson et al., 1981). Therefore, the entire beam current is incident on a relatively small number
of bonds and a dose rate effect may be possible. Dose rate effects could conceivably be
investigated by using the SEM extractor voltage to vary the beam current. Although it is beyond
the scope of this contribution to definitively identify the exact damage mechanism(s), anecdotal
evidence suggests that radiolytic damage is likely, and that sample charging and sputtering may

also play a role in producing holes in the sample.
Conclusions

MFI zeolites are susceptible to beam damage even at conventional SEM energies. This
damage can be quantified in a straightforward manner in the SEM using a moderately fast

diffraction camera to measure the decay rate of the intensity in the (200) reflection. Under
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normal SEM operating conditions (i.e., with focus at the sample), tye was approximately

40 milliseconds for beam energies between 15 keV and 30 keV and through-holes appeared
wherever the beam was positioned on the sample for longer times. By underfocusing, or
spreading the beam, through holes could be avoided but damage was still apparent. By
measuring the size of the damage zone, it was possible to quantify a characteristic dose at
different beam energies and show that the sample was more susceptible to beam damage as the
primary electron energy was reduced from 30 keV to 15 keV. The approach used here (i.e.,
underfocusing the beam to disperse the current over a larger sample area) could be useful to
assess beam damage in other material systems. Although there will always be challenges to
obtaining high-resolution real-space STEM-in-SEM images from samples that are ultrasensitive
to beam damage, knowing the limitations of the sample under different illumination conditions is

key to efficiently obtaining information.
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Figure 1. (a) A secondary electron image of 2D MFI nanosheets supported on an ultrathin
carbon substrate recorded using the InLens detector, 20 keV primary electrons and WD = 13.78
mm. Scale bar is 400 nm. (b) A schematic of the experimental setup for recording DP videos.
(c) An image of the SEM chamber interior showing the sample position and some detector

hardware.
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Figure 2. DP intensities as a function of time at different beam energies with focus at the
sample. (a) Traces of the average video frame intensity. The inset DP shows a single
unmodified frame from a 30 keV video. The (200) reflection is indicated. (b) Representative
intensity traces of the background-subtracted (200) reflection shifted to t = 0 s for comparison.
The inset plot summarizes the average tie decay times at different beam energies. Error bars

represent standard deviation.
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(b) © (d

Figure 3. Secondary electron images of zeolite nanosheets after probing the sample at different
manually selected positions with a 30 keV beam focused at different WDs. (a) WD = 13.78 mm
(focus at the sample). (b) WD =13.79 mm (focus 10 um under the sample). (c) WD = 13.80

mm (focus 20 um under the sample). (d) WD = 13.83 mm (focus 50 um under the sample). (e)
Damage zones created with astigmatism intentionally added to a 15 keV primary electron beam

and 20 um underfocus. Inset arrows indicate beam positions. Scale bars are 200 nm.
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Figure 4. Images of zeolite nanosheet damage after using a 30 keV beam to probe the sample in

several locations with different underfocus settings. (a) A secondary electron image with
200 nm scale bar. (b) Bright-field transmission image. (c) An annular dark-field transmission
image. Colored inset arrows indicate beam positions where underfocus was set to 0.0 um (WD =

13.78 mm, red), 20 um (WD = 13.80 mm, green), and 50 um (WD = 13.83 mm, yellow).
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Figure 5. (a) The relationship between damage zone diameter and underfocus at different beam
energies. (b) The tye intensity decay time for the background-subtracted (200) reflection as a
function of beam energy. (c) Beam dose rate at different beam energies. (d) Beam dose at tie
and different beam energies. The inset table shows the average characteristic dose in electrons/A?

and in C/cm? at the three beam energies.
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Figure 6. A 15 keV secondary electron image recorded with the InLens detector after exposing
the sample to a stationary 15 keV electron beam (70 um underfocus) at several locations adjacent

to the edge of a zeolite nanosheet. The bright horizontal lines are a strong indication of sample

charging.
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