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INTRODUCTION
It stands to reason that modern 
Scanning Transmission Electron 
Microscopes (STEM) are able to count 
the electrons they use for imaging. 
Electron microscopy has had such 
great improvements in detection over 
the last few years, with direct imaging 
cameras, fast readout electronics and 
new processing algorithms, that just 
counting electrons seems an easy 
task. So easy in fact that perhaps 
none of these recent advances are 
necessary - the conventional answer 
in electron microscopy to pixel value 
questions is quantification. In this 
mindset, if a conversion constant can 
be determined between raw pixel 
values and electron counts, then a 
simple operation should give electron 
counts per pixel. However, scattering 
of electrons during detection has a 
stochastic character, and therefore such 
a conversion constant can only have a 
statistical nature. At best, quantification 
could therefore give a probability or 
likelihood of electron count, which is 
unfortunately insufficient for low count 
values, where statistical assumptions 
break down.

But single electrons are not out 
of reach, and the more experienced 
readers will remember that single 
electron signals can be observed even 
with budget indirect CCD cameras 
optimised for high efficiency. Just drop 
the beam current enough that single 
electrons are sparse on the camera, 
then single electrons clusters are easily 
observed. One could therefore attempt 
to drop the beam current, record 
many fast frames with single electron 
clusters and then process each frame 
for counting. However, a staggering 
number of frames is needed to 
count in this fashion, simply because 
electrons must be sparse in each 

frame, which in turn means that total 
acquisition time becomes too long for 
practical count rates. Certainly, no live 
counting is possible with slow cameras 
in STEM.

Perhaps the latest imaging detector 
technology is required after all, and 
indeed the new high-end direct 
cameras can have not only much 
higher framerates, but also embedded 
logic in the hardware for single particle 
counting. At the readout chip level, 
each pixel can compare the incoming 
analogue signal with a configurable 
threshold value to decide if a new 
electron has arrived, and then several 
neighbouring pixels can also check 
with each other to decide if they have 
been triggered by the same electron, 
so as to prevent double counting. The 

counting process is not without limits, 
but certainly a good way to count 
electrons. However, whilst this pixel 
counting and frame readout is fast 
enough for TEM mode, such counting 
imaging cameras are still several 
orders of magnitude too slow for live 
STEM, as STEM requires counting at 
each beam position on the sample. 
Perhaps new operation modes will be 
developed to enable faster operation, 
but in the meantime this frame-based 
approach is also not appropriate for 
STEM electron counting.

In principle, the same sparse 
counting approach can be applied 
directly to standard STEM scans, 
whereby the beam current is reduced, 
and the scan speed increased such that 
single electron clusters are recorded 
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ABSTRACT
Gaps in established patterns of 
work and equipment are best 
revealed by asking unexpected 
questions that seem simple at 
the beginning, but which end up 
illuminating points of view that 
stand undeservedly ignored in the 
routine of everyday work. How to 
count electrons? is such a question 
that aims to bring into focus how to 
best to detect and acquire signals 
in electron microscopy. A practical 
implementation is described 
here, illustrating that such open 
questions can be put to action and 
that counting electrons is just a few 
steps away from everyday work.
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FIGURE 1 
Experimental 
analogue, processed 
and digitised signals 
from single electrons. 
Note that single 
electron pulses are 
narrowed in the 
processed signal and 
then set to the same 
high in the digital 
signal. 

How to count electrons



24 
M

ic
r

o
sc

o
py
a
n
d

A
n

a
ly

si
s 

   
N

ov
em

be
r/

D
ec

em
be

r 2
02

2

in conventional scans. The acquired 
analogue pixel values can then be 
compared with a threshold to identify 
and count single electrons, and 
finally all counts can be accumulated 
into a final image. Whilst speed of 
beam scanning is now not limited by 
detection speed, counting electrons 
after acquisition of the analogue signal 
again requires very many frames with 
very sparse electron signals and it’s 
simply too inefficient. To illustrate 
this, even if single electrons arrive at a 
spacing of every ten pixels in the scan, 
hundreds of frames are still required to 
count tens of electrons per pixel in the 
accumulated image and, unfortunately, 
scanning speeds of hundreds of frames 
per second are not practical.

These introductory points are worked 

out here to illustrate that as advanced 
as STEM may be today, it lacks the basic 
ability to count electrons – without 
additional equipment. Particle 
counting is such an essential and 
enabling function for so many low-
dose techniques, that it’s absence so 
far in STEM may come as a surprise. 

HARDWARE FOR COUNTING
Given that standard detectors and 
beam scanning are too slow or 
inefficient to count after analogue 
acquisition, a common solution in 
particle detection is to use a pulse 
processor that converts the live 
analogue signal into live digital pulses. 
A scan controller is then used to read 
these digital pulses and thus count 
electrons for each pixel in the scan. 

As an example, a similar approach 
is used for EDX where a similar pulse 
processor is used between the X-ray 
detector and the scan controller. 
Pulse processors for EDX also have 
the additional task of measuring the 
area underneath each single X-ray 
signal in order to determine its energy. 
Unfortunately measuring energy of 
single electrons in a similar fashion is 
not useful because resulting energy 
resolution would be on the order of 
several kV, again due to the stochastic 
nature of single electron interaction 
with the detector. The practical 
approach is therefore to use a pulse 
processing algorithm optimised for the 
required particle type and detector.

PULSE PROCESSING
Similar with counting single electrons 
inside each pixel in imaging cameras 
for TEM, a basic counting pulse 
processor needs to compare incoming 
analogue signal to a set threshold. 
When threshold is exceeded, then 
a digital output is switched to high 
to transmit the new count to the 
scan controller. In practice, even 
such basic comparator hardware is 
already much faster than conventional 
STEM detectors, which need a few 
microseconds to fall back down to their 
dark level after each single electron 
signal. This means that maximum 
counting rate with such a basic 

comparator, or the maximum beam 
current that can be used, is given by 
single electron pulses piling up on 
top of each other, which prevents the 
digital output from returning to zero 
and therefore prevents counting.  

Short of replacing the slow 
conventional detectors with new 
faster detectors, it is possible to 
increase counting rate to practical 
STEM beam currents by processing 
the raw analogue signal into much 
narrower single particle profiles. This 
can be done by live digital signal 
processing within the pulse processor 
firmware, which includes digitisation 
of the analogue signal at much 
higher speeds than used by the scan 
controller. A live gradient-based signal 
processing algorithm is sufficient 
to narrow down and separate such 
piled-up single electron events, and 
therefore enable counting for live 
STEM workflows (Figure 1).

The TurboTEM Pulse is such a 
generic device that can be added to 
any conventional detector to obtain 
digital counting signals for any STEM, 
including the gradient signal filter 
necessary to compensate for detectors 
with slow fallback.

SEGMENTED DETECTOR
To bring the maximum counting rate 
towards even higher beam currents, 
it is necessary to use a detector better 

FIGURE 2 
Simulated analogue 
and processed single 
electron signals for 
scintillator (top) and 
Si-diode (bottom) 
detectors. Colour 
plots show signals for 
respective detector 
segments, black 
plots show signals 
for unsegmented 
detectors. Note that 
best maximum count 
rate is obtained for the 
segmented Si-diode 
detector.

FIGURE 3 
Colourised 
experimental annular 
dark field detector 
map, showing 
simultaneous 
counting of single 
electrons with each 
detector segment.
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suited for counting. Whilst a faster 
detector with a shorter fallback for 
single electron events can already 
bring a significant improvement, a 
detector with multiple independent 
segments for parallel acquisition can 
provide an even greater increase to the 
maximum count rate.

For example, if conventional 
STEM detectors could be segmented 
as illustrated in Figure 1, first in 
quadrants then in rings, then single 
electron signals that would pileup in 
an unsegmented detector, could be 
conveniently separated in different 
outputs, and therefore piling up could 
be significantly avoided. Geometry 
of detector segments should be 
optimised for STEM, with fewer and 
larger segments further away from 
to the optical axis, accounting for a 
decreasing rate of single electron 
events at higher scatting angles. 

Conventional STEM detector 
technology is based on scintillators 
and photomultipliers tubes and, 
unfortunately, cannot be easily 
segmented in this fashion. However, 

new STEM detectors can be based 
on solid-state Si diodes with in-situ 
preamplification, which can be 
segmented into the complex 
geometry required for counting. Not 
only that this detector technology 
is able to reduce pileup trough 
optimised segmentation, but also 
reduces it further dues to its inherent 
faster fallback. Whilst conventional 
scintillator-based detectors tend 
to have a fallback on the order of 
microsecond, Si-based detectors can 
reduce this ten-fold to much below a 
microsecond (Figure 2).

One such detector is the Opal STEM 
detector, with a Si-diode segmented 
into multiple BF, ADF and HAADF areas 
for parallel counting. The detector may 
be configured with/without a central 
hole for simultaneous bright field with 
a conventional detector.

SCAN CONTROL
To complete electron counting for 
STEM, digital outputs from the pulse 
processor must be counted by the scan 
controller to record counts for every 

pixel in the scan. Scan controllers 
embedded with the microscope are not 
designed for such digital signals and 
therefore an external scan controller 
needs to be added to the microscope. 
External scan interfaces on STEMs are 
designed for such open scan control 
architecture, with the user required 
only to switch from internal to external 
scans.

The DISS6 TEM scan controller 
is used here, which provides the 
necessary scan outputs to the 
microscope, digital inputs for counting 
from the turboTEM Pulse, a control 
interface for the Opal STEM detector 
and a Python library for custom 
development. To match the high count-
rate architecture of the pulse processor 
with multiple sensing segments, 
simultaneous acquisition from 
multiple digital inputs must also be 
used with the external scan controller 
(Figure 3). These simultaneous signals 
can then be mixed in the software to 
obtain desired detection geometries, 
for example the four quadrants could 
be kept independent for Differential 

Phase Contrast (DPC) or added for 
maximum signal count.

SUMMARY AND CONCLUSIONS
To answer the question in the title, add 
a pulse processor to a standard STEM 
detector. This requires connections 
to the detector and an external scan 
controller with digital inputs, both of 
which can also be added if missing. 
If maximum count rate is important, 
for example to work a higher beam 
current, then use a segmented detector 
and a scan controller with multiple 
simultaneous inputs.

Article, and references available 
online at: analyticalscience.
wiley.com/publication/
microscopy-and-analysis 

©John Wiley & Sons Ltd, 2022
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Using Scanning Electrochemical Microscopy for Bioresearch
Bruker Nano Surfaces and Metrology

In the past 30 years, scanning 

electrochemical microscopy (SECM) 

has established itself as the tool 

of choice for studying spatially 

resolved electrochemical reactivity 

of surfaces and quantitative kinetics 

of electrochemical and chemical 

reactions.[1]  Until the introduction 

of PeakForce SECM mode (Bruker, 

Santa Barbara, CA) in 2016, SECM 

had remained a niche technique, 

as relatively large, micron-sized 

electrodes (ultramicroelectrodes) 

limited the spatial resolution and 

crosstalk between the electrochemical 

signal and topography limited the 

number of applications. 

HIGH-QUALITY 

NANOELECTRODE PROBES

The key to performing reliable, 

reproducible AFM-based SECM 

experiments is the cantilever. It 

needs to provide an isolated electric 

contact to an exposed nanoelectrode 

at the tip apex. For PeakForce SECM, 

Bruker developed a nanoelectrode 

probe that enables SECM with 

nanoscale resolution (≤100 nm). The 

commercial availability of high-quality 

nanoelectrode probes for AFM-based 

SECM overcame the earlier limitations 

and decoupled the reading of the 

electrochemical current from the 

acquisition of the highly resolved 

topography. 

A VARIETY OF APPLICATIONS 

Now, AFM-based SECM is ideal for a 

wide range of applications ranging 

from chemistry kinetics to biochemical 

signaling and environmental 

chemistry and has led to a steadily 

growing number of peer-reviewed 

publications[2-5]. Furthermore, 

advanced operation modes such as 

PeakForce Tapping, PeakForce QNM 

and QI enable the simultaneous, 

high-resolution capture of mechanical 

sample properties in conjunction 

with SECM, even on soft and fragile 

biological samples, e.g., live cells[6-8], 

bacteria[9, 10], viruses[11], protein layers, 

and many more. 

Today’s top BioAFMs, such as 

the NanoWizard AFMs (Bruker, 

Berlin, Germany) can be seamlessly 

integrated into high-resolution optical 

microscope systems and are safe 

and easy to operate in liquids. Their 

perfect optical integration allows 

identification of areas of interest 

and/or the performance of SECM 

experiments under optical control. For 

example, the NanoWizard AFM heads 

have a free optical path, which enables 

transmission-based contrast methods 

such as DIC and optical phase contrast 

using standard optical microscope 

condensers. Furthermore, SECM can 

be combined with fluorescence and 

advanced fluorescence techniques 

(Confocal, FLIM, TIRF, FRET, FCS) for 

SECM DATA CUBE RECORDING

In addition to capturing the charge 

transfer between the tip and sample, 

electrodes at constant distance 

approach curves can be used to study 

the local interfacial charge transfer 

dynamics in the volume above the 

sample. Arrays of force-distance curves, 

recorded in force mapping or QI mode, 

can be used to simultaneously capture 

the electrochemical current versus 

distance. 

TRANSPORT ACROSS 

MEMBRANES

SECM can be operated in collection 

mode to capture mass transport 

across membranes. For example, 

the transport of a mediator such 

as [Ru(NH3)6]
3+ across individual 

pores is detected by the SECM tip 

(Figure 2a). Here, two polycarbonate 

membranes with 400 nm or 100 nm 

pores (Nucleopore™ track etched 

membrane) are used to separate 

different volumes, one containing and 

one free of [Ru(NH3)6]
3+.

The tip is biased to -0.3 V to trigger 

the reduction of the ruthenium 

complex if present, so the detected 

Faradaic current is an expression of the 

local concentration of the mediator. In 

the case of the 400 nm pores shown 

in Figure 2b, the current image clearly 

displays a higher concentration of 

[Ru(NH3)6]
3+ in the proximity of the 

pores, as expressed by the halo around 

most of the pores, while some of the 

pores appear less active (white arrows).

The observed current variation is 

in the order of 10–20 pA. In the case 

of 100 nm pores (Figure 2c), the 

electrochemical current is significantly 

reduced by the lower mass transport 

of the ruthenium complex. Regions of 

higher spatial pore density with higher 

electrochemical activity can be clearly 

seen. Here, the observed current 

variation is less than 1 pA.

CONCLUSIONS

AFM-based SECM greatly extends 

the capabilities of AFM systems and 

enables numerous new research 

possibilities in biologically relevant 

environments with a spatial resolution 

of <100 nm and simultaneous 

electrochemical, electrical, and 

mechanical imaging in liquids.

colocalized image acquisition or 

direct stimulation of electrochemical 

activity. It is, therefore, perfectly suited 

for the simultaneous acquisition of 

topographic, electrochemical, electrical, 

and mechanical information with 

nanometer-scale lateral resolution. 

The availability of diverse SECM 

operational configurations has led to 

a growing number of applications, 

such as:
• localized corrosion 

• electrocatalytic behavior of 

nanoparticles

• enzyme catalyzed reactions

• charge-transfer mechanisms

• adsorption and desorption 

phenomena

• diffusion processes across 

membranes

• hydrogen peroxide release from 

bacterial films

• physiological activity of single live 

cells

SEAMLESS SOFTWARE 

INTEGRATION

As well as performing classical 

AFM-SECM imaging in an interleaved 

acquisition pattern (lift/hover), 

today’s top BioAFM software supports 

the recording of electrochemical 

volume data “cubes” using QI™ for 

multi-dimensional imaging on soft/

viscous samples. These rich datasets 

can be processed by a set of powerful 

operations, either during acquisition or 

offline by the data processing software. 

Thus, multi-dimensional views of 

various sample properties such as 

height, adhesion, stiffness and SECM 

current at various heights are easily 

generated, making this technique 

even more accessible for biological 

applications. 

ELECTRODE CHARGE TRANSFER 

Optical microscopy can be used to 

directly target specific locations on 

transparent electrode structures. 

Micrometer- or nanometer-sized 

electrodes are not only crucial 

elements in most optoelectronic 

devices, such as displays and solar 

cells, but are also used in cell biology 

to derive values like impedance/

potential as a measure of live cell 

activity or for the direct stimulation of 

individual cells. Figure 1 shows the 

reduction of ruthenium. 

A

B

C

A

B

FIGURE 2: (a) SECM 

detection scheme of 

mass transport across 

porous membranes; 

(b) topography and 

electrochemical 

current for 400 nm 

and (c) 100 nm pores 

simultaneously 

capured in PeakForce 

Tapping while biasing 

the tip to -0.3 V for the 

reduction of Ru3+ (10 

mM [Ru(NH3
)6

]3+, 

0.1 M KCl).

FIGURE 1: (a) 

Overlay of optical 

image (40x, Ph2) 

and AFM topography 

of platinum 

microelectrodes 

(width 5 µm, 

height 200 nm) 

on glass captured 

in tapping mode; 

(b) 3D topography 

with SECM current 

skin recorded in lift 

scan  50 nm above 

sample. The Faradaic 

current ([Ru(NH3
)6

]3+ 

→ [Ru(NH3
)6

]2+) is 

enhanced in the 

presence of the 

electrodes by redox-

cycling (tip potential 

set to -0.3V, electrodes 

potential 0.0V, 5 mM 

[Ru(NH3
)6

]3+ in 

0.1 M KCl).
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Exploring ferroelectricity in layered materials using electrostatic force microscopy in vacuum 

Park Systems

and the general reproducibility of measurements. Secondly, the mechanical damping of the cantilever oscillation is suppressed, which leads to superior cantilever response and significantly higher quality factors in high vacuum (see figure 1a). This is particularly pertinent when addressing higher eigenmodes of the cantilever which may not be accessible under ambient conditions. Thirdly, the formation of atmospheric adsorbates at interfaces is suppressed, which enhances the sensitivity of electrical AFM modes by reducing electrostatic screening and reduces the influence of mobile interfacial contaminants in topographic measurements (see figure 1b). Here, we perform both topographic and electrostatic AFM measurements of ferroelectric parallel stacked hexagonal boron nitride (hBN) under high vacuum and demonstrate contrast of ferroelectric domains in electrostatic imaging modes superior to those measured under ambient conditions. 
A sample consisting of two parallel 

stacked hBN flakes exhibiting a ferroelectric superlattice[1] on graphene was prepared by micromechanical cleavage and transfer using a home-built transfer system[2] for layered materials heterostructures with polycarbonate stamps[3]. The ferroelectricity of the parallel stacked interface arises from the formation of unpaired out-of-plane dipoles between overlying boron and nitrogen species[1] (see figure 2). Immediately before high-vacuum measurements, the overlap area between the flakes was scanned using contact mode AFM in order to remove any organic contaminants from the top hBN surface. The probe was subsequently changed (ElectriMulti75-G) before the system was pumped to high vacuum (~1x10-6 mbar), under which conditions electrostatic force microscopy (EFM) and KPFM were performed. 
As has been reported for such parallel stacked domains measured under ambient conditions[1,4,5], we observe contrast over the ferroelectric domains using both EFM (figure 3b) and KPFM (figure 3c). This contrast arises from the interaction of the electrically driven metal coated AFM probe with the out-of-plane electric fields of the ferroelectric domains. In the case of KPFM measurements of parallel stacked hBN on graphene measured in high vacuum, we extract a contact potential difference 

(CPD) contrast from amplitude modulated (AM)-KPFM images of 130 mV, compared to 110 mV for images acquired under ambient conditions. We attribute the higher contrast in vacuum-based AM-KPFM to the reduction of screening from airborne contaminants which naturally accumulate at interfaces under ambient conditions. 
CONCLUSIONPerforming measurements in high vacuum enables favourable cantilever dynamics and suppresses the influence of interfacial contamination[6]. In the case of ferroelectric parallel stacked hBN, improved signal-to-noise in electrostatic AFM modes enables more detailed exploration of ferroelectric systems, with direct applications to both electronic devices with switchable ferroelectric states and scanning probe microscopy based experiments exploring the interlayer interactions and mechanical and electrical switching properties of domains.

References
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FIGURE 1 
Comparing the resonance curve of the first eigenmode of an ElectriMulti75-G cantliever under ambient conditions (red) and at  

~1x10–6 mbar 
(black) reveals a superior mechanical response in vacuum (a). In addition, the accumulation of interfacial 

contamination under ambient conditions leads to screening which supresses the signal in electrostastic AFM modes

FIGURE 2 
Assembling 
layered materials heterostructures with a controlled twist angle (a) allows parallel stacked registries to be formed (b) which differ from the registry of as-synthesised bulk hBN (c). Ferroelectricity in parallel stacked hBN on graphene may then be probed on the nanometer scale using atomic force microscopy (d).

FIGURE 3 The topography (a), electrostatic force microscopy phase (b) and CPD measured using amplitude modulated KPFM (c) of parallel stacked hBN measured with V
EFM=4 V and f

EFM=17 kHz at high vacuum 
(`1x10–6 mbar).

J. Kerfoot*, V. V. Korolkov 
Park Systems UK Ltd, MediCity 

Nottingham, 
D6 Thane Rd, 
Nottingham, UK, NG90 6BH 

* pse@parksystems.com

OVERVIEW
The fabrication of ferroelectric superlattices in layered materials through the deterministic formation of specific interlayer registries has received significant recent attention in the context of both scanning probe microscopy and graphene-based devices. Atomic force microscopy (AFM) is an ideal tool to probe such phenomena as it possesses sub-nanometre spatial resolution and offers several modalities which enable a range of functional properties (e.g., piezoelectricity, work function, current) to be mapped spatially. By performing such measurements in high vacuum using the Park Systems NX-Hivac, the exceptional utility of AFM to study ferroelectricity on the nanoscale is demonstrated. Performing AFM under high vacuum conditions offers three primary advantages over measurements performed under ambient conditions. Firstly, the sample can be maintained in a controlled environment, which is beneficial for air sensitive samples 
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