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A B S T R A C T   

Electron spectroscopy proves to be a handy tool in material science. Combination of electron spectroscopy and 
scanning probe microscopy is possible through Scanning Field Emission Microscopy (SFEM), where a metallic 
probe positioned close to the surface is used as an electron source. However, using this not too much techno-
logically demanding technique, it looks like the compromise between the lateral resolution and spectroscopic 
clarity must be considered. Here, we demonstrate, using experimental and simulation data, that the spectroscopic 
information can be understood without the need to grossly deteriorate the potential spatial resolution of the 
microscope. We prepared a three-section sample with clean W(110), sub-monolayer Cs on W(110) and mono-
layer of Cs on W(110) on which electron energy loss spectra are obtained via Scanning Probe Energy Loss 
Spectroscopy (SPELS) measurements. To explain the detected spectra a new model describing SPELS measure-
ments in a SFEM is developed which aids to uncover the origin of spectral features typically detected during 
experiments. Experimental and simulation data are in a mutual agreement and observed spectral features on 
different surfaces could be explained. This novel understanding of SPELS can solve the main issue previously 
related to this technique, and good spatial resolution can be accompanied by the understanding of the measured 
spectra.   

1. Introduction 

Scanning Field-Emission Microscopy (SFEM) is an electron micro-
scopy technique derived from Scanning Tunnelling Microscopy (STM). 
During STM, the tip is typically approached to the sample at the nano-
meter range distance with a low tip-sample voltage applied (typically in 
the order of volts), and the quantum tunnelling effect allows electrons to 
tunnel between tip and sample, thus creating a current. The surface 
topography is reconstructed by imaging the electron cloud of the sample 
surface under the tip. In SFEM, the tip is retracted from the sample up to 
hundreds of nanometres, and a higher negative voltage is applied to the 
tip, typically tens to few hundreds of volts. The electron beam can raster 
the sample by simply moving the tip, and no electron lens system is 

required. 
On top of that, unlike STM, there is a new quantity to measure. 

Similar to STM, the current between the tip and sample can be 
measured, but also a current of reflected and absorbed electrons origi-
nated from electrons emitted from the tip via field electron emission 
which impinge the sample surface. The reflected electrons in this set-up 
can be used for imaging, and it was shown that using this technique, 
spatial resolution of ~1 nm and 30% contrast between W(110) and 
≈0.34 layers of Fe on top of it can be achieved [1]. 

Another benefit in this arrangement is that sample information can 
be obtained by the analysis of the surface reflected electrons using 
electron spectroscopy along with information of surface topography. 
This technique, which is called Scanning Probe Energy Loss 

Abbreviations: SFEM, Scanning Field-Emission Microscopy; SPELS, Scanning Probe Energy Loss Spectroscopy; STM, Scanning Tunneling Microscopy; BBX, Bessel 
Box; CLAM, Combined Lens and Analyzer Module 2; ML, Monolayer; EELS, Electron Energy Loss Spectroscopy; EEA, Electron Energy Analyser. 
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Spectroscopy (SPELS), requires an additional electron energy analyser. 
The spatial resolution of SPELS in the proposed configuration is ex-
pected to be similar to that of SFEM [2]. Spatial resolution of 50 nm [3] 
and energy resolution of about 0.6 eV [2] have already been demon-
strated for conventional SPELS. Spectra obtained from graphite and 
silicon show expected features such as plasmon peaks [4]. 

During SFEM, the electric field from the tip affects the reflected 
electrons, effectively pushing them back into the sample [5]. Because of 
this effect, the tip is typically retracted up to microns or even millimetres 
above the sample for SPELS measurements, otherwise the spectrum 
starts to lose its spectral features [6]. However, retracting the tip inev-
itably results in decreased spatial resolution. Therefore, there must 
either be a compromise between the spatial resolution and the quality of 
spectra, or alternatively the spatial resolution is kept as a priority, and 
obtained spectra can be explained in another manner than "classical" 
electron energy loss spectroscopy (EELS). 

Werner et al. conducted a simulations study, to explain the signal 
generated for a tip 20 nm away from the sample [5]. From the simula-
tions, these authors concluded two main results. First, the detected 
signal is made up of back-reflected electrons rather than just secondary 
electrons. Second, the slow secondary electrons, which are generated by 
the impinging field emitted electrons from the tip, are pushed back into 
the sample by an electric field originating from the tip, where they are 
finally collected some distance away, measuring up to mm away from 
the point of generation. This means that the detected secondary elec-
trons are not originating from under the tip. Along with these two main 
conclusions, the authors stated that the material’s work function should 
play only a minor role in the observed spectra. 

In the present study, we also examined the effect of work function on 
SPELS and the results obtained were in contradiction with those by 
Werner et al. [5] Because of the different results obtained to those of 
Werner et al.’s simulation and the close proximity of the tip to the 
sample, we propose a new simulation model. In classical mechanics at 
the interface of two materials, a part of an incident wave is reflected. The 
amplitude of the reflected wave is dependent on a difference between 

refraction indexes. In quantum mechanics, an electron propagates 
through space as a wave described by its wavefunction. Therefore at the 
material interface, a part of the wavefunction is reflected back. This 
results in a non-zero probability in a reflection of an electron from the 
vacuum-sample interface. An electron can make more than one of such 
quantomechanical reflections and propagate along sample’s surface 
without entering the material. In our new model we proposed such a 
mechanism of quantomechanical reflection of electrons [7]. Further-
more, our simulation model and experiment take into account the 
collection of the reflected electrons by a miniature electron energy 
analyser in order to investigate the effect of the sample’s work function. 
The proposed model thus enables one to simulate the SPELS experiment 
in this configuration more accurately as well as shedding some light on 
other results reported by Werner et al. 

Alkali metals are well known for their low work function and are 
often used to decrease surfaces’ work function. Chou et al. proposed an 
orbital-overlap model that explains the formation of work function 
minimum during cesiation of metal surfaces [8]. From their work, it is 
possible to estimate the work function of the surface from the surface 
coverage. In our experiments, we used Cs deposited on W(110) as a 
model surface and calculated the work function from their model. 

2. Experimental 

The homemade ultra-high vacuum (base pressure 4 × 10− 11 mbar) 
STM was equipped with two electron energy analysers (Fig. 1). One was 
a standard hemispherical Combined Lens and Analyzer Module 2 of VG 
MICROTECH (CLAM) that was located approximately 40 mm from the 
tip (Fig. 1). The second electron energy analyser was called the Bessel 
Box (BBX), which is a miniature electron energy analyser [9] which can 
be positioned as close as a distance of 2 mm from the tip. 

The sample was a single crystal W(110) with a deposited thin film of 
Cs. Initially the W(110) sample was cleaned by a well-known procedure 
in the preparation chamber (base pressure ~10− 10 mbar). Annealing in 
the oxygen atmosphere (partial pressure of O2 ~ 4 × 10− 8 mbar) up to 

Fig. 1. Schematic design of the configuration inside of the measurement chamber.  

M. Bodik et al.                                                                                                                                                                                                                                  



Ultramicroscopy 238 (2022) 113547

3

1400◦C followed by a flash annealing up to 2000◦C. After the cleaning 
procedure, a thin film of Cs is evaporated onto the W surface. The Cs 
source (SAES group, Italy) was heated by DC at 6.5 A. After the depo-
sition current was reached the shutter stayed closed for 5 min, thus 
letting the Cs flow get more stable. After the flow stabilisation period the 
shutter in front of the sample was opened to deposit Cs on 1/3 of the W 
(110) clean surface. After 30 min deposition, the shutter was opened to 
expose 2/3 of the sample for the deposition for an additional 30 min. 
This two-step deposition process creates a sample containing three re-
gions; clean W(110), sub-monolayer film of Cs, and a monolayer film of 
Cs. 

The tip was prepared by standard electrochemical etching of cylin-
drical polycrystalline W wire in NaOH and cleaned in-situ in the chamber 
similar to the sample [10]. A W wire was immersed into 5 mM NaOH 
solution through the middle of a circular electrode. The wire was 
immersed in a way, that approximately 4 mm are fully immersed in the 
etching solution. A constant voltage of 3 V was applied until the wire 
broke and the immersed part fell off. The cut-off resistance was set to 1.7 
kΩ. The in-situ cleaning procedure was performed as follows. The tip was 
placed 4 mm from a heating coil. The current in the heating coil was set 
to 1.71 A, while the tip was kept at 1000 V. Electrons emitted from the 
heating coil were bombarding the tip and thus created a current of 4.9 
mA flowing in the tip for 5 minutes. Afterwards, 4 × 10− 8 mbar of O2 
was introduced into the preparation chamber. In such oxygen atmo-
sphere, the tip was again set to 1000 V and the heating coil was set to 
1.72 A. The current of emitted electrons flowing in the tip was 5.0 mA 
and was kept for 10 minutes. Four short 20 seconds long flashes were 
performed after the O2 inlet was closed and the pressure inside the 

chamber stabilised at ~10− 10 mbar. The tip was kept at 1000 V and the 
heating coil current was set to 1.84 A, 1.87 A and another 1.84 A twice 
again. The current in the tip was 15.3 mA, 19.2 mA, 15.6 mA and 15.5 
mA respectively. After the cleaning procedure, the tip was mounted into 
the STM. 

The SPELS experiment was performed as follows. First, STM images 
at all three areas of the sample were measured to confirm the surface 
coverage. The STM was measured in a constant current mode, with tip 
voltage at -2 V and sample current of 0.2 nA. After all three STM images 
were obtained, electron energy loss spectra were measured with the 
CLAM and BBX electron energy analysers. 

The BBX was first aligned by moving it in both the x-axis (parallel to 
the sample surface) and the y-axis (perpendicular to the sample surface), 
until the maximum intensity of the elastic peak was found. The intensity 
distribution with respect to the BBX position is shown in Fig. 2. The 
position of the sample and the tip as a top view of the BBX schematically 
shown on the plot, where the zero point is determined by the position for 
max count found by BBX. Away from it in both x- and y-directions es-
tablishes the field of view for the BBX. The BBX alignment was per-
formed at the energy of the elastic peak. The front cone electrode of the 
BBX was grounded during the measurements. 

Before each measurement, the tip was set-up to the tunnelling mode 
as for standard STM measurements. This position was set as the “zero” 
position of the tip in order to determine the tip-sample distance later on. 
The tip was then withdrawn from the zero position by a piezo tube to a 
distance of 200 nm above the sample surface. The tip voltage was set to 
-30 V, and a field-emission current of ~200 nA was obtained. The 
spectra obtained by BBX and presented here are an average of 6 

Fig. 2. Intensity distribution based on the BBX position. Note that the distance between the emitter’s tip and the sample surface is 200 nm, hence this is in effect the 
0,0 points defining the scanned area. This is drawn for illustration purposes only, whilst the BBX movement has a μm scale as shown in the figure. 
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individual measurements, whilst the CLAM spectra are an average of 2 
measurements. The measured spectra from both analysers were also 
normalized to the current absorbed by the sample. This way, the arte-
facts that originated in the emitted current fluctuations, typical of cold 
field emission, were reduced. 

To confirm the electrons’ origin measurements (i.e. those leaving the 
sample), we observed spectra measured with BBX moved to different x- 
axis positions. First, the alignment procedure was performed as before 
and BBX position with the maximised intensity of signal was found. 
Afterwards, BBX was moved along x-axis by 175 µm, 275 µm and 475 µm 
without moving the tip and three additional spectra were recorded at 
those positions. Because the BBX collects electrons from only a limited 
area from underneath it (i.e. a small field of view), this way we can 
distinguish which electrons (i.e. with which energy) are leaving the 
sample from under the tip and which from further away. 

To simulate the electric field of the experimental configuration, the 
COMSOL Multiphysics® v 5.6 (COMSOL AB, Sweden) simulation pro-
gram has been used. The simulated geometrical structure is shown in 
Fig. 3. 

A 2D axisymmetric electric field was generated using a single mesh 
structure with very fine detail near to the tip and becoming gradually 
coarser away from the tip and away from the sample surface. The 
electric field was swept around the tip to generate an axisymmetric 3D 
field in which the electron trajectory simulations took place. This was 
similar to the set-up of Werner et al. [5]. The electron trajectories in the 
vacuum were simulated using COMSOL, and the electron trajectories in 
the sample material were simulated using a Monte Carlo (MC) model 
program [11,12]. Matlab scripts were used to convert the output files 
from the MC model to the COMSOL format and vice versa. The first part 
of the procedure was to run the MC simulation. The electrons were 
launched from directly under the tip vertically downwards. Then take 
the electrons that had escaped from the surface during the MC simula-
tion and pass these on to the COMSOL program. During their flight in 

vacuum, the electric field from the tip forced these electrons back onto 
the surface, so they were again passed back to the MC program. This 
procedure continues until all electrons had either dissipated all of their 
energy or were collected at the hypothetical position of the detector. In 
this configuration, this was the location of the grounded electrode of the 
electron energy analyser. The effect of quantum mechanical electron 
skipping at the surface [13] were taken care of in the COMSOL program. 
For each simulation run 106 primary electrons were used, with 
tip-sample distance of 200 nm, 30 eV electron energy, 2 mm tip-detector 
distance and 0 V detector bias and sample radius of 0.5 mm. 

3. Results and discussion 

STM images were obtained on each of the three parts of the sample 
(Fig. 4). The clean part of the W(110) shows typical flat atomic steps 
(Fig. 4a). The thickness of deposited Cs layer was calculated from STM 
measurements. With a 30 min deposition of Cs, the central part of the 
sample, shows Cs clusters with approximately 0.8 monolayer (ML) 
surface coverage (Fig. 4b). The last part of the sample, with 60 min of Cs 
deposition, shows a full W(110) surface coverage (Fig. 4c). W(110) 
atomic steps are not sharp, and Cs clusters start to form a second layer of 
Cs. This part has approximately 1.2 ML of surface coverage with Cs. 

Using the model proposed by Chou et al. [8], the work function of 
clean W(110) changes from 4.68 eV to approximately 1.4 eV at 0.8 ML of 
Cs. Whilst when the surface coverage increases to 1.2 ML, the work 
function increases to approximately 1.8 eV. 

The SPELS spectra were obtained on the three surfaces with a pri-
mary electron beam energy of 30 V and tip-sample distance of 200 nm. 
On the clean W(110) side of the sample, both electron energy analysers 
show a strong peak of elastically scattered electrons (Fig. 5 a,b). Spec-
trum recorded on the CLAM also exhibits weaker peaks at approximately 
6 eV and 22 eV energy that the BBX does not record. Such electron peaks 
are detected on all the sample regions, i.e. independent of the material 

Fig. 3. Cross-sections of the electric field used in the COMSOL Multiphysics simulation. a) The region between sample and detector, and b) Close up of the tip region 
with contour levels. Regions inside conducting regions are shown as white, the grey dotted line is an axis of rotational symmetry. Certain horizontal and vertical black 
lines are different regions with different meshing density used in the COMSOL program. 

Fig. 4. STM images of a) clean W(110), b) 30 min of Cs deposition, and c) 60 min of Cs deposition. All the scans are 250  × 250 nm2 and the false colours represent 
the measured height. 
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coverage and therefore do not originate from the sample. These two 
peaks at 6 eV and 22 eV are attributed to internal scattering of electrons 
in the CLAM [14,15]. Furthermore, we can see that the BBX shows a 
better energy resolution (marginal difference in the width of the peak of 
elastically scattered electrons) than CLAM’s resolution of 1 eV [16]. 

Spectra recorded on the surface covered with approximately 0.8 ML 
of Cs (Fig. 5 c,d) show a more visible difference, than suggested by 
Werner et al. [5]. On this surface, with smaller work function, electron 
energy losses are detected with both detectors. First, the absolute in-
tensity of the elastic peak decreased on both detectors. Second, a new 
peak at ~1.5 eV appears. For the BBX, this peak is distinguishable from 
the elastic peak whilst for the CLAM, due to its lower resolution, it ap-
pears as a shoulder-like feature on the low energy side of the elastic 
peak. 

In the case of a surface fully covered with Cs, the ~1.5 eV peak in the 
energy loss spectrum collected with the BBX increases in intensity (Fig. 5 
e). This 1.5 eV peak was also observed in classical EELS measurements of 
Cs, where it was observed at coverages above 0.4 ML [17]. Therefore, 
this peak can be used as a confirmation of the presence of Cs on the 
sample surface. Spectrum measured with the CLAM (Fig. 5 f) cannot 
clearly distinguish between elastically scattered electrons and the Cs 
peak at low energy loss because of its low resolution. Note, however, 
that the elastic peak width in this case increases to almost twice its width 
obtained on the clean W(110) surface. This indicates a convolution with 
the low energy Cs peak, which is now stronger (i.e. more intense) than 
its value at 0.8 ML coverage. On both electron energy analysers we 
observed further decrease in the elastic peak intensity with increased 
coverage of Cs. 

Fig. 5. SPELS spectra of clean W(110) surface detected by a) BBX and b) CLAM detectors, W(110) covered with approximately 0.8 ML of Cs detected by c) BBX and d) 
CLAM detectors and W(110) covered with approximately 1.2 ML of Cs detected by e) BBX and f) CLAM analysers. 
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Fig. 6. Electrons launched from under the tip with 30 eV energy and at 20◦ to the tip axis. Electron trajectory colour coded according to electron kinetic energy.  

Fig. 7. Simulated spectra acquired from the SFEM and the corresponding origin of the electrons on a) clean W surface and b) 1 ML of Cs on W. The radial distance 
from the initial electron impact spot at which the electron left the surface of the sample and struck the detector for c) clean W surface and d) 1 ML of Cs on W. 
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When comparing measured spectra on the BBX and the CLAM, there 
are two main differences. First is the energy resolution, which is better 
(higher) for the BBX. Second, the position and number of peaks detected 
in both detectors are different. Spectra recorded with the BBX show a 
distinctive peak related to Cs [17], which is indistinguishable in the 
spectra recorded with the CLAM. On both analysers we can see addi-
tional peaks that cannot be attributed to the material-related features 
and are most likely caused by internal scattering of electrons within the 
detector. 

From experimentally observed spectra, the difference between sur-
faces with different work functions is noticeable. With the increased 
surface coverage of Cs, the absolute intensity of elastically scattered 
electrons decreases, and the intensity of Cs-related [17] low-energy loss 
peak (~1.5 eV) increases. Such changes observed on both electron en-
ergy analysers clearly show that the contribution of the sample’s work 
function is an important parameter, and a novel model of electron-solid 
interaction in this experimental set-up is required. Unlike the model by 
Werner et al. [5], we have considered the quantomechanical reflection 
of electrons from the vacuum/material interface. Allowing the reflection 
of electrons without energy losses describes the observed results more 
accurately. 

The simulated trajectory of an electron at the primary energy and 
launched at 20◦ to the tip axis is shown in Fig 6. At this angle and energy, 
the electrons travelled distance reaches a maximum of well over 100 μm 
from the tip-sample junction. At this distant point from the point of 
primary electron impact, the electron skips one more time before 
escaping the sample and striking the electron analyser. 

Fig. 7 a,b show the simulated spectra from clean W sample and 1 ML 
of Cs deposited on W(110). Note that the intensity of the elastic peak is 
much lower after the introduction of Cs, similar to the experimental 
data. This effect is due to a lower energy barrier for electrons to enter the 
material, when striking the surface. The probability of an electron to be 
elastically scattered therefore decreases with increased Cs coverage. The 
lower intensity of the elastic peak enhances the inelastically scattered 
electrons, that after introduction of Cs have the intensity in the order of 
magnitude of elastically scattered electrons. In addition, there is a 
plasmon loss peak at ~4 eV loss in the simulated spectra for the Cs 
coated surface. The loss peak is at 1.5 eV in the experiment. The dif-
ference can be explained due to the use of bulk dielectric function data in 
the simulation (i.e. surface plasmons were not simulated). The 4 eV loss- 
peak, which is attributed to bulk plasmon losses, has also been detected 
in classical EELS [17], but is much weaker than that of the surface 
plasmon peak at 1.5 eV and at slightly higher energy of about 5 eV. This 
peak is likely to be convoluted with the broader internally scattered 
electrons at 9 eV and with the steep low energy shoulder of the elastic 
and 1.5 eV peaks. Fig. 7 c, d show the distance from the tip when the 
electron last left the surface and then struck the detector. If the electron 
skips quantomechanically, it is assumed not to re-enter the material and 
will continue to have the properties (e.g. spin) that it adopted when it 
was previously in the material. 

Our simulation model confirms that the lower-energy (i.e. those that 
appear as high energy loss in the spectra) electrons do not originate from 
under the tip. The combination of quantomechanical skipping and in-
elastic scattering of electrons inside the sample allows electrons to be 
emitted from even several hundreds of micrometres away from the tip. It 
is not possible to experimentally verify this with standard electron en-
ergy analysers (EEAs). Standard EEAs, as in the case of the CLAM used 
here, are usually bulky, and it is not possible to in-situ move them. 
However, with the BBX, which is small, mobile, and located only mil-
limetres away from the sample, we could experimentally detect spectra 
from different parts of the sample by in-situ moving it over different parts 
of the sample. By moving BBX while the tip remains at the same spot, we 
can predominantly collect electrons that originated from well away from 
the point of primary electron impact. All the above-presented spectra 
were recorded with BBX located at the position with a maximal intensity 
of elastically scattered electrons. The BBX was moved parallel to the 

sample surface (i.e. along x-axis), and three additional spectra were 
recorded at the surface with a 1.2 ML Cs surface coverage (Fig. 8). 
Recorded spectra were normalised to the intensity at 1.55 eV energy loss 
(Cs peak) to visualise the results better. Moving the BBX away from the 
aligned position results in a fast decrease in the intensity of elastically 
scattered electrons. After moving 175 µm off the aligned position, the 
elastic peak is nearly half its original maximum value, i.e. the BBX’s field 
of view is outside the point of electron impact and the area of the emitted 
electrons as a result of the incident electrons, which is the condition in 
conventional electron spectroscopy. In contrast, detection of electrons in 
electron microscopy could include secondary and backscattered elec-
trons as well as tertiary and even quaternary scattered electrons, often 
from the chamber walls of the experimental set-up. Moving another 100 
µm decreases the detected intensity of elastically scattered electrons to 
the level that the energy resolution barely allows us to distinguish this 
peak from the low-energy loss electrons. When the BBX has moved in 
total 475 µm away from the aligned position, the elastic peak is no 
longer present, and only electrons with low-energy losses are detected. It 
is noteworthy that these low-energy loss electrons do no longer form an 
observable peak at this position but only a low-intensity background. 
This measurement allowed us to distinguish between the electrons 
originating from under the tip and electrons that emerged from the 
surface hundreds of microns away from the tip-sample junction, which 
are due in this set-up to quantomechanical effects, as discussed in this 
study. 

Conclusions 

Scanning Field Emission Microscopy has been applied to W(110) and 
thin films of Cs deposited on W(110) to vary a work function of the 
sample surface. First, the absolute intensity of the elastically scattered 
electrons is inversely proportional to the Cs coverage. Second, the Cs- 
related peak was detected and its intensity was directly proportional 
to the Cs coverage. Simulations of the experiments using a combination 
of finite element modelling of the trajectories in the vacuum and Monte 
Carlo modelling of the trajectories in the material show good agreement 
with the experimental results. The results are strongly influenced by 
electrons skipping off the surface due to a quantomechanical effect. In 
addition, some electrons emerge from under the tip-sample junction, but 
others emerge from the surface up to several hundred microns away 
from the tip-sample junction. With the use of a miniature electron en-
ergy analyser, the electrons that emerge from the tip-sample junction 
can be preferentially detected. 

Fig. 8. SPELS spectra detected at different positions of the BBX. All spectra are 
normalised to have 1 Arb. unit at the 1.5 eV energy loss. The black curve shows 
the spectrum recorded at the aligned position, where the highest intensity is 
detected. The red curve shows a spectrum recorded 175 µm away from the 
alignment position. The blue curve shows a spectrum recorded 275 µm away 
from the alignment position and the green curve represents a spectrum with the 
BBX moved 475 µm away from the alignment. 
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Therefore, for SPELS operated in the field emission regime, the 
proximity and the field of view of the detector play a major role on the 
quality of spectra. With such a miniature and mobile detector as the 
BBX, spectral features of individual materials can be distinguished even 
with the tip in a close proximity to the sample. 

Finally, the experimental set-up described above of a SFEM together 
with a miniature electron energy analyser pave the way to achieve 
SPELS at high spatial resolution approaching one nm, as has been pre-
viously demonstrated with SFEM [1]. 
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