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A B S T R A C T   

The manufactory of advanced micro- and nanoscale devices relies on capable patterning strategies. Focused 
electron beams, as for instance implemented since long in electron beam lithography and electron beam induced 
deposition, are in this regard key enabling tools especially at the early stages of device development and 
research. We show here that nanoscale field emission scanning probes can be potentially utilized as well for a 
prospective direct device fabrication by localized material deposition but notably, also by localized material 
removal. Field emission scanning probe processing was specifically realized on 10 nm chromium and 50 nm gold 
thin film stacks deposited on a (1 × 1) cm2 fused silica substrate. Localized material deposition and metal 
removal was studied in various atmospheres comprising high vacuum, nitrogen, ambient air, naphthalene and 
carbon-dioxide. Stable and reliable regimes were in particular obtained in a carbonaceous atmosphere. Hence, 
localized carbon deposits were obtained but also localized metal removal was realized. We demonstrate 
furthermore that the selected electron emission parameters (20 V - 80 V, 180 pA) and the overall operation 
environment are crucial aspects that determine the degree of material deposition and removal. Based on our 
findings, direct tip-based micro- to nanoscale material patterning appears possible. The applied energy regime is 
also enabling new insights into low energy (< 100 eV) electron interaction. However, the underlying mecha
nisms must be further elucidated.   

1. Introduction 

From today's perspective, a series production of devices in the scale 
of only a few atoms is within reach [1]. However, an important pre
requisite for the efficient fabrication of novel and advanced nano- and 
microstructured devices is the reproducible generation of functional 
structures in the respective length scale, which also includes the third 
dimension. New and unconventional patterning and analyzing tools 
with high performances are therefore essential as key technologies that 
ideally enable patterning and analysis resolution adoptable from the 
micro- down to the nanometer scale. Scanning probe microscopy (SPM) 
technologies are in this regard extremely powerful. SPM techniques 
were developed to observe physical, chemical or biological interactions 
between a sharp tip and a sample surface. Common tip apex radii are in 
the range of several tens of nanometers down to the single nanometers 
scale. A well-known representative of SPM is the atomic force 

microscope (AFM). Here, intermolecular attractive and repulsive forces 
create an interaction between a miniaturized probe tip and a substrate, 
which are detected and used to reconstruct, for instance, the substrate 
surface topography. The close proximity down to the sub-nanometer 
range between the sharp probe and the substrate surface yields a 
spatially and highly confined nanoscale interaction region. Hence, it 
became possible to push the scientific progress towards nanometer 
scales in many research areas [2]. In this so-called imaging mode, 
manipulation of the specimen is in principle not intended. However, 
aside from microscopy, scanning probes can be used as well for the 
nanoscale patterning of surfaces [3]. Various kinds of tip-sample in
teractions, such as mechanical, thermal, electrical and diffusive in
teractions, can result in a localized material removal as well as in 
deposition under special conditions. Ultimatly, the true strength of 
scanning probe techniques emerges from the controlled capability to 
switch between non-destructive nanoscale imaging and destructive 
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patterning mode without the requirement of a probe or even system 
exchange. A sequential read/write cycle allows in-situ surface inspec
tion before and after scanning probe patterning and enables precise 
pattern overlay alignment and also stitching. Using scanning probe 
lithography, such as field emission scanning probe lithography (FE-SPL) 
and thermal scanning probe lithography (t-SPL), features in the sub-20 
nm regime and even below were successfully created [4–7]. 

However, ultra-thin resist layers (thickness < 20 nm) must be uti
lized to achive high-resolution nanoscale lithographic patterning, while 
considering requirements set by the subsequent processing, such as dry- 
etching or lift-off procedures. Therefore, these techniques actually only 
support the creation of so-called 2.5-dimensional nanostructures with 
precise morphology and shape control in the plane, but very limited 
control in the third dimension. To push the current technological pos
sibilities in future beyond these limitations, while simultaneously 
widening the scope of materials would enable new design and fabrica
tion strategies for numerous nanoscale devices. 

With respect to our research presented here, the starting point for the 
development in such a direction are electron- and field-induced re
actions of gaseous precursors that are established within focused elec
tron beam induced processing (FEBIP) [9,10]. They also support the 
direct-write fabrication of even complex 3D nanoscale structures from 
various materials by localized additive and subtractive processes based 
on an occuring precursor gas decomposition. Although powerful in its 
capabilties, FEBIP approaches indispensably require high-vacuum con
ditions for reliable operation. In contrary, scanning probe techniques 
can be operated under ambient and, in principle, even in various pre
cursor gas atmospheres and pressure regimes. In this regard, Garcia et al. 
showed recently that carbonaceous sub-25 nm dots can be created on a 
silicon substrate using so-called oxidation SPL in a CO2 environment 
[11]. Expensive and time-consuming vacuum systems, as for instance 
necessary for scanning electron microscopy (SEM), can therefore be 
omitted. Here, we demonstrate first results of so-called tip-based elec
tron beam induced (TEBI) processing by field emission scanning probes 
as similarly used for FE-SPL. A schematic illustration of TEBI processing 
is shown in Fig. 1a. In dependence on the overall electron emission 
characteristics, the choice of precursor gas, and the utilized substrate 
material, localized material deposition from decomposed precursor 
molecules (left) as well as localized material removal (right) are 
conceivable. We demonstrate a deposition but notably as well a direct 
removal of material, here mainly the metal gold, by TEBI structuring in a 

carbonaceous atmosphere. 

2. Methods 

In this research work, we employed an AFM that was in-built into a 
SEM, called AFMinSEM (nano analytik GmbH, Germany) []. This system 
enabled TEBI processing and direct SEM inspection of the sample surface 
[8,12]. The AFMinSEM tool (Fig. 1b and c) was installed into a FIB/SEM 
microscope (Helios NanoLab 600i) from Thermo Fisher Scientific. The 
AFM was equipped with active cantilevers that allow a precise ther
momechanical actuation near the sample surface combined with a pie
zoresistive read-out of the microcantilever deflection. For navigation 
and coarse positioning, a motorized XYZ-stage is used that can address 
an area of up to (18 × 18 × 10) mm3 with a resolution of 1 nm. High- 
resolution metrology and nanofabrication can be carried out using a 
bottom XYZ-capacitive-closed-loop-scanner. Thus, it is possible to image 
an area of (60 × 60 × 20) μm3 with a resolution of 0.4 nm in X and Y and 
0.2 nm in Z. The use of active cantilevers enables the implementation of 
two independent scanning probe methods in a single setup. Here, we 
combine the two scanning probe methods AFM for surface imaging and, 
in principle, FE-SPL for patterning. For the FE-SPL mode, a bias voltage 
that is applied between probe tip and the sample generates an electric 
field that is naturally enhanced in the vicinity of the ultra-sharp 
conductive tip apex [13]. The confined electric field triggers an emis
sion of low energy electrons, which are ideal for chemical precursor 
dissociation in the range of a few eV [14]. The tool allows a bias voltage 
tuning up to 100 V and an emission current set-point of up to 200 pA. 
The interaction of both parameters influences the distance control of the 
tip-sample distance and consequently the overall achievable line width. 
Under ideal conditions, writing speeds up to 10 μm/s can be achieved. 
As proper operation requires an electrically conductive sample at 
ground potential, our TEBI experiments were performed on thin film 
stacks consisting of 10 nm chromium followed by 50 nm gold, fabricated 
via electron beam evaporation on 1 × 1 cm2 fused silica substrates. 
Naphthalene (C10H8) was used, as it is an already well-established pre
cursor for electron beam induced carbon deposition [11]. Gas delivery 
was done with a conventional gas injection system (GIS), evident in 
Fig. 1c, which was mounted in an inclination angle of 30◦ relative to the 
surface, a radial distance of about 150 μm to the AFM tip and substrate. 
For TEBI experiments, naphthalene was heated up to 32 ◦C at least 1 h 
prior to deposition, while the GIS valve was opened for 5 min prior to 

Fig. 1. a) Schematic illustration of tip-based electron beam induced (TEBI) processing by means of deposition and removal at the left and right, respectively. Due to 
electron induced precursor gas molecule decomposition, non-volatile species yield a localized deposit on the substrate surface, while reactive species should trigger 
localized material removal. b) Optical image of the utilized AFMinSEM tool [8]. The magnified view (SEM image) shows the utilized field emission active micro
cantilever in detail. c) Optical image of the AFMinSEM tool as installed in a dual beam system. Both tools complement each other. Using the field emission gun (FEG) 
and dedicated read-out, one can identify a region of interest on a sample by SEM and subsequently perform AFM at sub-nm-resolution. Furthermore, naphthalene 
precursor molecules can be injected into the same sample region using a conventional SEM gas injection system (GIS). The system is additionally equipped with a 
gallium focused ion beam (FIB) that was not used in this study. 
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any TEBI experiments to ensure a thermodynamic equilibrium between 
adsorption and desorption. During that procedure, the background 
vacuum of 2.3 × 10−4 Pa increased to 7.5 × 10−3 Pa under full satu
ration. Further experiments were carried out in nitrogen (N2) and car
bon dioxide (CO2) atmosphere at ambient pressure as well as in ambient 
air conditions. The created deposits were primarily analyzed by SEM, 
using 10 keV and 86 pA in top and tilted views but also via AFM and 
energy dispersive X-ray spectroscopy (EDX) at 10 keV and minimal 
currents to obtain acceptable signal-to-noise ratios. In all experiments, 
emission currents and writing speeds were kept constant at 180 pA and 
0.05 μm/s, respectively using probes with a tip radius of about 60 nm. 
Parallel line features were generated using with a single line being 20 
μm long and a line interspacing of 5 μm. The applied bias voltage was 
increased at each line from 20 V to 80 V with an increment of 10 V. In 
order to maintain an emission current of 180 pA, the tip to sample 
distance is varied. 

3. Results and discussion 

The first TEBI processing experiments were realized under high 
vacuum conditions to create reference experiments without any pre
cursor gas usage. As evident in Fig. 2a, material deposition was still 
observed, presumably from electron-induced decomposition of residual 
carbonaceous molecules from the background vacuum but in particular 
from the substrate itself from naturally present surface contaminations 
due to ambient transfer from preparation to TEBI instrumentation. 
Similar carbonaceous deposits are well-known from conventional SEM 
imaging as described elsewhere [15]. From Fig. 2a it becomes evident 
that the deposited carbon features smear out increasingly at higher bias 

voltage and are barely visible anymore at bias voltages above 60 V. This 
effect of so-called line smearing is already known in comparable manner 
for the FE-SPL exposure of ultra-thin electron-sensitive calixarene resist 
[16]. 

Gas molecules can generally interact with an electron beam, espe
cially in the case of low energy electrons as used in this study. To 
investigate the general pressure dependency of the process, nitrogen was 
implemented at ambient pressures, while TEBI experiments were done 
with identical settings. In comparison to features that were deposited 
under vacuum (cf. Fig. 2a), fine and well distinguishable line patterns 
are now detectable at the substrate surface (Fig. 2b). The responsible 
mechanisms for the observed feature enhancement are so far not clear. 

To trigger a carbon deposition, the concentration of carbonaceous 
species, such as volatile hydrocarbons and CO2, was subsequently 
increased by replacing gaseous nitrogen with air but keeping the 
ambient pressure of about 105 Pa. A respective SEM image is illustrated 
in Fig. 2c). Despite an expected increase in localized carbon deposition, 
line patterns are barely visible for bias voltages of 20 V to 30 V and 
exhibit a more delicate morphology in comparison to the deposits ach
ieved in nitrogen atmosphere. 

Besides the demonstrated material deposition due to gas decompo
sition, other effects must be consequently also considered. First, adsor
bed water layers due to air moisture might impair the electron surface 
interaction and second, material removal effects might occur as well. 
The removal of material from the surface could emerge, for instance, 
from chemical etching decomposed gas molecules, radicals and gaseous 
ions and also ablative discharge effects can be in principle discussed. 
Oxygen radicals and ions might etch in this regard, for instance, 
deposited carbon due to an occurring chemical reaction that might yield 

Fig. 2. Sample surface images after TEBI processing (electrical emission current and writing speed were 180 pA and 0.05 μm/s, respectively) using various at
mospheres as indicated. Line patterns (line length 20 μm) were generated with a bias voltage of 20 V to 80 V (increment 10 V).: a) vacuum environment (10−4 Pa; 
working base pressure of the SEM), b) nitrogen environment at about 105 Pa pressure, c) ambient air environment, d) GIS created naphthalene environment, e) AFM 
surface reconstruction of two line sections created with 30 V and 60 V bias voltage in a naphthalene environment as well as illustration of the respective feature cross- 
sections. Scanned areas are indicated by dashed squares in d). Total line widths from about 0.5 μm at 30 V to 2.2 μm at 60 V can be detected (measured as full width 
at half maximum). f) SEM/EDX analysis line scan of created features by TEBI processing with the naphthalene precursor. The line scan was carried out at sample 
positions as indicated in d). The counts axis is the same for all elements. The deposition of carbon but also the removal of the metal gold is evidently shown. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

M. Hofmann et al.                                                                                                                                                                                                                              



Micro and Nano Engineering 16 (2022) 100146

4

volatile CO2. Aside from changes in the deposition rate and line pattern 
morphology, substrate material removal might notably occur in air at an 
applied bias voltage of 60 V (Fig. 2c). Nevertheless, these potentially 
etched features exhibit additionally coronas of dark appearance that 
broaden with increasing bias voltage, which implies a broadened carbon 
deposition or gold roughening rather than material removal. An increase 
in surface roughness and bubble formation or local delamination of the 
surrounding metal layer also develops simultaneously. 

Localized and direct TEBI material removal would be an intriguing 
and powerful tool enabling new degrees of freedom in micro- and 
nanoscale device fabrication. However, elucidation and clarification of 
the general occurrence of TEBI surface deposition and removal regimes 
require further experiments. To exclude primarily moisture and oxygen, 
TEBI experiments were realized under high-vacuum conditions but this 
time with naphthalene as precursor gas, locally injected by the GIS. 
Despite an expected significant increase in the local carbon concentra
tion during TEBI processing, barely any carbon containing features (dark 
areas) are apparent in the voltage range from 30 V to 80 V (Fig. 2d). 

This aspect differs significantly in comparison to the aforementioned 
vacuum-only experiments (Fig. 2a) that suggested carbon deposition for 
such low voltages. Notably, for TEBI processing bias voltages in the 
range of 40 V to 70 V, the impression is again created that substrate 
surface modification occurred. Nevertheless, for a set bias voltage of 80 
V, the potential surface modification effect is clearly interfered by a 
material deposition, which results in our experiments in a formation of 
carbonaceous structures (Fig. 2d). SEM inspection in combination with 
sample tilting revealed tree-like feature growth. 

To clarify the question on how TEBI processing modification occurs, 
AFM measurements were done as shown in Fig. 2e for patterns created in 
a naphthalene atmosphere. The AFM images show clearly that deposits 
rather than etched pits were created during TEBI processing. TEBI ex
periments at a bias voltage of 30 V yield in this regard about 500 nm 
wide deposited lines with a height of about 70 nm. The lines are notably 
larger than the scanning tip radius, which is in the range of 60 nm. 
Increasing the bias voltage yields a clear broadening of the features and 
demonstrates that the process can indeed be controlled. Line patterns 
that were created with a bias voltage of 60 V showed a line width of 
already 2.2 μm and a maximum height of about 100 nm at the edge 
regions of the M-shaped cross-sectional shape (discussed later in more 
detail). 

To evaluate the composition of the modified sample surface for the 
lines (70 V bias) and the 3D deposits (80 V bias), EDX line scans were 
performed as shown in Fig. 2f. The first detail is the decreasing gold 
signal (blue curve) at the location of the line feature, which is accom
panied by an increase in silicon (purple), which is to be expected with an 
etched gold layer on silicon. However, the carbon signal is also 
increasing (orange curve), which strongly suggests deposition of naph
thalene and/or contamination from the surface/vacuum. Hence, it 
seems that we have two concurrent processes at the same time: carbon 
deposition and gold removal, which at 70 V are dominated by the latter 
one. 

Another detail of relevance, which supports the aforementioned 
hypothesis of roughening or removing gold by an electron-beam induced 
process in the presence of carbon, is the fact that the gold signal is not 
varying at taller edge regions at the 70 V line (see Fig. 2c). This strongly 
supports the brighter appearance of edge features in SEM images as 
surface morphology induced effects in agreement with the roughening 
hypothesis in vacuum-only and gaseous nitrogen ambient pressure ex
periments, mentioned before. When EDX is performed on the dendritic 
3D structures obtained at a bias voltage to 80 V, a massive but sole in
crease of the carbon signal is detected (red line in Fig. 2f), which clearly 
identifies the 3D structure as carbon feature. We assume that this effect 
is due to a voltage dependent discharge effect in the localized high- 
pressure region of naphthalene, which explains the dendritic 
morphology between the substrate and the AFM tip. 

Finally, we aimed on the exclusion of the deposition component 

during TEBI processing by implementing gaseous CO2. Due to technical 
reasons, related to the vacuum system, we changed to ambient pressure 
conditions and repeated the TEBI experiment. As evidently shown in the 
SEM image overview in Fig. 3a, the results look very similar to the 
carbonaceous precursor naphthalene but with a material removal onset 
at higher voltages. 

As for naphthalene-based TEBI processing, we again conducted 
successive AFM measurements at selected lines (indicated in Fig. 3a), 
shown in Fig. 3b by 3D height images (left) and related cross-sectional 
profiles (right). The narrow lines for 40 V do evidently not show any 
height increase but in contrary only a sub-10 nm deep trench that clearly 
reveals CO2-TEBI processing to be a material removal process in this 
case. For increased voltages, the trenches get deeper, as shown for the 
80 V line in purple, but again possess the M-shaped cross-sectional 
shapes as qualitatively also observed for naphthalene-based TEBI pro
cessing (Fig. 2e). 

Before an interpretation attempt of this special morphology can be 
given, we present according EDX data, summarized for two selected 
etch-lines in Fig. 3c. Here it becomes evident that the gold signals (blue) 
are clearly decreasing at the trench regions, while the silicon signals 
increase in intensity (purple). Nevertheless, what is even more impor
tant is the stable carbon signal across both presented lines, as indicated 
by the orange curve in Fig. 3c. This strongly suggests that even the 
slightly elevated edge features, detected by AFM (Fig. 3b), are solely 
composed of gold, which again substantiates the hypothesis of a gold 
roughening prior the actual material removal sets. This can also pre
sumably explain the M-shaped features for accordingly high voltages, 
when considering a laterally decaying electric field due to the divergent 
emission characteristics starting at the very tip apex. In this case, the 
center regions are already in the material removal mode, while the 
outmost regions reveal the initial roughening mode prior to the removal 
of material. The same argumentation holds for naphthalene-based TEBI 
processing and for the vacuum-only TEBI experiments, although the 
latter is strongly dependent on the local contamination situation, while 
the former provides more stable gas conditions. 

The downside for CO2-based TEBI processing at ambient pressures is 
however, the clearly higher line edge roughness, which might be a 
consequence of the very high local pressures as well as a currently un
avoidable spatial distribution of electrons during their tip emission. 
Although localized material deposition and removal was clearly 
demonstrated using scanning probes, the above-discussed results must 
be considered only as a starting point for further technological explo
ration in comparison to the existing alternatives and the addressed 
system needs. Further studies are hence indispensable to determine, for 
instance, the optimum pressure range for high-quality material removal 
results [17] and to create an improved overall understanding of TEBI 
processing. 

4. Summary 

In summary, we demonstrated first results of tip enhanced electron 
beam induced (TEBI) processing with respect to the deposition of 3D 
carbon features and the removal of gold from the surface. The study 
suggests for the deposition a mechanism similar to focused electron 
beam induced deposition, but without an indispensably needed vacuum. 
From experiments with different gases (e.g., air, nitrogen) and chamber 
pressure conditions, we deduced that the use of gaseous CO2 as a process 
gas enables tip-based removal of gold from the surface. It is noteworthy 
here that despite the presence of CO2, material removal occurs without 
the deposition of carbon, as was observed in contrast with the use of 
naphthalene- based TEBI processing. Even without a deep optimization 
of local pressure, scanning speed as well as bias voltage, the experiments 
showed that comparable or predictable results including, for instance, 
line edge roughness, trench width and depth are successfully achieved. 
This study thus provides a first cornerstone for an intriguing technology 
for future micro- and nanoscale device fabrication with the unique 

M. Hofmann et al.                                                                                                                                                                                                                              



Micro and Nano Engineering 16 (2022) 100146

5

possibility of a cyclic workflow between modification and inspection for 
true rapid prototyping. 
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exemplary cross-section profile. Scanned areas are indicated by dashed squares in a). The etched trench width and depth increase with increasing bias voltage. Using, 
for instance, 40 V bias voltage yield a trench with 200 nm in width and a depth of 10 nm. c) SEM/EDX line scan analysis of the substrate a lines created at 70 V and 
80 V bias voltage. The line scan was carried out at sample position indicated in a). The count axis is the same for all elements. The EDX signal shows furthermore 
clearly that the top gold was etched during the line pattern creation. Notable carbonaceous deposits were not detected. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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