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A B S T R A C T

The interpretation of images generated by scanning electron microscopes (SEMs) requires quantiﬁable and well-understood contrast. Furthermore, recent interest in
probing samples using low-energy electrons to extract surface information is pushing towards the quantiﬁcation of relative contrast in secondary-electron (SE)
images. The detection and analysis of low-energy SEs remains at the heart of the development of such instruments and techniques. However, state-of-the-art SE
detectors in most SEMs, which are largely using in-lens conﬁgurations, are mainly designed to favour the collection of primary-induced SEs, and hence fail to provide
electron energy information that could be related to the sample composition. Here, we report on the development of a novel SE detector which makes use of the
Bessel box (BB) electron energy analyser. We demonstrate a very compact analyser design (˜a volume of 12 mm3) through simulations and by acquiring an electron
spectrum from a sample of graphene on copper. A resolution of 0.3% has been numerically computed and experimentally veriﬁed for the BB analyser.

1. Introduction
Recent developments in nanotechnology, metamaterials and biological imaging are driven by advancements in probing and characterising technologies. These characterisation tools provide a peek into the
micro and nano realms decoding physical mechanisms at play to control
and manipulate matter. Understanding the physics for next-generation
materials has placed the onus on parallel improvements in characterisation techniques. One of the most popular instruments that uses an
electron source to image and characterise the sample is the scanning
electron microscope (SEM) [1]. It generates a magniﬁed image of the
sample by bombarding it with an electron beam and detecting the
electrons that are emitted from the surface as a result of the interaction
of the incident electrons with the sample under study.
The emitted low-energy electrons, called secondary electrons with a
cut-oﬀ conventionally set to < 50 eV, have their origin in the sample
and are used in forming the image. SE emission arises due to loosely
bound electrons in the valence or conduction band of the sample atoms.
The primary-beam electrons interact inelastically with the sample
atoms leading to SE generation and subsequent escape of the SE from
the sample into the vacuum. This is quantiﬁed in terms of the SE yield
(SEY or δ), which is the ratio of the total emitted SE current to the
incident beam current. The high-energy primary-beam electrons which
⁎

have lost energy due to inelastic interaction with the sample, along with
some of the elastically scattered electrons, are called backscattered
electrons (BSEs) which have energies conventionally deﬁned
as > 50 eV. Some of these BSEs are able to escape the sample. The BSE
yield is then quantiﬁed as the ratio of BSE current to the incident beam
current, and is termed the backscattered coeﬃcient (BSC or η). The
intensities of the SE and BSE signals depend strongly on the elemental
composition of the material under study and the primary-electron beam
energy, therefore collectively they form the most important signals for
generating contrast in SEM images.
There are primarily two kinds of SEs emanating from the sample
labelled as SE-I and SE-II in Fig. 1. The SE-Is are generated by the direct
impact of the primary electron beam on the sample, very close to the
electron beam point of impact, whilst SE-IIs are generated by the BSEs.
The inelastic mean free path of the SEs is short at 1–3 nm and depends
on energy. Some of the primary beam electrons travel deeper into the
sample and lose their energy due to a cascade of inelastic collisions
before coming to a halt or escaping into the vacuum. These inelastic
processes also generate SEs and Auger electrons which can have energies of up to 2000 eV or more depending on the sample atomic
number and the incident electron energy. However, only those SEs and
Auger electrons which are within a few mean free paths of the surface
can escape and be detected. Since the BSEs which have generated the
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with energies less than 1 keV down to a few hundreds of eV are generally considered to be LEE beams. Probing samples with LEE conﬁnes
the interaction of the primary-beam very near to the sample surface,
close to the point of impact, yielding surface-sensitive information. The
fact that the beam interacts very near to the sample surface and the
dependence of the probability of SE escape on surface electronic
properties such as the local work-function, highlights the possibility of
using SEM for the non-destructive quantiﬁcation of nano-devices [4].
Many such studies on dopant proﬁling in semiconductors [5,6], workfunction mapping in graphene [7], layer counting in 2D materials [8]
etc., have demonstrated very promising results. These recent studies
help in establishing the importance of detecting and analysing lowenergy electrons in SEMs, exploiting the non-destructive nature and
high nanometre spatial resolution analysis oﬀered by the instrument to
meet high-end industry demand.
The SE detector intercepts only a small fraction of the total emitted
SEs in an SEM. The primary beam is raster-scanned across the sample
and the SEs are collected at each pixel to generate an image of the
sample. The Everhart-Thornley (ET) detector was one of the earliest
SEM detectors and has remained by far the most common choice since
[9]. The ET detector attracts electrons via a positively biased grid,
however, energy information is lost in this process. SE-IIIs are also
detected degrading the imaging signal (i.e. the ‘true SEs’ emanating
from the sample) and leading to diﬃculties in quantitative interpretation of generated images. More recent developments include the in-lens
or through-the-lens detection (TLD) mechanisms [10]. In these cases,
the sample either becomes a part of the electron-optic column (as with
an immersion objective lens) or is immersed in a high magnetic ﬁeld as
with a snorkel objective lens. The emerging SEs spiral upward inside
the electron column due to the high magnetic ﬁeld and are then detected on either side. LEE detection is highly inﬂuenced by stray electrostatic and magnetic ﬁelds at the sample. These ﬁelds are inherent to
the electron microscopes because of the presence of the series of magnetic/electrostatic lenses comprising the microscope column that form
the electron beam. The presence of stray magnetic ﬁelds results in
various physical phenomena based on the magnitude of those magnetic
ﬁelds. The magnetic ﬁeld at the sample due to the objective lens (in
instruments such as the SEM or the Scanning Auger electron Microscope
(SAM)) alters the low-energy SE trajectories emanating from the
sample. Conventional SEMs with a pin-hole objective lens have low
magnetic ﬁeld strength at the sample and therefore the SE trajectories
are weakly aﬀected in between the sample and the detector. By comparison, immersion/snorkel objective lenses used along with the in-lens
detection mechanism result in high magnetic ﬁelds at the sample.
Qualitative analysis of the eﬀect of cylindrically symmetric ﬁelds on
electron trajectories has been simulated using the COMSOL software
package (version 5.2) [11]. The magnetic ﬁeld is varied at the sample
(at a working distance of 5 mm) by varying the number of turns and
current in the objective coil. The magnetic ﬁeld distribution along the
optical axis comprises of the well-known Gaussian proﬁle as illustrated
in Fig. 3a. A coil excited with a magnetomotive force (mmf) of 1200 A
turns (AT), a practical case in immersion lens systems [12], results in
high magnetic ﬁelds at the sample. This results in the electron trajectories spiralling around magnetic ﬁeld lines inside the electron column
as shown in Fig. 3b. These electrons are detected inside the column and
form the basis for in-lens detection. For a given set of angles and
magnetic ﬁelds, electrons can be reﬂected, termed the ‘magnetic mirror
eﬀect’ (Fig. 3c). Decreasing the mmf to 200 AT, a practical case in
conventional SEMs [12], leads to lower magnetic ﬁelds and electron
trajectories are minimally altered (Fig. 3d). Other SEM variations, such
as Scanning Low-energy Electron Microscopy (SLEEM) make use of the
cathode lens principle [13] by negatively biasing the sample and decelerating the primary-beam to achieve low landing energies, at the
same time maintaining brightness of the source. This results in the
generation and collimation of low-energy SEs into a very narrow angle
around the column axis, where they can be collected. The recent

Fig. 1. Types of secondary-electrons, for example, in SEM: SE I, SE II and SE III.

SE-IIs have also travelled some distance in the sample, these SEs emerge
from the surface of the sample at distances much further laterally from
the primary-beam impact point. Both SE-I and SE-II are conveniently
termed as ‘true SEs’ because their origins lie in the sample. In addition
to SE-Is and SE-IIs, another type of SEs, identiﬁed as SE-IIIs, are generated when high-energy BSEs that emerge from the sample strike the
objective pole piece or the chamber walls and generate SEs from these
surfaces, as shown in
Fig. 1 these electrons introduce a background signal, which adds an
unwanted signal to that originating from the sample and are therefore
diﬃcult to interpret and need to be avoided if possible.
Irrespective of the detector in use, the detection of low-energy SEs is
important because they contain sample information. Conventionally,
the SE-generated images are interpreted to provide topographic and
basic qualitative composition information. Coupled with the SEM’s high
depth of ﬁeld, ‘3D-like’ images can be generated. Localized defects and
grain boundaries in crystalline samples or discontinuities in a conductive layer in semiconducting devices have been detected in SE
images. This is achieved by applying transverse electric ﬁelds in-situ to
the sample inducing a voltage contrast at the defects resulting in electric ﬁeld mapping [2]. Recent experiments with the generation of energy-ﬁltered images, allowing electron detection for a ﬁxed, narrow
band of SE energies, has yielded relative compositional information due
to a diﬀerence in the SEY at the ﬁltered energy [3]. Furthermore, the
observed contrast in the SE images is related to the information depth
from which electrons are generated and escape. This type of contrast is
particularly observed when probing the sample at low electron energies
(LEE). The size of the interaction volume strongly depends on the primary-beam energy. The higher the beam energy, the larger will be the
interaction volume in the sample. Qualitatively, this can be understood
as follows: upon increasing the beam energy, the inelastic cross-section
decreases, leading to a decrease in the stopping power (rate of energy
loss per distance travelled) of the primary-electron.
Thus the primary-electron can penetrate much deeper into the
sample, because of both its higher initial energy and the reduced
stopping power at high energies, before losing all of its energy to the
sample.
Fig. 2 shows a schematic of the interaction volume within the
sample for higher and lower primary-beam energies. Primary-beams
2
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Fig. 2. Pictorial representation of the eﬀect on the interaction volume with decreasing primary-beam energy, E0.

Fig. 3. (a) COMSOL simulations of a typical objective lens with the Gaussian magnetic ﬁeld proﬁle. (b–d) possible physical phenomena and the corresponding eﬀect
on detection for diﬀerent magnetic ﬁeld strengths.
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problem was solved by introducing a stopper in the middle of the BB
[17] although this led to a corresponding reduction in the transmission
eﬃciency of the analyser. Recently, Schiwietz et al. [18] showed that
shorting the output and the BB central electrode together eliminates the
existence of alternate trajectories without the need for a stopper in the
middle. The ring input aperture was used in this case to stop on-axis
high-energy electrons, whose trajectories are otherwise unaltered in the
BB, being collected. In this study, we build upon the BB design put forth
by Schiwietz et al. [18]. We have adapted the BB so as to be able to use
it as close to the sample as possible by 1: reducing the overall dimension
of the BB, and 2: replacing the ﬂat input electrode with a conical design
as shown in Fig. 4. This helps in detection of true SE by collecting the
electrons emitted very near to the sample. Detecting electrons near the
sample (i.e. 3–5 mm working distance) alleviates the eﬀects of ambient
electrostatic and magnetic ﬁelds on the electron trajectories. Furthermore, using the detector close to the sample also minimises the detection of SE-IIIs. Our preliminary BB simulation analysis has been reported elsewhere [19].
The BB is analysed using SIMION 8.1 ray tracing software [20]. Like
any other electrostatic analyser such as the CMA and CHA, the electrons
entering the analyser are dispersed into their energy components. Only
the dispersed electron trajectories that terminate beyond the output
aperture can be collected. The detailed energy dispersion due to the BB
ﬁelds depends on the incident angle of the electron into the BB. The
operation of a single BB can be analysed using an angle-energy surface
plot as shown in Fig. 5a where the violet background corresponds to
zero electron detection and the coloured peak corresponds to detected
electron trajectories for a given set of incident angles and energies. For
this set of simulations, the BB was biased at a constant value of −10 V
and the incident angle and energy of the point source were varied. The
colours in the detected peak correspond to larger contributions (yellow)
to the total count from higher angles as compared to lower counts at
shallow angles (blue-green). The broad curvature in the shape of the
area of detected electrons with incident angle reﬂects the greater dispersion from the higher radial electric ﬁeld gradients that are experienced by the high angle electron trajectories that travel nearer to the BB
cylindrical electrode than for the low-angle electron trajectories.
To understand the physics of the operation of the analyser, the
graph can be divided into 4 regions based on incident electron angles
and energies. When the incident electron energy is less than the BB
analyser energy (< 10.02 eV), the retarding axial ﬁeld repels the electrons and does not allow electrons to transmit through the BB for all
incident angles (Region 1). This enables the BB to act as a high-pass
ﬁlter. For shallow incident angles with respect to the BB optic axis, and
for electrons of energy greater than the BB voltage, the electron trajectories remain largely unaltered and are therefore transmitted
through the BB and output aperture. This is due to the fact that the
radial ﬁeld is close to zero near the BB optic axis causing little energy
dispersion and minimal deviation in the electron trajectories. This regime must be avoided for the BB to be able to operate in the band-pass
conﬁguration. This goal is achieved by using a ring input aperture to
avoid line of sight for the electrons entering the BB to the collector and
this is included in the simulation (Region 2) where electron trajectories
of less than 3° to the optic axis are blocked by the centre of the ring
aperture and do not enter the BB. Region 3 corresponds to higher incident angles where the emitted electrons hit the input electrode (cone)
and hence are also physically stopped from entering the BB. The BB
therefore acts as a band-pass ﬁlter if operated within Region 4. For a
narrow set of angles and energies, the BB focuses electrons through the
output aperture of the BB to be detected by, for example, a channeltron.
Integrating the detected counts over all the angles for each incident
electron energy, results in the spectrum (analyser biased at a ﬁxed 10 V
voltage) as shown in Fig. 5b.
In the current design, the length of the analyser is about 15 mm and
the 1 mm apertures are deﬁned at the electrodes. In subsequent simulations, the point source (object plane) is swept away from the BB input

introduction of the Scanning Field Emission Microscope (SFEM) [14],
previously called a Topograﬁner [15] and based on the Scanning
Tunneling Microscope (STM) instrument but with a retracted tip such
that the STM operates in the ﬁeld emission regime instead of the
electron tunneling regime, has added a new and very compact instrument for imaging at high spatial resolution. The LEE detection strategies in these state-of-the-art instruments needs to be revisited considering the high electrostatic ﬁelds near the sample.
The in-lens detection mechanism has been successful in increasing
the signal-to-noise ratio of the detected SE signal by eliminating the
detection of the SE-III electrons and only detecting true SEs (SE-I and
SE-II) that emanate from the sample. However, the in-lens detection
design is rather speciﬁc to the SEM in question as it is normally placed
inside the microscope column unlike the ET detector type, which is
placed outside the column. Also, the high magnetic ﬁelds at the sample
may not be suitable for probing magnetic samples. Although the in-lens
detector has a high signal-to-noise ratio when compared with an ET
detector, most of the commercially available units fail to provide energy information for the emitted electrons. Recent developments have
seen the inclusion of retarding grids in front of the in-lens detector,
which does provide a ﬁltering option before detection [10]. However,
owing to the high-pass ﬁlter action, the performance of such a ﬁlter is
inferior in resolution and statistical signal-to-noise as compared to a
band-pass ﬁlter, which is often used in electron spectrometers such as
the Cylindrical Mirror Analyser (CMA) or Concentric Hemispherical
Analyser (CHA). These types of analysers, however, are bulky in nature
and their use for the detection of SEs near the sample is limited by
geometric constraints. What is needed, therefore, is a design of a
compact LEE analyser and detector that can be placed very near to the
sample, alleviating the eﬀects of ambient ﬁelds, at the same time providing energy information of electrons being detected. Detecting and
analysing the SEs near to the sample could help reduce the collection of
SE-III type electrons approaching the performance of the in-lens detector, and with the beneﬁt of band-pass energy ﬁltering. This has been
achieved by coupling the detector with a compact energy analyser. This
work is primarily focused on the detection and analysis of low-energy
SEs by combining the lesser known Bessel Box (BB) energy analyser
with an electron multiplier as the detector.
2. The Bessel Box analyser
The BB comprises three electrodes in the form of a central cylindrical electrode and two end-caps. Controlling the voltages on these
electrodes enables the BB to act as a band-pass ﬁlter as demonstrated in
Fig. 4. The so-called ‘Bessel box’ derives its name from the fact that the
ﬁelds inside the cylindrical structure depend on the modiﬁed mathematical Bessel function [16]. Input ring and output hole apertures are
deﬁned on the end-cap electrodes. While the input electrode is
grounded, the output and the central cylindrical BB electrodes are
shorted together and are biased negatively which provides a retarding
ﬁeld to the incident electrons. This non-uniform, cylindrically symmetric ﬁeld results in two non-zero ﬁeld components in radial and axial
directions, respectively. The radial ﬁeld retards the radial velocity of
the incident electrons and is responsible for the focusing action of the
analyser. The axial ﬁelds retard the axial velocity and help to avoid the
existence of alternative electron trajectories within the analyser. Electrons with energies less than the peak-pass energy are repelled (Fig. 4b);
electrons with energies higher than the peak-pass energy are terminated
at the BB electrode walls (Fig. 4c); and only electrons with energies
within a narrow band can be transmitted through the BB for collection
(Fig. 4a).
The BB has evolved through many variations since its inception in
early 1970s by Allen et al. [16]. Their design consisted of ring apertures
deﬁned at the grounded input and output electrodes. Grounding the
output electrode results in the existence of alternate electron trajectories within the analyser, degrading the overall energy resolution. This
4
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Fig. 4. Simulation of electron trajectories in the BB. (a) For a given set of voltages the BB focuses electrons at the output aperture before they are collected. (b) Lower
energy electrons have insuﬃcient energy to reach the collector. (c) The BB is not able to focus higher energy electrons; however, on-axis electrons do pass through.

blocked by the stopper). The higher radial ﬁeld under-focusses the
electron trajectories leading to a broader energy spread (higher angular
aberration) and higher energy oﬀset. Only a fraction of incident trajectories within solid angles are detected, resulting in lower transmission through the analyser and lower count rate.
On the other hand, as the BB is moved further away from the optimized working distance (larger working distances), the electron trajectories enter at shallower angles and experience lower radial ﬁelds.
The BB now operates in an over-focusing regime. Given the ﬁnite size of
the output aperture, the over-focusing allows more electron trajectories
around the peak-pass energy with 100% transmission leading to an
increase in the energy spread and energy oﬀset in the detected spectrum. The overall count rate decreases because of the decrease in the

and an angle-energy surface plot is generated for each working distance. A Gaussian curve is ﬁtted onto the simulated data to extract the
BB performance parameters at each working distance. This helps in
numerically computing and optimizing the working distance for the
best focusing action of the analyser. More speciﬁcally, at the optimized
working distance, the angular dispersion in the source causes minimum
energy spread around the peak-pass energy with 100% transmission
through the analyser. Furthermore, it also leads to minimum energy
oﬀset (between the BB focusing energy and the peak-pass energy) and
the highest detected count rate. These observations are summarized in
Fig. 6a–d. As the analyser is moved towards the optimised working
distance, (i.e. for shorter source-BB working distances) electrons can
enter the BB only at higher angles (shallower-angle trajectories are

Fig. 5. (a) Incident angle-energy surface plot. Violet corresponds to no electron detection, yellow refers to a high level of detected counts, and blue-green to the
lowest non-zero counts detected. (b) Spectrum of incident electron energies obtained by integrating the surface plot over all incident angles at each incident electron
energy with an analyser voltage at −10 V.
5

Journal of Electron Spectroscopy and Related Phenomena 241 (2020) 146823

A. Suri, et al.

Fig. 6. Demonstration of the focussing action and performance parameters of the analyser: (a) resolution, (b) peak-pass transmission eﬃciency, (c) energy oﬀset and
(d) peak-pass count as a function of working distance.
Table 1
Comparison of the BB performance parameters with CHA and CMA.
Analyser Type

FWHM (@10 eV)

Solid Angle

Analyser footprint @ sample

CMA [21]
CHA (Omicron EA 125)
BB

30 meV
10 meV
30 meV

360° azimuthal
Up to 16°
8.1°

> electron column
> 10 mm2 (collection optics)
1.1 mm2

Fig. 7. (a) The experimental setup in the UHV chamber. (b) Acquired spectrum from a graphene-on-copper sample [22,23] at a primary energy of 800 eV. The inset
shows the diﬀerentiated spectrum of the carbon peak at 262 eV.
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assembly for the detection and analysis of low-energy electrons. The
analyser has an energy resolution of 0.3%. This analyser-detector is
intended to be used very close to the sample for the collection of true
SEs and with a high signal-to-noise ratio. Its compact design (a few mm
in each dimension) has enabled it to be operated very close to the
sample. Furthermore, the compact design also demonstrates the transferability of the device, which can be used as an add-on component in a
variety of scanning electron microscopes.

solid acceptance-angle with increasing working distance. A resolution
of 0.3% (ΔE/E *100) and a transmission eﬃciency of 100% at the peakpass energy is numerically calculated at an optimized working distance
of about 3–5 mm. Another important performance parameter for an
analyser is the depth of focus (DOF). This is deﬁned as the maximum
possible displacement in the source, such that the resolution of the
analyser degrades only by 20%. For the current design, the DOF is
numerically calculated at around 2 mm. A larger DOF ensures the local
altitude variations in the sample would remain in focus making the BB
an attractive candidate for the design of a novel SE detector. We have
also estimated the ﬁeld of view of the analyser by simulating a source
with a ﬁnite size. Similar to the algorithm described above, an angleenergy plot is obtained at every radial step. A ﬁeld of view of 400
microns is numerically calculated. Table 1 compares some of the performance parameters of the BB analyser with those of a CHA and CMA.
A full width at half maximum (FWHM) of 30 meV is achieved for a
peak-pass energy of 10 eV, comparable to high resolution analysers but
with a footprint of only 1.1 mm2 near the sample.
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mode with a dwell time of 200 ms. An 800 eV primary-beam bombarded a graphene ﬁlm on a copper sample which is biased at Vs =
−40 V.
Graphene on copper samples were prepared by chemical vapor
deposition (CVD) in a homebuilt atmospheric pressure CVD system
[22]. 0.025 mm thick Cu foils (GoodfellowTM - Foil CU000372 with
99.95% purity) were placed in a quartz tube (SchottTM), which was
placed inside a temperature-controlled tube oven. After the foil pieces
were placed in the CVD reactor, a mixture of Ar (99.995% purity LindeTM) and H2 (99.99% purity LindeTM) was given to the tube and
samples were heated up to 1000°C and were kept at 1000 °C. Then CH4
(99% purity, LindeTM) was let into the tube for graphene formation on
the Cu foils. After the exposure to CH4, samples were cooled under Ar
and H2 ﬂow atmosphere and then taken out of the tube oven. In order
to study the morphology of the samples a NanosurfTM EasyScan 2
Scanning Tunnelling Microscope (STM) and a NanosurfTM Flex Atomic
Force Microscope (AFM) were used. Samples were further investigated
by a ZeissTM Ultra Plus SEM equipped with a BrukerTM Quantax energy dispersive x-ray (EDX) spectrometer system, which uses a BrukerTM Xﬂash 5010 X-ray detector, and a RenishawTM Invia Raman
microscope. Raman spectra showed that the surface is mostly covered
with monolayer graphene with distributed second layer patches [22].
STM data taken on these samples under ambient conditions have shown
the presence of graphene on the samples. Further simultaneous STM/
AFM studies performed under UHV conditions revealed the existence of
single-layer graphene on these samples [23]. A similar sample was used
in this study. Following the STM analysis the as-inserted sample was
studied by BB electron energy analyser. Fig. 7b shows the acquired
electron spectrum. The SE peak emerges at ˜45 eV, which is what would
be expected for an SE peak from a surface with −40 V bias. Changing
the sample bias to −50 V shifted the SE peak to ˜55 eV, as expected.
The carbon Auger KLL peak can also be observed in the raw spectrum,
appearing more pronounced in the diﬀerentiated spectrum (inset of
Fig. 7b) at 262 eV.
4. Conclusion
We have designed, constructed and experimentally demonstrated
the working of a novel miniature electron energy analyser-detector
7

Journal of Electron Spectroscopy and Related Phenomena 241 (2020) 146823

A. Suri, et al.

Growth of Graphene, (submitted).
[23] M.F. Jadidi, U. Kamber, O. Gurlu, H.O. Ozer, Investigation of CVD graphene asgrown on Cu foil using simultaneous scanning tunneling/atomic force microscopy,
Beilstein J. Nanotechnol. 9 (2018) 2953–2959, https://doi.org/10.3762/bjnano.9.
274.

[21] H.E. Bishop, J.P. Coad, J.C. Rivière, A design for a cylindrical mirror analyser for
use in Auger spectroscopy, J. Electron Spectros. Relat. Phenomena 1 (1972) 9,
https://doi.org/10.1016/0368-2048(72)80040-9.
[22] U. Kamber, C. Kincal, B. Yagci, O. Birer, and O. Gurlu, Tuning the Shape and Size of
Silicon-Based Dendritic Nano-Particles Occurring in Chemical Vapor Deposition

8

