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In this paper recent developments in low and ultra-low voltage imaging in field emission scanning microscopes

(FE-SEM) from ZEISS are illustrated on the basis of various materials samples. Polymers, a separator membrane in a

lithium-ion battery, graphite, iron hydroxide-oxide particles, silica nano capsules, aluminum oxide particles, and the

biomaterial chitin are investigated using a unique electron optical technology called ZEISS Gemini. The paper explains

how low voltage imaging is performed and how it avoids causing beam damage and charging on samples. The images

have been acquired at voltages between 2 kV and 500 V. The ability to balance the charge entering and leaving the

sample enables the user to obtain a charge balance sweet spot and thus carry out imaging of highly beam-sensitive,

non-conductive samples with high resolution and surface sensitivity.

SEM Imaging and Analysis Under Low Voltage -
Overview

The DSM 982, the first field emission scanning electron
microscope with Gemini electron optics, was launched in 1993.
Its low kV resolution was unique and expanded the field of
FE-SEM applications to include low landing energies for the first
time and ever since, it has continued to evolve further.

Gemini optics is characterized by three main components: The
objective lens design combines electrostatic and magnetic fields
to maximize optical performance, while reducing field influences
at the sample to a minimum. The beam booster technology, an
integrated beam deceleration, guarantees small probe sizes and
high signal-to-noise ratios. And there is the Inlens detection
concept, which ensures efficient signal detection by detecting
secondary (SE) or backscattered (BSE) electrons minimizing time-
to-image. (Figure 1).

The major advantages of Gemini technology are reduced sample
damage, increased SE yield, and higher surface sensitivity to
achieve higher resolution thanks to smaller interaction volumes
and a small spot size. With the Gemini optical concept and
specifically the beam booster technology, imaging aberrations
decrease significantly with decreasing beam energy, so it
becomes an ideal solution for low kV applications. Additionally,
a special gun mode has been developed recently to reduce

the energy spread of the primary beam. The effect of the
minimized chromatic aberration is further reduced to allow
even smaller probe sizes and to maintain sufficient resolution,
even at voltages lower than 1 kV. In this paper, the focus is

on demonstrating how the benefits of a low kV SEM can be
shown to enable imaging of real world samples in the field of
nanotechnology.
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Figure 1 ZEISS FE-SEM with a Gemini 1 optical column comprising beam booster,
Inlens detector and Gemini objective lens.



Electron Beam Damage to the Material

Electrons interact strongly with most materials. This is very
useful for obtaining a superior signal while imaging. Conversely,
there is the possibility that the structure of the material could
be altered or damaged by different mechanisms depending on
the energy regime being used [1]. For high energy electrons,
damage is caused by the interaction of the electron beam with
the nucleus of the atoms (elastic scattering). The mechanism is
based upon atomic displacement and dislocation of atoms by
the primary beam; on the macro scale, this is called electron
beam sputtering and is typically observed in transmission
electron microscopes (TEM) with typical primary beam energies
of 300 kV down to 30 kV. In the SEM, the primary beam
energies are much lower and for surface imaging, they are
typically in the 1 kV voltage range whereby different interaction
mechanisms are at play. In the 1 kV regime, the dominant
mechanisms are based on inelastic scattering of the electron
beam, which manifests itself as heating the sample due to
phonons (quanta of vibrational energy). The damage due to the
heat transfer depends on the geometry of the samples. The heat
dissipation in a SEM bulk sample is usually much more efficient
than in a thin foil. Another way to control the temperature rise
in the sample is by using a scanned beam, which can reduce
the effect by an order of magnitude [1]. With the scanned
beam, it is possible to use more elaborated scan schemes that
allow the use of high-speed scanning by combining it with drift
compensated frame averaging. The most serious problems of
radiation damage can be found in organic solids. The nature

of bonding in this material class is mostly due to weak van der
Waals or numerous covalent bonds, such as those found in many
polymers. Electron interaction will, in this case, directly interact
with molecular bonding in the sample and will thereby cause
chemical bonds to break. This leads to changes in the molecular
structure that cause the material to change shape or shift in

position.

Figure 2 Separator membrane imaged at 200 V at a) 20 °C room temperature
and b) Peltier cooled to -35 °C.

A good example of how beam damage can affect the
microstructure of solid organic materials is observed with
polyurethane separator membranes (Figure 2). These materials
have become very important recently since they are used to
separate the anode and cathode layers within a lithium-ion
battery cell, which allows Li migration but prevents short
circuits in the battery. The size of the pores in these membranes
determines the diffusion of the lithium in the battery and

is therefore critical to the macroscopic battery properties,
especially charging and discharging process characteristics.
When the membrane has been damaged by the beam due to
heating, the pores appear much larger than when they are in a
pristine condition, which gives the researcher an incorrect data
point. To successfully image the pores in pristine condition,
cooling and low voltage imaging is required to control the
amount of energy transferred. The cooling can be realized with
a Peltier cooled substage.

Avoidance of Electrostatic Charging

Using the low energies of the primary beam does not only help
to avoid beam damage, it can also be used to avoid charging

of non-conducting samples. This is achieved by balancing the
primary beam current with the energy dependent yield of the
SEs and BSEs. During the imaging process in the SEM, electrons
are injected into the sample by the primary electron beam. If the
primary beam current is made equal to the emission of electrons
from the sample, the sample does not become charged and
imaging of the non-conductor can be performed without coating
the sample or using a variable pressure atmosphere in the SEM
chamber. Electrons that are normally unbound in the sample are
transferred to ground through conduction and do not result in
charging of the sample. For non-conductive samples, this becomes
an issue. For most non-conductive materials, there are two energy
windows of primary energy (E1 and E2) where charge neutrality
can be achieved by balancing injected electrons (primary beam)
and emitted (detection) electrons. E1 is approximately 300-600 V
and E2 is in the range of 1 kV to 1.5 kV. Since these windows are
material dependent, these numbers are simply a rough estimate.



Depending on the combination of instrument conditions being
applied (beam energy, beam current, etc.), the E1 and E2 points
are relatively stable for a particular sample. The low kV imaging
properties of the Gemini technology still provide high resolution

in the low voltage window of the E1 region without causing any
significant compromise to the resolution. The optimal landing
energy required is always dependent on the sample information
that is needed. In the next section, the dependence of information
from the sample at different voltages will be shown for imaging
graphite at different landing energies.

Enhanced Resolution Due to Higher Surface Sensitivity
Under low kV imaging conditions, the image contains more
information relating to the surface of the sample. This would
mean that for small surface features, it is possible to achieve
a very high resolution, due to their substantially smaller
interaction volume. Experimentally, this is demonstrated with

graphite anode material for batteries (Figure 3 a, b).
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Figure 3 Comparison of the interaction volume of the electron beam at different
accelerating voltages. a) graphite anode material imaged at 2 kV, b) imaged

at 500V (a) & b) ZEISS GeminiSEM 560, Inlens SE.), c), d) results of Monte Carlo
simulations at 2 kV and 500 V [2].

By way of comparison, the two images were acquired at 2 kV and
at 500 V, respectively. Both voltages are generally considered

to be low and not so different from each other. For the 500 V
image, it can be seen that more contrast is available on the
small graphite fractured particles on top of the larger ones.

For the 2 kV image, it is already possible to see transparency

of several freestanding areas as the primary energy is sufficient
to penetrate through the sample’s thickness. To visualize the
small details of the surface, the 500 V image is more suitable.
To explain these differences, the interaction volume of the 500 V
and the 2 kV electron beam in graphite has been calculated
(Figure 3 ¢, d). To simulate this interaction volume, a common
approach is to use Monte Carlo simulations of electrons in
materials [2]. For this example, simulations were run with 20,000
electrons interacting with graphite. As a result, a material

depth down to 50 nm is displayed in the diagram set by the
resulting electron trajectories. For 2 kV, differences can be seen
not only in the z direction, but also in x and y, which reduces
the overall lateral resolution. For the 2 kV case, the interaction
volume appears much broader. This means secondary electrons
generated from that volume are more delocalized and will lead
to a resolution being measured that is much larger than the
radius of the electron beam itself.



Enhanced Contrast for Materials under Low kV

Imaging Conditions

The final section of this paper provides examples demonstrating
the benefits of low kV imaging. Imaging of surface structures is
needed to understand the structure of nanomaterials in detail.

At the same time, charging artifacts and sample damage must be
minimized. All images presented below have been acquired with
low probe currents of approximately 10 pA and primary landing
energies of 500 V or 1 kV, taking advantage of the previously
described charge balance method for minimizing sample charging
and damage. Even at the highest magnification, the smallest

details that can be observed are below 5 nm in size. (Figure 4).

Figure 4 a) Iron hydroxide oxide particle: FeOOH particles showing nanometer-

sized details on their surface. The channels visible here are due to the dehy-
dration of the particle as water has escaped. ZEISS GeminiSEM 560, 1 kV,
Inlens SE. b) Nano capsules: Nano capsules are a typical case for a porous
silica structure. The silica on oxide tends to charge in the beam and the porous
surface is simultaneously beam-sensitive [3]. ZEISS Sigma 360, 500 V, Inlens SE.
c) AL, sintered balls: Sintered balls clearly show the surface sensitivity of the
Gemini technology and high resolution at 500 V landing energy. The terraces
have steps of only 3 nm width imaged with ZEISS Sigma 360, Inlens SE. d)
Chitin: This is an example of a very sensitive biomaterial. The very thin sheets
are not affected by the low energy beam and charging is widely avoided by
following an appropriate scanning scheme and using very low probe current
below 10 pA [4]. ZEISS Sigma 560, 500V, Inlens SE

Conclusion

It is vitally important for today’s FE-SEMs to offer very high
performance at ultra-low landing energies for applications
requiring performance at 500 V or lower. The ability to balance
the charge entering and leaving the sample enables the user

to obtain a charge balance sweet spot and thus to perform
imaging of highly beam-sensitive, non-conductive samples
without the need for coating or the use of variable pressure
technology. Applications in the area of carbon neutrality require
the ability to image organic solids. Their sensitivity to the beam
makes them ideally suited to take advantage of ZEISS" Gemini
technology, the electron optics present in all ZEISS FE-SEMs and
FIB (focused ion beam)-SEMs. These requirements are mirrored
in modern nanomaterials and biomaterials as prime examples to
benefit from the advantages of the Gemini technology. ZEISS’
commitment to further develop the Gemini technology of the
last 30 years has made it a standard-setting technology for ultra-
low kV imaging of beam-sensitive, non-conductive samples at

the edge of materials science.
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