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ABSTRACT

The signal generation mechanism of the scanning field-emission microscope has been investigated via model calculations combining deter-
ministic trajectory calculations in the field surrounding the field-emission tip in vacuum, with Monte Carlo simulations of the electron trans-
port inside the solid. This model gives rise to a two-dimensional electron cascade. Individual trajectories of detected backscattered electrons
consist of repeated segments of travel in vacuum followed by a re-entry into the solid and re-emission into vacuum after being elastically or
inelastically scattered. These so-called electron bouncing events also create secondary electrons at macroscopic distances away from the pri-
mary impact position. The signal reaching the detector is made up of elastically and inelastically backscattered primary electrons created
near the impact position under the tip and those secondary electrons created far away from it.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5128300

Over the past century, electron microscopy (EM) has played a
paramount role in making the invisible visible. When secondary elec-
trons are used for imaging, this technique is referred to as secondary
electron microscopy and is associated with a three-dimensional
cascade’ in which electron scattering leads to the formation of the
escaping signal electrons by transferring energy and momentum to the
solid state electrons. Conventional EM-techniques derive their resolv-
ing power in the sub-Angstrom range from electron optics dealing
with high acceleration voltages of typically a few hundred thousand
volts.” In recent decades, lensless electron optics for low energy elec-
trons (LEE, several volts up to several hundred volts) have been devel-
oped with a resolution in the nanometer range. One of the techniques
referred to above, which nowadays is designated as Scanning Field-
Emission Microscopy (SFEM), is essentially a Scanning Tunneling
Microscope (STM) operated in the field-emission regime. The tip is
retracted from the sample surface to distances greater than those
typically employed in the STM (ranging from a few nanometers to a
few tens of nanometers). By applying a negative bias to the tip, field

emitted electrons are focused and accelerated toward the sample by
the strong field between the tip and the surface. Subsequent interaction
with the solid leads to emission of a spectrum of electrons, which are
detected at macroscopic distances.” By scanning the tip, images of the
topographic contrast as well as the magnetic signal of a sample have
been obtained.” The contrast mechanism of SFEM, which is essentially
a development of the topographiner,” is far from understood. In par-
ticular, how slow electrons emitted from near the point of impact of
the primaries can travel through the strong tip-sample field remains
unanswered. In fact, preliminary calculations® of electron trajectories
in vacuum show that the field in the tip-sample junction pushes all
electrons generated at the impact position under the tip back into the
solid, thus preventing them to reach the detector.

An essential improvement is obtained when electron trajectories
in vacuum are described in a deterministic way,7 while the transport
inside the solid is modeled in a stochastic manner.” The latter part
comprises multiple elastic and inelastic scattering as well as the genera-
tion of the cascade of secondary electrons and their escape over the
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surface barrier. In this way, one can account for repeated re-entry and
re-emission of electrons, i.e., events in which electrons “bounce” off
the surface. In the present work, such a model has been studied. The
results show a salient difference of the signal generation mechanism
with respect to conventional secondary electron microscopy: the for-
mation of a two-dimensional electron cascade, which propagates along
the surface in the field between the electron source, the sample, and
the (biased) detector. While elastically and inelastically backreflected
electrons reaching the detector originate from locations close to the
impact position, the detected secondary electrons are created far away,
up to several hundred micrometers(!).

Simulations were carried out for a silver target and for a tip-
sample configuration as shown in Fig. 1. Panel (a) shows the geometry
of the SFEM, which is assumed to have cylindrical symmetry around
the tip and the z-axis. Note that the calculation of the trajectories is a
veritable three dimensional calculation, albeit in a cylindrically sym-
metric field. This tip geometry, shown in panels (b) and (c) of Fig. 1,
consists of a cusp terminated by a spherical apex (with a radius of cur-
vature of 5nm) and is known to produce a realistic electric field.” For
the case depicted in Fig. 1, the target occupies the space z > 0 and is
set at ground potential. The tip is set at a negative potential, and the
distance between its apex and the target is taken to be 20 nm. Note
that the tip bias voltage is equal to the landing energy of the electrons
at the surface, E,, and that the assumed position of the primary impact
is at zero depth. The lateral position of the tip coincides with the origin
of the coordinate system. The parameters used in the simulation are
chosen in accordance with experiment.” In the half-space above the
surface, the tip is surrounded by an annular detector [see panel (a) in
Fig. 1], which is set to a positive potential (3kV). The current model
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FIG. 1. Model geometry and equipotential lines of the calculated electrical field
among the tip, sample, and detector. In the calculation of the field, a cylindrical sym-
metry has been assumed. Therefore, the detector, which is biased at +3keV, is
an annular structure. Note the dramatic difference in the dimensions of the 3 dis-
played panels: from centimeters in the upper panel to nanometers in the lower right
panel. Describing the motion in vacuum therefore requires solution of a multiscale
problem.
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does not account for the details of the field emission process at the tip
and assumes the latter to behave as a pointlike source emitting elec-
trons only from the very center of the tip apex. Under these condi-
tions, the distribution of the points of impact of the primary electrons
on the surface has a width well below a nanometer for electrons start-
ing with thermal velocities in arbitrary directions at the location of the
tip apex. This follows from simulations (not shown) for any reasonable
combination of the tip-bias and tip-sample distance and demonstrates
the strong focusing effect of the field in the tip-sample junction."’ To
obtain a realistic focal width, the present results should be convoluted
with the true spatial emission distribution at the apex, as dictated by
the physics of field emission in the specific geometry considered.

In Fig. 2, representative results of 500 electron trajectories are
shown for 200 eV electrons. They are emitted from a field-emission tip
located 20 nm above the origin of the coordinate system, which is in
the center of each panel. For clarity, only 50 trajectories are shown in
panel (a). The panels in the left column represent the side view, while
the top view is shown in the right column at the same scale, as indi-
cated by the yellow scale bars. The color scale indicates the generation
of the electrons in the cascade, i.e,, a primary electron (dark blue) cre-
ates a first generation secondary by transferring energy and momen-
tum to a solid state electron in an inelastic collision (light blue), which
in turn creates a second generation secondary in a subsequent inelastic
process (green), and so on. The orange annulus in panel (e) represents
the detector in the considered configuration. It is seen in panel (a)
that, inside the solid, the dissipation of the energy of 200-eV primary
electrons gives rise to formation of a secondary electron cascade con-
sisting of about seven generations, occupying a volume inside the solid
approximately given by a half-sphere with a radius of ~25 nm.

The energy loss of a fast electron in a solid is of the order of the
energy of the solid state electrons (1 Hartree=27.2 eV)."" This is
therefore the typical energy the first generation secondaries receive
upon creation. For higher generation secondaries, the initial energy is
slightly less than for the previous generation, and so on. Therefore,
mainly backreflected primary electrons (dark blue) or first (light blue)
and second (green) generation secondaries can escape over the surface
potential barrier and make it into vacuum. In vacuum, the strong field
between the tip and the sample pushes a large fraction of the cascade-
electrons leaving the surface, especially those of higher generation,
back into the solid. Notice, however, that due to the component of the
field parallel to the surface, which is present everywhere except at the
very lateral position of the tip (see Fig. 1), the re-entry position is dis-
placed from the position of first impact by a significant distance. The
effect of the field pushing back the electrons is most clearly distin-
guishable in the side-view panels (a)-(d), as well as the re-entry points
scattered around the first impact position in the top view. Upon re-
entry, the cascade is continued, but radially displaced, i.e., re-entering
electrons can be elastically or inelastically scattered with the concomi-
tant creation of the next generation of secondaries.

The lateral and depth scale on which the processes above and
inside the solid take place can be inferred from Fig. 2, which shows
that the maximum depth of the cascade amounts to about 25nm.
Owing to the comparatively huge distances the particles travel in
vacuum, the lateral extent of the cascade achieves macroscopic dimen-
sions up to several hundred micrometers. In this sense, one might
indeed speak of a two-dimensional cascade leading to the signal for-
mation in the SFEM.
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FIG. 2. Trajectories of 200 eV—primary electrons in and above a Silver target for a
tip (not shown) located 20 nm above the surface at lateral coordinates (0,0). For
this material, the work function used amounts to 4.3 eV, while the inner potential
was 17.1eV. Left column: side view, with the label “0” indicating the interface
between the solid (below the horizontal black line) and vacuum (above). Right col-
umn: topview. From top to bottom (a)-(e), the field of view is zoomed out as indi-
cated by the yellow size bars. The color scale indicates the generation of the
secondaries (see the text).

Depending on the energy, there is a certain minimum distance
from the emission location from which an electron needs to be emitted
in order to reach the detector without being pushed back into the solid.
Elastically backreflected electrons can always penetrate the field
between the sample and the tip, since the tip-sample potential barrier
provides the primary electron with a kinetic energy matching the tip-
sample field. For secondary electrons with energies of the order of an
electron volt, this distance amounts to a few tens of a micrometer up
to a millimeter, as concluded from a series of simulations investigating
this question (not shown).

ARTICLE scitation.org/journal/apl

The above explains why the seven electrons that reach the detec-
tor (out of 500) in the example shown in Fig. 2(e) are mainly backre-
flected primaries (blue). The secondary electrons of any generation
that reach the detector are almost exclusively created at radial locations
far away from the primary point of origin. This is most impressively
demonstrated by the spectrum of electrons reaching the detector,
shown as the multicolored upper spectrum in Fig. 3. Here, the radial
distance from the tip at which the detected electrons originate is indi-
cated by the color scale (given in millimeters). Those low energy
secondaries reaching the detector are indeed created far away from the
origin, while only the backreflected primaries originate from locations
near the position of primary impact.

The partial spectra corresponding to a given number of re-entries
(homogeneously colored curves) are shown in Fig. 3. While the elastic
peak is made up of backreflected primary electrons that penetrate the
surface exactly at the lateral location of the tip and reach the detector
after bouncing off the surface one or more times, the peak below
~50 eV mainly consists of secondary electrons created far away from
the tip (of the order of a millimeter). These secondaries are created by
primaries that re-enter the solid several times. Most surprisingly, the
peak below 50 eV (red curve) consists of secondary electrons created
far away from the tip (see the upper curve of Fig. 3) that reach the
detector only traveling in vacuum after they are emitted from the sur-
face (far away from the origin), they do not re-enter the surface at all.

These observations draw a clear picture of the cascade, which
consists of two main contributions: (1) elastically or inelastically back-
scattered primaries that penetrate the surface exactly at the lateral loca-
tion of the tip and reach the detector after a given number of bounces;
and (2) secondary electrons created as these primaries re-enter the
solid at macroscopic radial distances from the primary impact posi-
tion. For the former part of the cascade, the partial spectra shown in
Fig. 3 give an impression of the typical number of re-entries.

The question remaining to be addressed is whether the proposed
signal generation mechanism is in agreement with experiment.
The experimental observations made so far show that (1) the yield
(number of detected electrons per incoming electron) is very
low—orders of magnitude below unity—making it cumbersome to
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FIG. 3. Thick multicolored curve: energy spectrum of detected electrons with the
color scale [in millimeters (!)] indicating the radial distance between the point of ori-
gin of the signal electrons from their point of origin. For backscattered electrons,
the position of primary impact is taken to be the point of origin and for secondary
electrons the location where they are generated. Partial spectra shown as homoge-
neously colored curves represent electrons reaching the detector after a given num-
ber of re-entries into the solid, as indicated in the legend.
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experimentally distinguish between the tip current and the absorbed
current;'” (2) the achievable lateral resolution is of the order of a nano-
meter;”'” (3) significant contrast is observed at surface locations con-
sisting of different elements; (4) magnetic signal has been observed on
magnetized samples using a Mott-detector. "

To understand the observed contrast as described above, it
should be recalled that a change in the work function of the solid sen-
sitively influences the secondary electron yield, leading to contrast gov-
erned by the chemical state of the surface. On the other hand, the
intensity of elastic scattering of the incoming electrons by the screened
Coulomb field of the nuclei inside the solid is mainly governed by the
atomic number of the scattering centers. This leads to intensities in the
(in)elastically backscattered electrons depending on the element hit by
the primary electrons and thus gives rise to elemental contrast."*
Work function changes only have a very minor influence on the back-
scattered electrons since the acceleration experienced due to the poten-
tial barrier upon entry of the solid is balanced by the deceleration
upon exit. The present model calculations suggest that the contrast in
the SFEM is produced by backreflected electrons implying elemental
contrast. The model indeed predicts electron yields far below the typi-
cal yield for field-free detection (which is of the order of unity), while
the effect of the field leads to a reduction of several orders of magni-
tude. This can be seen in the intensity scale in Fig. 3.

Magnetic contrast’ using an unpolarized probing beam on a
magnetized sample can be produced either by slow secondary elec-
trons whose spin is aligned by the magnetic field as it travels through
the solid or by (in)elastically backreflected primary electrons.”” " It is
presently not clear which of the mechanisms above is responsible for
the magnetic contrast, which has been observed in the SFEM with
polarization analysis (SFEMPA). 1

The question how a 2D-cascade of macroscopic dimensions gives
rise to images with elemental, chemical, or magnetic contrast and a lat-
eral resolution in the nanometer range seems to be more challenging.
As discussed further above, the focusing effect of the field leads to a lat-
eral distribution of primary impact not contradicting the experimen-
tally observed lateral resolution. Let us assume for a moment that the
number of backreflected electrons indeed depends on the atomic num-
ber of the scattering centers at the point of impact and that their
energy suffices to make it to the detector after a given number of boun-
ces. During imaging the tip is displaced over the surface by a fraction
of a nanometer, while the cascade has macroscopic dimensions. The
essential point is that the response of the cascade to the signal pro-
duced at the position of the tip at a given moment will always be the
same since the tip displacement is negligibly small compared to the lat-
eral extent of the cascade. If more (signal) electrons are produced at
the tip location, more electrons will be created in the cascade and
recorded by the detector. The sample surface acts as an electron multi-
plier, and since the location of origin of the signal electrons is always
the same (within a few nanometers) compared to the huge extent of
the cascade, the local contrast as sensed by the tip (with nanometer
resolution) will be recorded by the detector.

In order to reconcile the concept of the 2D-cascade with the
observation of magnetic contrast,” it is useful to separately consider
the two parts of the cascade, i.e., the backreflected primaries that reach
the detector after a given number of bounces and the secondaries that
are created far away from the impact position of the primaries and
reach the detector without re-entry. For the backreflected part, assume

ARTICLE scitation.org/journal/apl

that the probability that the primary is spin-polarized as it is reflected
from the target is given by P. Assume furthermore that during a
bouncing process, the probability to forget the spin orientation
received at the primary impact position is Q. Then, the fraction of elec-
trons polarized according to the spin texture under the tip and reach-
ing the detector will be P(1 — Q)", where 7 is the average number of
bounces, n ~ 2 for the case studied in the present work (see Fig. 3).
For any reasonable choice 0.1 < P,Q < 0.9 of the individual proba-
bilities, this results in a spin polarization of the detected signal of at
least a few percent or more. The second part of the cascade, the sec-
ondary electrons created at macroscopic distances from the tip loca-
tion, will not carry any signature of the magnetic structure probed by
the tip as it scans across the surface and hence reduce the magnetic
contrast.

The present model calculations, which combine deterministic
propagation in vacuum and stochastic interaction of the signal elec-
trons inside the solid, yield the concept of a 2D electron cascade, which
may turn out to be very useful in describing the signal generation in
the SFEM and related techniques. In this way, the very fact that elec-
trons are indeed detected at all in an SFEM experiment in spite of the
strong field pushing the signal electrons back into the surface is
explained. The features of the cascade brought to light by the model
do not contradict any of the experimental observations made so far.
On the other hand, it makes clear predictions, such as the fact that the
signal is effectively made up of backreflected electrons rather than
slow secondaries created at the tip location, while those secondary
electrons that reach the detector are created far away from the impact
location.
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