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A B S T R A C T

Here, we report on accurate transmission measurements of electrons below 1 keV through suspended
monolayer graphene. Monolayer graphene was grown via chemical vapor deposition and transferred onto
transmission electron microscopy (TEM) grids. A monochromatic electron gun has been employed to perform
the measurements in the 30 – 900 eV range in ultra-high vacuum. The graphene transparency is obtained
from the absolute measurement of the direct beam current and the transmitted one, by means of a Faraday
cup. We observed a transmission going from ∼20 to ∼80% for monolayer graphene within the experimental
electron energy range. The high quality and the grid coverage of the suspended graphene has been proved via
micro-Raman, X-ray photoemission, electron energy loss spectroscopies and field-emission scanning electron
microscopy. After a 550 ◦C in-vacuum annealing of the samples, the main contribution to the C 1s spectrum
is due to the 𝑠𝑝2 component and the evidence of suspended monolayer graphene has been observed through
the 𝜋-plasmon excitation.
1. Introduction

Graphene is a planar two-dimensional material made of 𝑠𝑝2 hy-
bridized carbon atoms and arranged to form a honeycomb lattice.
The properties of this material such as the mechanical strength, the
thermal robustness and the electrical conductivity make it attractive
in many different fields [1,2]. In particular, the transparency, and
the attenuation length, of graphene and multilayer graphene for low-
energy electrons (below 1 keV) is a topic of great interest in surface
and nanostructure physics, as well as in high energy physics. The
attenuation length [3] of slow electrons in solids involves several
physical phenomena occurring at, or near, the surface. Several exper-
imental techniques, such as photoemission, electron diffraction and
scanning electron microscopy, are all influenced by electron-matter
interaction. The so-called universal curve represents a historical at-
tempt to summarize the electron interaction with all the materials [4].
Nevertheless, this curve does not work for all electron energies and
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material thicknesses. In fact, the band structure of a solid plays a major
role in the propagation of electrons below 30 eV [5,6] and 2D materials
require a different approach than bulk models [7]. Therefore, a deeper
investigation of the electrons attenuation length for a few, or even a
single, layers material is required. In this regard, graphene represents
the typical case study.

The concept of graphene as a pressure-tight membrane transparent
to electrons has also aroused the curiosity in the field of particle
physics for the upgrade of existing detectors and the development
of novel ones. The Micro Pattern Gaseous Detectors (MPGD), like
GEM [8] or Micromegas [9], are employed in devices for the tracking
of high energy ionizing particles or even for X-ray detection. The
integration of suspended graphene over the holes of the Micromegas
mesh (or over the holes of a GEM) presents several appealing aspects:
transparency to electrons; removal of the ion back-flow; suitability
for the use of different gases and/or different pressure conditions in
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the amplification region [10,11]. Another promising application of
graphene in neutrino physics is the support of atomic tritium and it is
considered in the development of a novel telescope to measure the neu-
trino mass and eventually unveil the cosmological neutrino background
(Ptolemy experiment [12–15]). The knowledge of the transmission
through graphene of the tritium 𝛽-electrons, although at higher energy,
is crucial for this experiment as well.

The graphene transparency to electrons in vacuum and in gas (and
in presence of an high electric field) can of course be different and will
need to be measured. However, the measurements in vacuum represent
the reference for any further study. The measurements of the electron
transmission in the energy range below 1 keV are not many, to the
best of our knowledge. Geelen et al. [5] reported on measurements
of the inelastic mean free path, i.e. the mean distance between two
inelastic scattering events, in graphene for electrons up to 25 eV and
Konvalina et al. [16] in the 200–800 eV range with steps of several
tens of eV. The transmission through graphene has been also studied
in low-energy electron microscopy and holography for the imaging
of nanoscale objects. With triode setups Hassink and coworkers [17]
provided a lower bound of 60% transparency almost constant in the 2–
40 eV range and Li et al. [18] found a variation between 10% and 80%
in the 300 eV–3 keV range. Mutus et al. [19] measured a 74% graphene
transparency via point projection microscopy with 100 eV electrons.
From the analysis of holographic images through mono- bi- and tri-
layer graphene, Longchamp and coworkers [20] reported that graphene
transmits 73% of 66 eV electrons. In the majority of the experiments,
the graphene on grid is used as a gate (or anode) kept at potential in
order to accelerate or focus the electrons. The graphene impermeability
to atoms, other than the transparency to electrons, is a feature exploited
by Kraus et al. [21] for ambient pressure photoelectron spectroscopy
(APPES). They evaluated the electron transmission from the attenuation
of photoemission signal from substrates half-covered with graphene,
obtaining 34% for 138 eV electrons and 57% for 997 eV in the case
of monolayer and 15% at 894 eV in the case of four-layer graphene.
The measured energy range is extremely limited so far, thus the picture
on the graphene transmission of low-energy electrons requires further
studies to be exhaustive.

We present in this work accurate measurements of the electron
transmission in the 30–900 eV range through monolayer graphene on
a metallic TEM grid, in ultra-high vacuum (UHV). We carried out
absolute measurements of the electron current, direct or transmitted.
In our set-up both the grid with graphene and the exit electrode of the
electron source are grounded, so that the electron flight is not affected
by any electric field. Moreover, a thorough characterization of the
graphene samples has been performed in order to check the quality and
the grid coverage with both spectroscopic and microscopic techniques:
micro-Raman, X-ray photoemission, electron energy loss spectroscopies
and field-emission scanning electron microscopy.

2. Sample preparation and experimental methods

Polycrystalline monolayer graphene was synthesized at CNI@NEST
laboratory in Pisa using a commercial cold-wall chemical vapor depo-
sition (CVD) reactor (AIXTRON BM Pro) on electropolished copper foil
(purity 99.99%, Alfa-Aesar) [22,23]. The optimization of this proce-
dure, as thoroughly discussed in the Supplemental Material, guarantees
the production of monolayer graphene above 90% with a small bilayer
contribution. The graphene was then transferred on a TEM nickel grid
(Ted Pella Inc. G2000HAN, 3-mm diameter, 2-μm thickness, nominal
open area 41%, 6.5-μm nominal holes diameter, no lacey carbon)
using the standard wet etching technique [22,24,25] (see Supplemental
Material for more details on the sample preparation). Optical images
acquired at different magnifications are shown in Fig. 1(a). The quality
and integrity of the graphene membrane after the transfer on TEM
grids were assessed by Raman spectroscopy [26,27]. A micro-Raman
spectroscope (inVia Raman, Renishaw), equipped with a motorized
2

sample stage, a 532 nm laser and a 50X long working distance ob-
jective, was used to map the entire grid with steps of 10 μm to check
the characteristic graphene Raman peaks. The laser power was kept
at 1 mW with an acquisition time of 1 s. The Raman maps confirmed
the full coverage of graphene on the TEM grid and its high quality. In
Fig. 1(b), the typical Raman spectrum for the monolayer graphene is
shown. The spectrum is characterized by prominent G and 2D peaks
and the negligible intensity of the D-peak confirmed the high crystal
quality of the graphene [27].

The UHV chamber, hosted in the LASEC laboratory at Roma Tre
University, is equipped with the apparatuses for electron transmission
measurements, X-ray photoemission spectroscopy (XPS) and electron
energy loss spectroscopy (EELS). The base pressure of the UHV chamber
is 1 ⋅ 10−9 mbar.

The source of electrons, for both the transmission and the EELS
measurements, is a custom-made monochromatic electron gun with
an energy resolution of 45 meV [28]. The electron energy can be
tuned within the 30–900 eV range. The size of the beam is ∼0.5 mm
(full width at half maximum) within this energy range. Details about
the method for the beam size evaluation can be found in [28,29].
Therefore, the graphene transparency is measured as an average on
several TEM grid holes (6.5 μm nominal diameter). The beam current

as about 200 pA for all the measurements reported in this work.
The absolute measurement of the current is performed by means of

Faraday cup and a B2987A Keysight picoammeter (0.1 fA resolution
n the 200 pA range). The Faraday cup has a hole with a diameter of

mm, therefore the electron current is fully integrated. In order to
easure the current transmitted through the graphene on the TEM grid,

he latter is fitted on a drilled sample holder which can be mounted
n front of the Faraday cup. In Fig. 2, a schematic layout for these
easurements is shown on the left while the layout for XPS and EELS

s depicted on the right. Details on the spectroscopic apparatuses are
eported in Supplemental Material.

Field emission scanning electron microscopy (FE-SEM) has been
arried out at CNIS (Research Center on Nanotechnology Applied to
ngineering of Sapienza University) by collecting secondary electrons
hrough a Zeiss Auriga SEM (Oberkochen, Germany) operated at an
ccelerating voltage of 2 keV, a working distance of 5.5 mm and
sing a 30 μm aperture. Micrographs were acquired at 500x and 5000x

magnifications.
A 550 ◦C in-vacuum annealing has been performed in order to clean

he sample from PMMA residues due to the graphene transfer on the
EM grid (see Supplemental Material for the evaluation of the residual
hickness). This high-temperature in-vacuum annealing procedure is
nown to be effective for graphene surface cleaning [30,31].

All the measurements have been performed for two monolayer
raphene samples (sample A and B) belonging to the same CVD growth
nd transferred onto commercial TEM grids of the same type. For
he sample B we herein report only the results of the FE-SEM and
ransmission measurements.

. Results and discussion

.1. Electron spectroscopies

The C 1s core-level has been measured with XPS for the monolayer
raphene before and after the in-vacuum annealing. The measured
pectra are reported in Fig. 3, along with the fitting curves. In order
o take into account the experimental resolution and the intrinsic line
idth, we employed Doniach-Sunjic profiles to fit the data.

In the as-prepared sample spectrum (Fig. 3(a)), the presence of
everal contributions other than the 𝑠𝑝2 component indicates graphene
ontamination due to PMMA residues (C5O2H8), as deduced from mea-
urements of a PMMA thin film [32]. After the 550 ◦C in-vacuum
nnealing, the main contribution to the C 1s spectrum (Fig. 3(b))
omes from the 𝑠𝑝2 component at 284.5 eV of binding energy with 0.1
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Fig. 1. (a) Optical images of the graphene on TEM grid sample as mounted on the carrier. The bottom image is acquired with higher magnification, as indicated by the scale bar.
(b) Characteristic Raman spectrum of monolayer graphene transferred on TEM grid.
Fig. 2. On the left, a schematic layout for the measurements of the current emitted by the electron gun and transmitted through the graphene on TEM grid sample mounted in
front of the Faraday cup (not to scale). On the right, a sketch of the experimental layout for XPS and EELS is reported. The X-ray beam monochromatized and focused on the
sample is shown in red, the electron beam emitted by the gun toward the sample is depicted in dark blue and the photoelectrons entering the electron analyser are shown in light
blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Doniach-Sunjic asymmetry. The Lorentzian width of this component
resulted to be larger for the monolayer (0.6 eV) than for the typical
value of graphite (0.2 eV). The larger width can be explained with the
presence of two unresolved components shifted in binding energy by
∼240 meV and due to monolayer graphene suspended or in interaction
with the substrate [33]. Although this result reveals a purely planar
𝑠𝑝2 monolayer graphene, the high-temperature annealing breaks a large
part of the graphene suspended on the grid holes, as assessed by the FE-
SEM characterization on the annealed sample and further discussed.
When reinserted in the experimental vacuum chamber after the FE-
SEM measurements, a lower temperature annealing (400 ◦C) has been
performed in order to clean the sample from adventitious contaminants
3

due to the air exposure and preserve it from further breaks. The C 1s
spectrum after the 400 ◦C annealing (Fig. 3(c)) is still dominated by the
𝑠𝑝2 component with a small amount (∼3%) of CO contamination. The
results of the fit analysis for monolayer graphene sample after 550 ◦C
and 400 ◦C annealing are summarized in Table 1.

The EELS spectra have been measured with a primary electron
energy of 91 eV. The measurement was focused on the 𝜋-plasmon
collective excitation, which is supposed to be found at different energy
losses if the graphene is suspended or in coordination with the substrate
or with other graphene layers [34–36]. In Fig. 4(a) the measured energy
loss spectra for the as-prepared and the 550 ◦C annealed monolayer
graphene sample are shown. Before the in-vacuum annealing of the
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Fig. 3. XPS spectra of the C 1s core-level for monolayer graphene (a) as-prepared, (b) 550 ◦C annealed and (c) 400 ◦C annealed after air exposure. The black dots represent the
experimental data, the red solid line is the sum of the fitting curves, the grey dashed line is the background and the Doniach-Sunjic profiles follow the colours reported in the
legends. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. (a) EELS spectra for the as-prepared (grey) and 550 ◦C annealed (black) monolayer graphene. The incident current for the two spectra is the same as well as the scale
factor of the 𝑦-axis. Spectra around the 𝜋-plasmon excitation for the 550 ◦C (b) and 400 ◦C (c) annealed monolayer graphene sample, along with the fitting curves. In (b) and (c)
the black dots represent the experimental data, the red solid line is the sum of the fitting curves, the 𝜋1- and 𝜋2- plasmon components are shown in blue and yellow respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Results of the fit analysis on the C 1s core-level measured for monolayer graphene
sample after 550 ◦C and 400 ◦C annealing. Component name, binding energy, peak
area, Gaussian width (GW), Lorentzian width (LW) and peak asymmetry are listed.

550 ◦C annealed monolayer graphene

Component Binding energy [eV] Area GW [eV] LW [eV] Asymmetry

𝑠𝑝2 284.50 2.24 0.45 0.58 0.1
𝜋-plasmon 290.90 0.04 2.2 0 0

400 ◦C annealed monolayer graphene

Component Binding energy [eV] Area GW [eV] LW [eV] Asymmetry

𝑠𝑝2 284.42 2.98 0.45 0.63 0.1
CO 285.55 0.10 0.50 0.63 0
𝜋-plasmon 291.00 0.05 2.10 0 0

monolayer sample the 𝜋-plasmon excitation (∼6.5 eV) is completely
quenched and the sample presents an insulator-like behaviour due to
the PMMA residues and air contaminants. Once the sample is cleaned
with the annealing, the appearance of the 𝜋-plasmon collective excita-
tion is the evidence of long-range ordered 𝑠𝑝2 coordination of carbon
atoms [37]. The spectra for the 550 ◦C and 400 ◦C annealed monolayer
raphene sample along with the fitting curves are shown in Fig. 4(b)
nd (c) respectively. The results of the fit analysis are summarized in
able 2.

For both the 550 ◦C and 400 ◦C annealed monolayer graphene
pectra, we found two contributions separated by ∼1 eV each other.
he presence of these two components can be explained by the fact that
art of the monolayer graphene is coordinated with the nickel of the
4

g

Table 2
The results of the fit analysis on the EELS spectra for 550 ◦C and 400 ◦C annealed
monolayer graphene samples are listed. Component name, energy loss, peak area,
Gaussian width (GW) and Lorentzian width (LW) are listed.

550 ◦C annealed monolayer graphene

Component Energy loss [eV] Area GW [eV] LW [eV]

𝜋1-plasmon 7.1 0.28 0.98 2.05
𝜋2-plasmon 6.0 0.17 1.62 0.17

400 ◦C annealed monolayer graphene

Component Energy loss [eV] Area GW [eV] LW [eV]

𝜋1-plasmon 6.9 0.16 0.98 2.04
𝜋2-plasmon 5.9 0.11 1.62 0.17

TEM grid, while the rest is suspended on the grid holes. On this basis,
the 𝜋1-plasmon excitation at higher energy loss is due to graphene in
coordination with nickel and the 𝜋2-plasmon, at energy loss 5.9 eV, to
he suspended component. Considering that we perform EELS in the
pecular reflection condition, the inelastic scattering accompanied by
n elastic event is the most probable process [38,39]. In this kinematic
onditions, the momentum transferred is |𝐪| ≈ 0.2 Å−1. Given the
easured 𝜋2-plasmon energy loss and the momentum transferred, the

esult is highly consistent with what reported in [34].

.2. Electron microscopy

The FE-SEM characterization, carried out on the monolayer
◦
raphene sample after the 550 C annealing, revealed the breaking of
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Fig. 5. (a) FE-SEM image of the 550 ◦C annealed graphene on TEM grid at 5 kX magnification. (b) One of the FE-SEM images of the sample map at 500 X magnification with
an example of the greyscale histogram (right top). The colours of the circles in (a) match the tags of the peaks of the histogram in (b) and show examples of uncovered holes
regions (green), regions of suspended graphene covering the holes (red) and grid regions (light blue). (c) Complete map of the sample at 500 X magnification and the electron
beam spot, drawn to scale in blue, with the images stitched together. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
a large part of the graphene suspended on the grid holes, as can be
seen in Fig. 5(a). Before the high-temperature treatment the membrane
integrity and the full graphene coverage on the grid were assessed by
the micro-Raman mapping procedure, as already discussed. Therefore
the fractures, running mainly along the single-crystal domain edges,
can be ascribed to the strain due to the thermal expansion. In light of
this observation, the actual fraction of grid holes covered by graphene
(‘‘coverage’’) was evaluated, together with the grid geometrical trans-
mission (i.e. holes area over the total area). To this aim, a complete
map of the sample was needed. The sample was divided into a matrix
of 19 acquired FE-SEM images at fixed operation conditions. The SEM
images were analysed with ImageJ [40] on the basis of the grey level
of the single pixel. A greyscale histogram of the pixels is built and
it presents three separated peaks. Each peak can be associated to the
specific features of the original image, as shown in Fig. 5(a) and (b): the
colours of the circles in (a) match the tags of the peaks of the histogram
in (b). The uncovered holes regions (green) are associated to the darkest
grey narrow peak, regions of suspended graphene covering the holes
(red) are linked to the lighter grey peak and grid regions (light blue)
are related to the lightest grey peak. The area of the covered holes,
uncovered holes and grid regions can be directly obtained from the
corresponding peak area on the histogram. Then the graphene coverage
and geometrical transmission are evaluated. Being the analysis carried
out on the basis of the pixels grey level, the contribution to the area of
the suspended graphene (i.e. covered holes) comes from both full and
partially covered holes. Because of the contrast changes often present
on the edges of the broken suspended graphene, the graphene coverage
has been evaluated by subtracting the area of the uncovered regions
to the total holes area. Indeed, the darkest peak associated to the
uncovered regions is narrow and well defined.

The geometrical transmission and the graphene coverage are crucial
quantities for the measurement of the electron transmission through
graphene, as well as the fine control of the beam hitting position. Being
the diameter of the electron beam ∼0.5 mm (FWHM) greater than a
single SEM image, some of them were stitched into one. The analysis
was carried out on the circular region where the electron beam hits the
grid. Fig. 5(c) shows the complete map of the sample and the electron
beam spot (to scale) where the images are stitched together. We found
a geometrical transmission of (37 ± 1)% and a coverage of (38 ± 1)%
for sample A. For sample B the geometrical transmission resulted to be
(44 ± 1)% and the coverage (42 ± 1)%. The discrepancy with respect
to the nominal geometrical transmission (41%) can be ascribed to the
difference in the measured holes diameter.

3.3. Transmission measurements

The transmission of electrons through the graphene on TEM grid
was determined by measuring the electron current as a function of the
kinetic energy from 30 to 900 eV (we call this procedure energy scan).
5

The Faraday cup (FC) is placed in the line of sight of the electron gun
and a first energy scan is performed, without the sample, in order to
measure the direct beam current. The energy scan is repeated with the
sample mounted in front of the FC, thus measuring the transmitted
current through the grid holes with or without the graphene. This
measurement is performed by choosing the beam position at each
energy step in order to match the region in which the coverage is
evaluated (similar positioning procedure can be found in [28,29]).
Finally another scan on the FC is performed, where the direct beam
current is measured again. Both the terminal electrode of the gun and
the FC are grounded, so that the electrons flight is not affected by any
electric field. The two direct current measurements, before and after
the one with the TEM grid, are crucial to determine the current stability
during this three steps method. We define the current instability as the
modulus of the difference between the two direct current measurements
over their average. The current instability is at most 1.1% within the
experimental energy range. Since the accuracy of the picoammeter is
0.5%, the total uncertainty on the current measurements is essentially
1.2%.

We define the measured transmission of electrons through the sam-
ple as 𝑇𝑚𝑒𝑎𝑠 = 𝐼𝑠𝑎𝑚𝑝𝑙𝑒∕𝐼0, where 𝐼𝑠𝑎𝑚𝑝𝑙𝑒 is the beam current measured
with the sample in front of the FC and 𝐼0 is the average of the
two direct current measurements. The first measured sample was an
empty TEM grid (same type used for the monolayer graphene transfer).
This corresponds to a measurement of the geometrical transmission
of the grid. For this sample, we found 𝑇𝑚𝑒𝑎𝑠 ∼39% constant within
the 30–900 eV range. This result guarantees the absence of spurious
instrumental effects introduced in the transmission measurement as an
average on several grid holes. Then, we measured 𝑇𝑚𝑒𝑎𝑠 for monolayer
graphene on TEM grid. It is important to underline here that this
does not correspond to the measurement of the graphene transparency,
since both the geometrical transmission and coverage have not been
taken into account yet. In Fig. 6(a), the 𝑇𝑚𝑒𝑎𝑠 for the as-prepared,
550 ◦C annealed and 400 ◦C annealed sample A is shown together
with 𝑇𝑚𝑒𝑎𝑠 for the empty TEM grid. The uncertainty, computed from
the direct and transmitted current measurements, is 2.4%. As expected,
the transmission measured for sample A lies always below the 37% ge-
ometrical transmission of the grid (dashed line) evaluated through the
SEM image analysis. A significant increase after contaminants removal
and graphene fracture is observed, in particular at low kinetic energies.
On the other hand, the curve remains essentially unaltered between
the two annealing treatments, showing that no further ruptures were
created with the second annealing at lower temperature.

In order to obtain the net transmission through monolayer graphene
(𝑇𝐺), the 𝑇𝑚𝑒𝑎𝑠 was corrected by taking into account the coverage
and the geometrical transmission of the grid, both evaluated with the
analysis of the SEM images. Because of the graphene fractures, the
measured current is 𝐼𝑚𝑒𝑎𝑠 = 𝑎[𝐼0𝑇𝑔𝑟𝑖𝑑𝑇𝐺] + 𝑏[𝐼0𝑇𝑔𝑟𝑖𝑑 ], where 𝑎 is the
fraction of grid holes covered by graphene, 𝑇 is the grid geometrical
𝑔𝑟𝑖𝑑
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Fig. 6. (a) Measured transmission of electrons through an empty TEM grid (red) and through as-prepared (grey), 550 ◦C annealed (black markers) and 400 ◦C annealed (open
markers) monolayer graphene on TEM grid. The dashed line is the 37% geometrical transmission of the TEM grid supporting the graphene, evaluated with SEM images analysis.
(b) Corrected graphene transmission through the 400 ◦C annealed monolayer graphene (black) and a second annealed monolayer graphene (blue). The shaded areas represent the
uncertainty associated with the respective 𝑇𝐺 measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
transmission and 𝑏 is the fraction of uncovered holes (𝑎 + 𝑏 = 1). The
irst contribution represents the current passing through the suspended
raphene, while the second is associated with the current passing
hrough the uncovered regions of the grid holes. Thus, the corrected
ransmission through monolayer graphene is

𝐺 =

𝐼𝑚𝑒𝑎𝑠
𝐼0𝑇𝑔𝑟𝑖𝑑

− 𝑏

𝑎
. (1)

In Fig. 6(b), 𝑇𝐺 for the 400 ◦C annealed samples A and B are shown
in black and blue, respectively. The uncertainty on these measure-
ments (shaded areas) was obtained by propagating the uncertainties
on the current measurement and on the parameters evaluated with
the SEM image analysis and these last are the dominating ones. Al-
though the coverage and geometrical transmission are different for the
two samples, within this uncertainty the two measurements resulted
compatible. We found a monolayer graphene transmission of ∼20% for
30 eV electrons growing up to ∼80% for 900 eV electrons, within the
experimental acceptance angle.

As discussed in Section 2 the monolayer graphene samples can
present a bilayer contribution up to 10% which does not significantly
affect the transmission measurements. Indeed, the uncertainty due to
the evaluation of coverage and geometrical transmission is one order
of magnitude greater than the variation associated to a 10% bilayer
correction.

3.4. Comments on the transmission measurement

A few considerations on the nature of the measured transmitted
electrons through the graphene on grid should be done at this point.
In fact, the measured current may be due to both scattered (elastically
and inelastically) and non scattered electrons. The FC is a device made
of two concentric cups electrically decoupled. The external cup is in
electric contact with the sample, has a semi-aperture of 21.5◦ and is
always grounded, while the internal cup is responsible for the current
measurement, has a semi-aperture of 12.4◦ and can be polarized. The
measurements reported so far were performed with the FC totally con-
nected to ground. In order to infer the amount of measured electrons
scattered by graphene, we measured the transmitted current with 0
6

and 30 V of internal cup polarization, at fixed kinetic energy of 30
eV. The polarization of the internal cup has the effect of carrying
in all the electrons scattered by the graphene within the 21.5◦ semi-
aperture of the external cup. The difference of the current measured at
30 V and 0 V polarization is due only to scattered electrons within the
solid angle between 12.4◦ and 21.5◦. All the non scattered electrons
travel straight toward the internal cup and are not affected by the
polarization. Under the hypothesis of a uniform distribution of the
scattered electrons within the solid angle between 0 and 21.5◦, we
can infer that the contribution of scattered electrons to the transmitted
current is 11% at 0 V polarization (see Supplemental Material for a
more detailed description). If a forward-peaked distribution is taken
into account, the estimated contribution should be seen as an upper
limit instead [41,42].

In order to evaluate the total scattering cross section for elec-
trons interacting with graphene, one should measure all and only the
non scattered electrons passing through graphene. Even though the
contribution due to scattered electrons in our measurement is low,
at least at low energy as emerged from the previous considerations,
it is still not possible to derive the total scattering cross section. A
deeper experimental investigation is required, and foreseen, in order
to study the contribution and angular distribution of both elastically
and inelastically scattered electrons. On the other hand, the evaluation
of the effective attenuation length (𝛬𝐸𝐴𝐿) is not possible by measuring
only the transmitted current. By considering the Beer–Lambert law, the
ratio d/𝛬𝐸𝐴𝐿 can be derived with d equal to the material thickness.
However the thickness of a 2D material is an ill-defined quantity.
Both graphite interlayer spacing (∼3.35 Å) and twice the radius of
the carbon 𝑠𝑝2 covalent bound (∼2 × 1.46 Å) are commonly used as
equivalent thicknesses for graphene [19,43]. The 𝛬𝐸𝐴𝐿 extracted in
this way is consequently affected by the arbitrariness of the choice (see
Supplemental Material for the calculated values).

4. Conclusions

In this work, the transmission of electrons has been evaluated from
the ratio of the current transmitted through graphene and the direct
beam current, both measured with a Faraday cup. We observed that the
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monolayer graphene transparency goes from ∼20% for 30 eV electrons
to ∼80% for 900 eV electrons.

The accurate measurements reported herein fill the experimental
gap in an extended energy region below 1 keV. We estimated that
89% of the transmitted current is due to non scattered electrons at
30 eV. In order to evaluate the total scattering cross section for the
electron-graphene interaction, further investigations on the contribu-
tion of elastically and inelastically scattered electrons are required and
foreseen.

The measured transparencies in this work represent a crucial first
step in comprehending the potential uses of graphene layers in the
upgrade of particle physics detectors. To assess the viability of graphene
as a selective barrier in MPGD electrodes, additional measurements on
the scattering components are necessary. These measurements should
ideally be conducted under polarization with high electric fields, and
finally moving from vacuum to gases. The extension of this technique of
electron transmission measurement to even higher energy will pave the
way to the use of graphene in targets for particle physics experiments.
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