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A B S T R A C T   

Transmission electron microscopy at very low energy is a promising way to avoid damaging delicate biological samples with the incident electrons, a known problem 
in conventional transmission electron microscopy. For imaging in the 0-30 eV range, we added a second electron source to a low energy electron microscopy (LEEM) 
setup, enabling imaging and spectroscopy in both transmission and reflection mode at nanometer (nm) resolution. The latter is experimentally demonstrated for free- 
standing graphene. Exemplary eV-TEM micrographs of gold nanoparticles suspended on graphene and of DNA origami rectangles on graphene oxide further establish 
the capabilities of the technique. The long and short axes of the DNA origami rectangles are discernable even after an hour of illumination with low energy electrons. 
In combination with recent developments in 2D membranes, allowing for versatile sample preparation, eV-TEM is paving the way to damage-free imaging of 
biological samples at nm resolution.   

1. Introduction 

Electron microscopy, in particular Transmission Electron Microscopy 
(TEM), has become a major tool for disciplines ranging from archae
ology [1] to materials science [2] and biology [3]. Modern TEM in
struments accelerate electrons to hundreds of kilo-electron volts [4], 
where the electron Mean Free Path (MFP) increases with energy, 
enabling atomic resolution [5,6]. However, at such high energies beam 
damage is a problem, especially in organic molecules and biological 
specimens. Proteins, for example, can already be altered by a single 
electron impact [7], so imaging at lower electron energies would be 
preferred. Recently, the Sub-Angstrom Low-Voltage Electron (SALVE) 
microscopy project [8] has shown that operating at 20 instead of 80 keV 
allows for two orders of magnitude increase in dose when imaging ful
lerenes [9]. 

Strikingly, towards very low energies (i.e. below ~30 eV) the MFP 
also increases, as suggested by the so-called ‘universal’ MFP vs. energy 
curve [10]. This allows for high electron transmission of sufficiently thin 
samples, with the potential of nanometer (nm) spatial resolution with 
minor damage. The reason for the increase of MFP at very low energies is 
that fewer interaction processes, e.g., plasmonic or excitonic, can be 
excited. We note however that the actual universality of the MFP curve 
has been questioned recently [11,12]. Already, electron microscopy 
techniques in this very low energy regime have been successful, with a 
scanning TEM instrument imaging graphene [13] and a holography type 

instrument imaging various microorganisms [14,15]. Here, we demon
strate the imaging capabilities of eV-TEM [12,16,17], a new form of 
TEM that illuminates the sample with a collimated beam of 0-30 eV 
electrons, i.e. an energy four to six orders of magnitude lower than 
conventional TEM. 

2. eV-TEM setup 

To acquire TEM micrographs at low energies, we have modified an 
Aberration-Corrected Low-Energy Electron Microscope (AC-LEEM) by 
placing a miniature electron gun (0-100 eV) [16] behind the sample (see 
Fig. 1a). Electrons emitted from the TEM-gun illuminate the sample 
along the optical axis in a collimated beam (green). Transmitted elec
trons follow the same optical path (red) as electrons from the cold field 
emission LEEM gun (black) upon reflection. Thus, images of the same 
area can be obtained by reflected (LEEM) and transmitted (eV-TEM) 
electrons, by utilizing either electron source. The flux of incident elec
trons in eV-TEM is comparable to typical LEEM conditions, leading to 
similar image acquisition times. The theoretical resolution of our system 
depends on the angular spread α of electrons contributing to the image, 
which can be adjusted with the contrast aperture (Fig. 1a). As our setup 
(named ESCHER [18]) includes an aberration correcting mirror, 
spherical aberrations are corrected to third order and chromatic aber
rations to second rank. In the paraxial limit the aberration corrected 
resolution (full width at half maximum) is given by [19] 
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with electron wavelength λ at the column energy E=15 keV, energy 
spread ΔE and the aberration coefficients C5, CC3 and CCC reported in 
[20]. At low acceptance angles the Rayleigh criterion (Fig. 1b, dashed 
line) limits the resolution, at high acceptance angles the spherical and 
chromatic aberrations are limiting. The calculation for 3 eV electron 
energy, shown in Fig. 1b, is based on the aberration coefficients in [20] 
and an energy spread of 0.25 eV and 0.8 eV for LEEM and eV-TEM, 
respectively. The energy spread of 0.8 eV in eV-TEM is typical for the 
thermal barium-oxide disk emitter used (Kimball Physics, ES-015), 
while an energy spread of 0.25 eV is characteristic for the cold-field 
emission LEEM gun. 

3. Resolution on few-layer graphene 

To determine the resolution of eV-TEM, a high-magnification 
micrograph of a few-layer graphene sample was recorded. For this, we 
first coated a holey silicon nitride (SiN) grid (2.5 µm holes, PELCO® 
Holey Silicon Nitride Support Film from Ted Pella) with 5 nm Pt/Pd. 
Using the polymer-free method described in [21], we then transferred 
graphene onto the metal-coated SiN grid. Inside the microscope vacuum 
chamber (pressure below 10− 9 mbar), the sample was heated with a 
laser heater to outgas residues and contaminants. 

In Fig. 2a we show an eV-TEM image of graphene, which exhibits 
stark contrast between areas of different thicknesses [12,25]. As gra
phene is highly conductive [22] and the work function is nearly constant 
[23,24] over the whole sample, the electric field between sample and 
objective lens (15 kV/1.5 mm) is perpendicular to the sample. This is 
desirable, as an in-plane electric fields (for instance due to large work 
function differences) would locally deflect the low energy electrons and 
deform the image. 

From the image in Fig. 2a, we extract the intensity profiles (Fig. 2b) 
as indicated in the micrograph in the corresponding colors. Each line has 
a width of five pixels, over which the intensity is averaged perpendicular 
to the line. We define the resolution Δx as the distance over which the 
intensity increases from 20% to 80% (dotted lines) of the intensity step 
from the dark to bright area. Along the different profiles we observe a 
resolution between 7 nm and 11 nm, showing that eV-TEM can reach 
sub-10 nm resolution. We believe that the resolution is limited by the 
relatively large energy spread of the source, and by the large emitting 
area of the cathode, limiting both temporal and spatial coherence. The 
current electron source is a 0.84 mm diameter barium-oxide covered 
refractory metal disc (Kimball Physics). Replacing it by a low work- 
function cathode (such as K2CsSb, or cesiated graphene or GaAs) that 
is laser-illuminated from the back would significantly reduce both the 
energy spread and the emitting area, thus improving both temporal and 
spatial coherence. 

The experimental values for Δx are to be compared to the theoretical 

limit (Fig. 1b). The theoretical resolution limit is 2.4 nm (full width at 
half maximum) for 3 eV electrons at 0.8 eV energy spread, ignoring the 
spatial extent of the source. Convoluting Gaussian aberrations with a 
step function in intensity leads to the error function, which rises from 
20% to 80% within Δx = 0.72⋅FWHM. Hence, the experimental reso
lution values, obtained with the 80-20 criterion, are to be compared to 
an optimal theoretical value of Δx = 0.72⋅2.4 nm = 1.7 nm. The 
contrast aperture was chosen to optimize contrast in this experiment, 
rather than resolution, so it is likely to be too small for the resolution 
optimum (the minimum in Fig. 1b). Also, the alignment of the incoming 
electron beam can at present not be adjusted during the experiment, as 
there is no deflector between eV-TEM electron gun and the sample. 
Additionally, in these experiments no systematic effort was made to 
exactly cancel the spherical and chromatic aberrations of the objective 
lens, so this undoubtedly also contributes to the observed resolution. In 
LEEM the microscope routinely shows sub-2 nm spatial resolution, so we 
anticipate that future improvements to the electron illumination system 
will result in a significant improvement of eV-TEM resolution. 

4. Transmissivity and reflectivity of few-layer graphene 

Spectra were measured by scanning the electron energy from 0 to 75 
eV and recording an image every 0.1 eV, both in LEEM and in eV-TEM 
mode. The energy scales in LEEM and eV-TEM were corrected for the 
difference in apparent work function between the two cathodes. In the 
ESCHER setup, the sensitivity of the detector can be dynamically 
adjusted by setting the microchannel plate voltage. While recording the 
spectra, the channel plate gain is scaled to use the 12-bit CCD camera 
(high dynamic range, HDR), while the absolute electron flux is later 
retrieved from the calibrated channel plate amplification [27]. From 
these datasets, we extract reflectivity (Fig. 3a) and transmissivity 
(Fig. 3b) spectra of the mono-, bi- and trilayer graphene areas indicated 
in the inset figures. 

The spectra exhibit characteristic maxima and minima, which can be 
explained to a large extent by a simple toy model inspired by thin film 
optics [28]. In that model, the splitting of the reflectivity minimum 
(transmissivity maximum) around 5 eV has been understood as the 
destructive (constructive) interference of the electron wave function as 
it is partially reflected and transmitted from each graphene layer [11, 
12]. Therefore, the monolayer spectra do not exhibit oscillations in this 
energy range, whereas each additional layer gives rise to one additional 
minimum. By scanning the energy, the normal-incidence electron 
wavevector k is varied and the reflectivity minima (transmissivity 
maxima) form when the interference condition k⋅2d = (2n+1)⋅π (with 
layer spacing d and integer n) is met [12]. The reflectivity minimum 
(transmissivity maximum) just below 20 eV is attributed to the next 
order interference pattern. At this energy, the expected splitting of the 
reflectivity minimum for the 3-layer sample is not discernible due to 
inelastic broadening [12,26], although the 3-layer minimum is much 
broader than the 2-layer minimum as a result of this splitting. The next 

Fig. 1. Extension of an Aberration-Corrected Low-Energy 
Electron Microscope (AC-LEEM) with a second electron gun 
situated behind the sample to enable transmission electron 
microscopy at few-eV energies (eV-TEM). (a) Electron Micro
scopy setup for imaging a sample in both reflection mode 
(LEEM) and transmission mode (eV-TEM). In LEEM the elec
trons are directed towards the sample through the objective 
lens (black path); In eV-TEM the electron gun is situated on the 
other side of the sample (green path). The detection path (red) 
is the same in both modes. (b) Theoretical resolution in aber
ration corrected LEEM and eV-TEM depends on the acceptance 
angle of electrons, which is adjusted by the contrast aperture.   
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sets of reflectivity minima (at 30 eV and 50 eV) can no longer be 
explained by the simple toy model but are accounted for by ab initio 
theory [29,30]. 

A drop in reflectivity and transmissivity at ~ 28 eV is visible for the 
monolayer as well as the bilayer and trilayer spectra. This reduction in 

both reflectivity and transmissivity is caused by the appearance of the 
first-order diffracted beams, which are blocked by the contrast aperture 
and do not contribute to the collected intensity. The intensity already 
drops before the diffracted beams are visible in LEED experiments 
(above 33 eV), because the diffracted electrons have to overcome the 

Fig. 2. Contrast between areas of graphene with different thicknesses. (a) eV-TEM micrograph of a few-layer graphene sample at 3 eV electron energy. High 
transmissivity occurs if the energy and momentum coincide with a state in the unoccupied band structure, which is the case for multilayer graphene at 3 eV and 
perpendicular incidence[12,23–26]. Intensity profiles (b) are extracted at the positions indicated in (a). The resolution Δx is determined from the points where 
intensity rises from 20% to 80% of the spread between maximum and minimum intensity. 

Fig. 3. Low energy electron reflection (a) and transmission (b) spectra for one, two and three layers of free-standing graphene. The circles in the inset images show 
the areas where the spectra were extracted. The splitting of the reflectivity minimum around 5 eV (inset in a) is characteristic of the layer count. The drop in both 
reflectivity and transmissivity at 28 eV is attributed to the formation of the diffracted beams, which are blocked by the contrast aperture. 
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work function of 4.6 eV (±0.1 eV in the different layer counts) [23,31] to 
reach the vacuum. Thus at 28 eV incident energy, the diffracted beams 
are formed but confined to the interior of the material, therefore 
lowering the intensity of the zeroth order spot. 

If we consider the broader trend over the probed energy range, we 
find that the reflectivity decreases roughly exponentially with energy, 
whereas the transmissivity reaches a minimum at approx. 28 eV. The 
increase in transmissivity towards higher energies signifies a slowly 
increasing MFP. The overall trend in transmissivity (disregarding reso
nant oscillations) is in qualitative agreement with the ‘universal’ MFP 
curve, which estimates the minimal MFP to be at about 30-40 eV. 
However, we also stress that the layer-oscillations seen below 20 eV are 
in striking disagreement with this ‘universal’ curve [12]. 

5. Few-Layer materials as a high-transmissivity support film for 
imaging 

Thin support films based on layered materials are common in TEM 
[32] due to their high electron-transparency and low scattering contrast. 
Here, we explore their use in eV-TEM. Support films in eV-TEM are 
required to be flat, therefore the layers have been prepared on SiN 
perforated TEM support grids as described above. 

5.1. Gold nanoparticles on a graphene substrate 

As a first high-contrast example, we imaged gold nanoparticles (10 
nm diameter) in both LEEM (Fig. 4a) and eV-TEM (Fig. 4c). Note that 
imaging the same area with reflected and transmitted low energy elec
trons is conveniently possible by switching between the two electron 
sources. Samples were prepared by placing a ~ 16 µl droplet of Au NP in 
water solution on suspended graphene and leaving it to dry overnight. 

With this method it is well possible that a few NPs form a somewhat 
larger cluster. After transferring to the vacuum setup, the sample was 
first heated to 440◦C for 90 minutes, and then cooled down to room 
temperature for imaging. 

The Au NPs are visible as dark spots in both reflection (2.5 eV 
electron energy, Fig. 4a) and transmission (4.0 eV, Fig. 4c) mode. Also, 
the outline of the 2.5 µm hole of the SiN grid underlying the graphene is 
visible, providing a guide for alignment of the two images. In eV-TEM, 
the NPs marked by the orange and blue lines are clearly distinguished. 
The Au NP with the green arrow, however, is not visible in eV-TEM 
against the dark background, highlighting that the ‘graphene’ here is 
too thick (>5 layers in this case), which reduces electron transmission 
dramatically. Clearly, also the SiN grid is non-transparent to these low 
energy electrons. 

In Fig. 4b and 4d, intensity profiles along the lines of corresponding 
colors are shown (in Fig. 4b for LEEM and in Fig. 4d for eV-TEM, 
respectively). The sizes of the Au NPs are approx. 40 nm in both imag
ing modes, leading to the conclusion that we actually see clusters of 
several Au NPs. Varying the focusing conditions does not lead to 
significantly smaller features, excluding the possibility that the three- 
dimensional structure of the NPs acts as an electron lens. We do not 
observe similar features on samples on which no NPs were deposited. 

5.2. DNA origami on graphene oxide 

To demonstrate the applicability of eV-TEM to biological samples, 
we imaged rectangular DNA origami molecules (Gattaquant Gatta‑AFM 
nanorulers, http://www.gattaquant.com/products/gatta-afm.html). We 
deposit an aqueous solution with DNA on graphene oxide and let it dry, 
as graphene oxide is hydrophilic and DNA origami can self-assemble on 
it. The sample was stored in the microscope load-lock vacuum chamber 

Fig. 4. Gold nanoparticles on top of suspended graphene membrane. LEEM (a) and eV-TEM (c) image of same area with Au nanoparticles drop-coated on graphene. 
Intensity profiles crossing three nanoparticles are extracted from the LEEM (b) and eV-TEM (d) image. Typical sizes of the features are 30 nm to 40 nm in both 
reflection and transmission. 
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(pressure in range of 10− 8 mbar) for one week to allow outgassing of 
residues, as adsorbed water on the hydrophilic surface prevents imaging 
with low energy electrons (note that heating would disintegrate the 
DNA). 

The DNA origami patches appear as dark spots in the eV-TEM 
micrograph (Fig. 5c, 2.0 eV). The lacey carbon support is non- 
transparent to electrons, just like the SiN grids, whereas the graphene 
oxide covers the hole with two patches of different layer-count. In LEEM 
(Fig. 5a, 3.0 eV) the small DNA origami patches show up brighter than 
the graphene oxide. 

In both modes we analyze line profiles across DNA origami patches, 
along the short and long axis of the feature. In the line profiles (colors in 
Fig. 5b correspond to lines in Fig. 5a, and in Fig. 5d to Fig. 5c) the short 
and long axis of each rectangle can be clearly discerned. The sizes lie in 
the expected range of 70 nm and 90 nm, respectively. 

The eV-TEM micrograph (Fig. 5c) was acquired after illuminating the 
sample with low energy electrons for one hour at 3 eV, corresponding to 
a dose of ∼ 3⋅1010 electrons per DNA patch. It appears likely that ab
sorption/inelastic scattering is the main contrast mechanism in the 
sample, because the DNA origami is many-atoms thick (although not 
space-filling) and has no well-defined band structure that would give 
rise to transmission resonances. Nevertheless, there are still electrons 
transmitted through the DNA origami patch, implying that observation 
of fine structure within the origami molecule is in principle possible. Our 
findings show that organic samples of tens of nm in size are observable 
in eV-TEM, without apparent radiation damage over a prolonged time. 

6. Discussion 

We have presented transmission micrographs of Au NPs and DNA 

origami, acquired at electron energies below 10 eV instead of tens to 
hundreds of keV as in conventional TEM. Thereby, eV-TEM circumvents 
the problem of electron beam damage to organic and biological samples 
to a large extent. As eV-TEM is an extension to the standard LEEM setup, 
we can readily switch between reflection and transmission images of the 
same area. Sample preparation does not require staining, as shown by 
depositing objects from solution on graphene and graphene oxide. 
Furthermore, we have examined the transmission and reflection spectra 
of few-layer graphene in the 0 to 75 eV energy range. Similar to many 
other materials (‘universal’ curve), the transmissivity increases at en
ergies below the MFP minimum at about 30 eV. The characteristic os
cillations in the spectra that we attribute to interference of the electron 
waves is not predicted by the ‘universal’ MFP curve. Further experi
ments will show if these oscillations generalize to other multilayer 
materials as expected for a simple interference phenomenon. It is 
noteworthy that similar oscillations have also been observed for hBN 
using LEEM [24]. In addition to their high transmissivity, few-layer van 
der Waals materials are especially suitable as substrates because they are 
thin and flat, causing minimal deflection of the transmitted electrons. 
Below ~28 eV there are no first (or higher) order diffraction beams 
inside the graphene lattice, so there is only the directly transmitted 
electron beam, which simplifies analysis of the results. eV-TEM is 
capable of imaging structures of tens of nm in size, with a resolution 
better than 10 nm as determined on graphene. The resolution is 
currently limited by the comparably large energy spread and low spatial 
coherence of the electron emitter, among other factors. We expect that 
upgrades to the electron gun will significantly improve the quality of the 
images, as both electron energy spread and emission area can be 
dramatically reduced by laser-excited photoemission from a low 
work-function transparent cathode. 

Fig. 5. Rectangular DNA origami patches on top of mono- and double-layer graphene oxide suspended over lacey carbon web. LEEM (a) and eV-TEM (c) image of 
DNA origami on graphene oxide (different areas). The DNA origami is bright in LEEM and dark in eV-TEM. Intensity profiles (b, d) of the rectangular (70 nm by 90 
nm) DNA origami show that the short and long axes are distinguishable. In eV-TEM, the DNA origami is partially electron transparent. 
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Thus, eV-TEM provides new opportunities for damage-free imaging 
in transmission electron microscopy. As it operates in a very different 
energy range than conventional TEM, we expect new insights into bio
logical matter such as proteins, DNA or cell membranes from eV-TEM. 
As realization of eV-TEM imaging capabilities requires only very 
modest modification of the sample holder and electronics, LEEM/PEEM 
instruments already in operation around the world can adopt this new 
technology at low cost. 
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Pollach, A.N. Khlobystov, P. Hartel, H. Müller, M. Haider, S. Eyhusen, G. Benner, 
Transmission electron microscopy at 20kV for imaging and spectroscopy, 
Ultramicroscopy 111 (2011) 1239–1246, https://doi.org/10.1016/j. 
ultramic.2011.03.012. 

[10] M.P. Seah, W.A. Dench, Quantitative electron spectroscopy of surfaces: A standard 
data base for electron inelastic mean free paths in solids, Surf. Interface Anal. 
(1979), https://doi.org/10.1002/sia.740010103. 

[11] R. Zdyb, T.O. Mentes, A. Locatelli, M.A. Niño, E. Bauer, Inelastic mean free path 
from reflectivity of slow electrons, Phys. Rev. B. 87 (2013) 1–5, https://doi.org/ 
10.1103/PhysRevB.87.075436. 

[12] D. Geelen, J. Jobst, E.E. Krasovskii, S.J. van der Molen, R.M. Tromp, Nonuniversal 
Transverse Electron Mean Free Path through Few-layer Graphene, Phys. Rev. Lett. 
123 (2019) 86802, https://doi.org/10.1103/physrevlett.123.086802. 
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