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Abstract
Cost effective patterning based on scanning probe nanolithography (SPL) has the potential for
electronic and optical nano-device manufacturing and other nanotechnological applications.
One of the fundamental advantages of SPL is its capability for patterning and imaging
employing the same probe. This is achieved with self-sensing and self-actuating cantilevers,
also known as ‘active’ cantilevers. Here we used active cantilevers to demonstrate a novel path
towards single digit nanoscale patterning by employing a low energy (<100 eV) electron
exposure to thin films of molecular resist. By tuning the electron energies to the lithographically
relevant chemical resist transformations, the interaction volumes can be highly localized. This
method allows for greater control over spatially confined lithography and enhances sensitivity.
We found that at low electron energies, the exposure in ambient conditions required
approximately 10 electrons per single calixarene molecule to induce a crosslinking event. The
sensitivity was 80-times greater than a classical electron beam exposure at 30 keV. By operating
the electro-exposure process in ambient conditions a novel lithographic reaction scheme based
on a direct ablation of resist material (positive tone) is presented.

Keywords: nanofabrication, field-emission scanning probe lithography, single nanometer
lithography, molecular resist

(Some figures may appear in colour only in the online journal)

1. Introduction

Today’s lithography methods are based on particles (e.g.
atoms, electrons, ions, and photons), thermo-mechanical
molding (imprint) of polymers, and tip-based interactions.
Every kind of lithography owns its specific characteristics,
advantages, and disadvantages—however, reason to exist for
one or many dedicated applications is based on dedicated

Original content from this workmay be used under the terms
of the Creative Commons Attribution 3.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

criteria for choice of a particular lithographic technique. The
industry requirements for mass production are focused on
lithographic performance, most importantly achieving high
throughput at minimal resolution and forcing capital resources
without restriction.

Among the predicted lithographic technologies that could
be further developed, tip-based methods combined with estab-
lished high-throughput techniques (e.g. optical lithography in
a so called mix and match approach) could be a cost effective
candidate for manufacturing sub-5 nm NIL-templates, masks,
and highly customized and tailored nanoelectronics, which are
not necessarily focused on throughput.

The further technological road points towards single
electron or atomic-scale devices [1]. These visions are cur-
rently beyond our capabilities. The main restriction is the
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lack of cost-effective and rapid prototyping manufacturing
processes, which deliver routine features at the single digit
nano scale. The demands of next generation lithographic tech-
nologies with respect to resolution capabilities, overlay align-
ment accuracy, process control, and throughput constitutes an
overall bottleneck.

The following interactions can be triggered for nanopat-
terning within a spatially well-defined region surrounding the
tip:

(i) Force-induced interactions such as plowing [2], nanoshav-
ing, and nanografting [3],

(ii) Heat-induced thermomechanical [4] or thermochemical
[5] interactions.

(iii) Electric-field-induced interactions, such as material
deposition by field-induced deposition/decomposition of
gaseous precursors [6].

(iv) Material displacement using joule heating induced by
electrostatic SPL [7].

(v) Material modification by spatially confined anodic oxida-
tion reactions [8].

(vi) Resist exposure using field-emitted low-energy electrons
[9].

(vii) Material removal by electric-field- and/or current-induced
interactions and field emission-scanning probe litho-
graphy (FE-SPL) [10].

In standard electron beam lithography (EBL), wherein
high-energy primary electron beams (5–100 keV) are applied,
electrons pass through a resist undergoing a series of elastic
and inelastic scattering events, generating secondary elec-
trons (SE), backscattered electrons (BSE), plasmons, phon-
ons, and photons beyond the primary impact point of the ini-
tial beam [11–18]. The sum of all events contributes to the
deposited energy in the resist. The final geometry of the fea-
ture is defined by the sum of all voxels at which the threshold
for the lithographic reaction is exceeded. Thereby, proximity
effects, which are defined by forward and backward scattering,
laterally extends the interaction far beyond the initial expos-
ure spot. Tenths of nanometers (forward scattering) up to sev-
eral micrometers (backward scattering) are typical proximity
ranges [12, 15–18].

To push the resolution limits of EBL towards the single
digit nano scale, highly accelerated primary beams with ener-
gies of 100–350 keV were used. In conjunction with thin res-
ist layers, which were coated on top of membrane samples,
Manfrinato et al wrote 2 nm isolated and 5 nm half-pitch (hp)
features [16]. They eliminated long-range backward scatter-
ing by applying a dedicated membrane substrate combined
with very thin resist layers. Using high-energy beams min-
imized forward scattering and related SE emission. However,
the use of this technology for practical applications is not
straight-forward. In the case of bulk samples, the relatively
large inelastic mean free path (IMFP) of high-energy electrons
causes the energy to deposit in the bulk rather than in the resist
layer [12]. This energy mismatch significantly decreases the
exposure efficiency and increases the likelihood of radiation
damage and substrate heating [11, 16].

Low-energy electron beam lithography provides an altern-
ative pathway towards high-resolution sub-5 nm lithography.
At low-electron energies, the IMFP is reduced, leading to
decreased penetration volumes of the electrons itself [12–
19]. The primary electrons deposit nearly their entire energy
within the resist layer. As demonstrated for PMMA, primary
electrons penetrate an average resist thickness of >14 µm at
30 keV, whereas at 1 keV an incident electron beam cannot
completely expose a 50 nm thick film [19–21]. Here, an exper-
imental relationship between penetration depth dp and incident
energy Ee was found with dp ∼ E1,6±0,35

e [22].
As shown, the loss of energy is proportional to 1/Ee,

valid for a certain energy range >100 eV. For energies below
~100 eV in PMMA and Carbon, the stopping power typically
decreases with decreasing energy [23, 24].

Additionally, Wu and Neureuther pointed out that 90% of
SEswith energies of <400 eV travel less than 12 nm in PMMA,
while SEs with energies of <200 eV have a travel range of less
than 5 nm [21]. Thus, the majority of electrons scatter within
the resist film. The spatial resolution is defined by the primary
beam and the induced SEs [25]. This reduces backscattering,
suppresses radiation damage and heating effects, and improves
exposure efficiency and sensitivity of the resist [14, 18, 21, 25].

However, the progress towards the 5 nm scale reveals
another limitation: The macromolecular resist characterist-
ics [26, 27]. Initial efforts have been made by using calix-
arene molecular glass resists and its derivate in EBL [28].
Fujita et al [28] first demonstrated that calixarene behaves as
a high-resolution negative tone resist. Later, fine isolated fea-
tures with a width of 8 nm were shown within chloromethyl-
methoxy-calix[4]arene resist thin films using 50 keV electron
exposure [29]. Recently, Solak et al demonstrated 12.5 nm hp
resolution capabilities of calixarene in EUV interference litho-
graphy [30]. A drawback of the small size and low molecu-
lar weight of the resist system is that it requires more cross-
links per unit volume in order to induce a solubility change
[31]. Compared to PMMA, crosslinking a calixarene-based
resist requires a 20-times larger area [28]. This general trend of
decreasing sensitivity with decreasing molecular weight was
revealed by Charlesby for polymeric resists [32]. The latter
was reported by Perkins et al [33] for chemically amplified
resist systems (CAR’s) as well as by Wilder et al [34, 35] for
polymeric resists, such as SAL601 and PMMA. These findings
contradict the initial theory of low-energy electron exposure,
leading to the assumption that low-energy FE-SPL involves
fundamentally different mechanisms (see [33, 34]). Experi-
ments by Ruderisch [36] and Sailer [37] pointed out that the
aromatic systems are partially broken and the oxidation state
of the carbon atoms, at which the phenolic hydroxyl group was
originally bound, are raised. In general, no defined final state
could be found by spectroscopic investigations. Instead, they
observed an increase in chemical heterogeneity, which sug-
gests that no defined final state of the crosslinked molecules
was present and multiple mechanisms were triggered by the
incident radiation. Sailer suggested that partial oxidation of
the molecular structure is most likely [37]. Prins et al [38] con-
cluded themainmechanism involved a break-up of arenes with
respective subsequent linking to other arenes or functional
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groups. Laser-based dry development experiments combined
with EBL on calixarene, carried out by Olynick et al, sugges-
ted the formation of aromatic OH followed by aromatic OH2+
[39, 40]. The laser-triggered ablation process was promoted
by the inter-play of phenolic units and extended conjugation
in the aromatics [40].

Sub-10 nm lithography for a production environment is
not considered realistic with currently available lithographic
equipment. Standard optical lithography features the high
throughput demand needed, but meeting high resolution
demands becomes extremely challenging and expensive. In
contrast, advanced technologies with sufficient capabilities for
sub-5 nm [41] processing such as direct write e-beam are
extremely expensive and lack throughput. A mix and match
lithography approach combines the advantages of both worlds
using a convectional exposure technique for all noncritical
levels and a scanning probe system for critical levels [41, 42].

This paper begins by explaining the findings behind the
principle of exposure with low-energy electrons using a scan-
ning probe for exposure of amolecular glass resist (calaxirene)
and summarizes our efforts to develop a novel lithographic
strategy. This paper presents scanning probe lithography as
an original mechanism for fabricating sub-5 nm [41] negat-
ive and positive tone. The second section covers the set-up
of the scanning probe lithography based on so called ‘act-
ive’ cantilevers (i.e. cantilevers with integrated bending read-
out and actuator). The exposure mechanisms with low energy
electrons and the relation between exposure dose and litho-
graphic tone are presented in the third section. The fourth sec-
tion discusses the effect of the exposure-environment where
we present the effects of relative ambient humidity and resist-
surface degradation. The environment effect is demonstrated
by experiments provided at ambient humidity/temperature and
vacuum. The evidence proves that OH groups were involved
in the formation of positive and negative tone. This paper con-
cludes with a discussion of the results.

2. The principle of exposure with low-energy
electrons using a scanning probe

The energy of the electron determines its average travel length
within a specific material (i.e. mean free path of the electron).
Theminimummean free path ranges between 10 to 100 eV and
increases towards higher and lower energies. Since second-
ary electrons dominate the reactions for exposure of resist or
precursor molecules, their relatively long mean free path can
contribute to image blur and loss of resolution in the final pat-
tern. Therefore, the electron energy significantly impacts spa-
tial resolution in electron-based lithography. Electrons with
energies below 100 eV constitute the majority of secondary
electrons (SE), which are primarily responsible for the litho-
graphic interactions in conventional EBL. The SE distribution
is characterized by a large low-energy peak at <50 eV. As
predicted by established theories, the energy transfer between
incident electrons with low energies, in a specific energy range
depending on the resist and underlying lithographic reaction,
is expected be more efficient.

Here, the associated electron energies are very close to
lithographic relevant excitations, which are predominantly
bond scission processes [12, 13, 28, 43, 44]. According to Vri-
ens law, the lithographically relevant exposure reaction cross-
sections have maxima at 8–12 eV for typical binding strengths
of C–C and O–H chemical bonds [45, 46]. The increased
cross-sections at low energies (1–20 eV) were experimentally
proven for certain organic molecules, such as CH4 and substi-
tuted benzenes [35, 47, 48]. Ionization effects appeared irrel-
evant for electron energies ⩽50 eV. Electron-impact ioniza-
tion cross-sections have maxima at higher energetic ranges—
for typical organic resist compounds these are located above
70 eV [49]. The high stopping power at low energies indic-
ated a high inelastic scattering cross-section and low inelastic
scattering mean free path. According to basic investigations of
these phenomena [50–53], we can conclude that there is high
inelastic scattering. The scattering is spatially confined, which
significantly reduces the proximity effect.

Thus, the energy for the lithographic reaction can be better
confined towards a few angstroms radially around the incident
beam [12].

There have been some attempts to access the low energy
exposure regime by miniaturized EBL columns or retarding
electron optics [54–56]. However, the construction of such
systems with small spot sizes is challenging to achieve using
established electron-optical designs. A different approach for
lithographic purposes constitutes the utilization of a proximal
probe setup using an active cantilever system [10, 42]. This
kind of setup is schematically outlined in figure 1 (exten-
ded cantilever) and FE-SPL system description provided in
[57–59]. In standard EBL the electron beam is generated, con-
ditioned, blanked, and focused relatively far away from the
sample surface by a complex electron optical system under
high-vacuum conditions.

In contrast, the exposure situation in FE-SPL is quite dif-
ferent:

(i) Due to the field-enhancement effect at the tip apex, only
small voltages (typ. range of 10–100 V) between the sharp
tip and sample are required in order to stimulate a Fowler–
Nordheim (FN) field emission [60, 61]. The radius of the
tip apex usually ranges between 7 to 15 nm [26–28]. The
corresponding emission characteristics were measured by
a voltage (U) sweep, while the tip-sample spacing was
held constant (tip-sample spacing d of ~20–40 nm). The
respective FN-emission, shown for a particular sample in
figure 2, exhibits a linear dependency between ln(I/U2) vs.
1/U after the onset of emission (at U ~ 15 V). This con-
firms a stable electron emission process at ambient con-
ditions in the Fowler–Nordheim [60] regime. This result
corresponds with early stage STM exposure experiments
[34, 62].

(ii) The exposure dose in FE-SPL is controlled by the emission
current and the tip velocity in the. case of vector-based line
patterning or by the dwell time in the case of single pixel/-
dot patterning.
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Figure 1. From classical electron beam lithography (EBL) towards a novel field-emission scanning probe lithography (FE-SPL) system
with so called ‘active’ cantilever. These cantilevers are equipped with piezoresistive bending senor, a thermomechanical actuator and a sharp
tip. In this manner, lithography and imaging are employed using the same cantilever.
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Figure 2. Fowler–Nordheim (FN) plot of a field emission
measurement carried out with a sharp tungsten tip. The tip is in
close proximity to a pristine Cr/Au coated sample. The experiment
was performed in ambient conditions. The different colors,
numbered 1–14, correspond to successive voltage sweeps of the
same tip. The offset between the initial voltage sweep (#1, black
dots) and the subsequent measurements (#2–14) are attributed to tip
contaminations, which were removed after the initial sweep.

Thereby, the system’s feedback loop maintains a constant
emission current by controlling the tip-sample spacing (in fig-
ure 1 marked by Z). In this way, constant electric field strength

at the tip apex is achieved. The tip-sample emission current is
measured by a highly sensitive IU-converter and amplification
stage (RMS noise floor < 100 fA at 1 kHz bandwidth). The
noise and regulation system limit is determined with a min-
imum exposure dose of 1.9 fC in the case of spot exposure
and 2 nC cm−1 in line exposure, respectively.

(iii) A linear relationship between applied bias and tip-sample
spacing (figure 1) confirms the general operation in the
Fowler–Nordheim regime [60]. Thus, depending on the
thickness of the resist, a minimum bias voltage has to be
applied to prevent mechanical tip-resist interactions.

(iv) Since the tip-surface distance is significantly smaller than
the mean free path (MFP) of the electrons in ambient con-
ditions (~340–570 nm [63–66]), vacuum conditions are
not required.

(v) The application of low energy electrons < 100 eV, which
enlarge the de Broglie wavelength (30 eV → 0.224 nm
vs. 30 keV→ 0.007 nm), do not affect resolution in litho-
graphic applications.

(vi) Due to the low energy operation, the electrons’ IMFP is
drastically reduced, ranging between 1 to a few nanomet-
ers, within the resist layer, concluded from [11–13, 43, 44,
66, 67]. In addition, a typical reaction depth of 1–3 nm
for 50–100 eV electrons is estimated [22, 66, 68]. The
IMFP in a low-energy operation is typically smaller than
the applied resist thickness. In contrast, in standard EBL
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the IMFP of the incident primary electrons is much lar-
ger than the resist layer thickness. This suggests that the
low energy electrons cannot penetrate the complete resist
thickness with their initial energy.

(vii) However, in the case of FE-SPL, the space between the
electron emitter (tip apex) and the resist-coated sample
surface is not field-free. The low energy electrons emitted
from the nano-tip regain energy from the field after los-
ing energy due to inelastic scattering events [12, 33–35,
69–73].

(viii) From a theoretical point of view, thermal effects can be
excluded in FE-SPL. This is substantiated by calculations
of Perkins et al [34], who investigated the low current
operation range (≤ 100 pA) for polymeric resist materials.
As theoretically investigated by Lyuksyutov et al, a min-
imum current of 5–10 nA is required to soften PMMA and
PS thin films [74]. The significant influence of the expos-
ure environment supports the fact that chemical reaction
pathways are triggered. Electromigration effects are not
likely [75] in these conditions and were not observed in
the exposure experiments conducted between a metallized
tip and sample surface.

In conclusion, it is suggested that different mechanisms and
chemical reaction schemes occur in FE-SPL. This assump-
tion is supported by initial investigations of scanning probe
induced resist exposure processes, which were carried out in
the early stage of STM/AFM [19, 31–36, 41, 42]. In 2003 [10]
and 2006 [26], Rangelow et al demonstrated the first positive
tone self-development behavior of calixarene in low energy
electron exposure. These result indicate the presence of dif-
ferent reaction paths.

As expected, the lithographic reaction in FE-SPL depends
on the applied electron exposure dose. This observation is
summarized in figure 3. L-shape meander line patterns were
written with different line exposure doses into ~6 nm thick
calixarene resist layers (cmc4r derivate), which were spin-
coated on top of a Cr/Au bottom layer. Electrons with ener-
gies of 40 eV (=bias voltage) were emitted from a Ti/Pt
coated cantilever tip (rtip ~ 25 nm). In order to determ-
ine the impact of low energy electron exposure in ambi-
ent conditions, AFM topographic imaging was carried out
directly after exposure. AFM and SEM inspection after a
subsequent wet development (WD) step provides further
information about the associated crosslinked resist mater-
ial. A complete 2D section profile reveals the inner struc-
ture of the lithographically defined features within the resist
material.

Different pattern types emerge, as a function of exposure
dose and line pitch, as shown in figure 3.

In figure 3(i), low electron exposure doses induced a
crosslinking process of the molecular glass resist. The
involved chemical reactions rendered the exposed resist insol-
uble. A wet development step revealed the extension of
the crosslinked area (colored in green), which appears as
raised features. Well known negative tone behavior was
observed.

In figure 3(ii), an increased exposure dose led to signi-
ficant changes in lithographic reaction. The decrease in fea-
tures was measured by AFM imaging directly after expos-
ure. Thus, resist material was directly removed by the low-
energy electron exposure process. We call this effect ablation.
Since no development is required to make use of the gen-
erated features one can describe the lithographic interaction
as self-development or development-less patterning. Derived
from SEM contrast after wet development, we suppose that
the entire resist material in the center of the lines was ablated,
unveiling the Cr/Au bottom layer.1 A wet development step
revealed that the ablated lines were surrounded by crosslinked
resist areas (colored in green).

A reduction of the line spacing (=line pitch) indicates an
overlap of crosslinked side areas, whereas the directly ablated
lines (positive tone features) resolved separately.

3. Set-up of the scanning probe lithography

Lithographic low-energy electron exposure at ambient condi-
tions was conducted by a custom-built scanning probe litho-
graphy platform. The tool is described in ref. [41, 42].

The lithographic system was placed in a vibration-isolated,
environmentally encapsulated chamber (figure 4). The envir-
onmental conditions were stabilized at 35% r.h. and ~ 25 ◦C.
Active cantilevers were applied for standard closed loop scan-
ning probe lithography, which incorporated imaging by stand-
ard AFM modes as well as low energy electron field emission
lithography. Active cantilevers integrate both the actuation
and the deflection read-out onto the cantilever beam itself,
described in more detail in [57–59].

An actuator based on thermo-mechanical principles drives
the cantilever on resonant oscillation (AC) and provides static
deflection control (DC) (figure 5(a)). The deflection read-
out was realized by integrating 2-DEG piezoresistive sensors
based on p-doped Si in a Wheatstone-bridge configuration at
the base of the cantilever in order to minimize temperature
influences and deliver atomic resolution. The spring constants
of the applied cantilever range between 90–100 Nm−1. A con-
ductive diamond tip coated with either Ti/Pt or W was utilized
as the proximal emission source of low-energy electrons in
lithographic mode and for imaging the lithographic features
in non-contact AFM-mode without removing the sample and
carry out a development step (figure 5(b)).

In several previously published papers, we discussed the
requirements and developments that contributed to new gener-
ation of scanning probes. We elaborated on the efforts toward
downsizing self-sensed and self-actuated probes, their control
and design approaches, and upscaling the cantilever [58]. We
presented the fabrication process of active probes along with
the tip customizations carried out targeting specific application
fields [57–59, 64, 76]. Promising applications in the scope of

1 Note: Since the penetration depth in AFM measurement is rather limited,
especially for the small trenches created, one cannot doubtlessly conclude
onto the depth of the ablated line. From SEM image contrast it seems to
be scum-free opened to the bottom Cr/Au layer, whereas the AFM tip stops
approx. 1.5–2.5 nm before reaching the bottom layer.
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Figure 4. Scanning-probe type FE-SPL /AFM 150 mm- tool and zoomed view of the cantilever and the field emission tip over the 150 mm
wafer sample (Courtesy nano analytik GmbH, Germany).

the nanofabrication, field emission scanning probe lithography
was introduced and employment of robust silicon, diamond- or
GaN-tips with sub-10 nm radius demonstrated [77].

In electron-exposure mode, the current between the tip and
the sample is used for the closed-loop control, which directly
reacts by adjusting the z-actuator voltages to maintain the
desired current signal at the set-point due to variation in the
tip-substrate distance. In the imaging mode, an active canti-
lever deflection signal is simultaneously monitored in order to
prevent the tip from crashing and damaging the sample and the
tip.

Two separate feedback loops were integrated in the FPGA
control system from Nanoanalytik GmbH [64]. For the
imaging mode of the system a standard AM (amplitude
modulation)—AFM feedback loop was implemented. For the
lithographic operation mode of the system a current based
feedback loop was integrated, which maintains a constant cur-
rent (cc: constant current mode) between tip and sample by
respective modulations of the tip-sample spacing. The litho-
graphic exposure dose, which is a function of the current
set-point and velocity of the probe, was exactly controlled,
adjusted, and kept constant for patterning at constant expos-
ure requirements. Therefore, themeasured current was conver-
ted into a respective voltage signal, amplified, filtered, digital-
ized, and fed into a PID based feedback loop control, which
generated an output signal that controlled the Z-position of
the probe. The custom-designed I-U converter and amplifica-
tion stage had a switchable transfer function of 5 V nA−1 and
0.5 V nA−1. For low dose operation the 5 V nA−1 option was
chosen, characterized by an RMS noise of <100 fA. The low-
est applicable exposure dose was approximately 1.9 fC in spot
exposure and 2 nC cm−1 in line exposure, respectively. In the
lithographic operation, the tip was virtually grounded through
the IU converter unit, whereas the sample was biased using an
external high-voltage, low-noise source. Dynamic switching
between closed loop imaging and lithography mode allowed
for sequential read/write cycle-based patterning schemes, dis-
cussed in more detail in [28]. For standard electron beam litho-
graphy exposure, a 30 kV Gaussian system (thermal Schottky
emitter) was applied and operated at 10 keV beam energy and
0.21 nA electron beam current.

Ultra-thin (5–50 nm) calixarene resist films were prepared
by a standard spin-coating process [59]. In particular, the
calixarene derivate C-methylcalix[4]resorcinarene (CMC4R,
C32H32O6, molecular weight: 544.59 g mol−1) was applied.
Spin-coating solutions of CMC4R were prepared by dissolv-
ing the calixarene in methyl isobutyl ketone. The solution was
filtered prior to spin-coating by using a Teflon syringe filter
(0.2 µm). The resist thickness is adjustable by altering the con-
centration of the solution (e.g. a 5.7 mmol l−1 CMC4R solu-
tion results in a ~10 nm resist layer) [57–59]. The spin-coating
process was performed at 2000 rpm for 3 s and 3000 rpm for
30 s. A prebake step was carried out at 90 ◦C for 3 min on
a hot plate. The prepared amorphous resist films show uni-
form roughness properties in AFM imaging. Different pre-
structured sample types were used as substrates: (i) Si-surfaces
covered with a conductive bottom layer (5 nm Cr followed
by 15 nm Au) and (ii) moderately doped Si surfaces (p-Si,
typ. 9–15 Ω cm, <100>). Due to the relatively large equival-
ent tip-sample resistivity the requirement concerning the con-
ductivity layer below the resist is not as stringent. Moderately
doped Si surfaces and even doped Si surfaces coveredwith thin
oxide layers did not diminish the functionality of the current-
feedback loop during patterning. The surface roughness of the
films ranged between 0.25–0.35 nm when prepared on Si sur-
faces and between 0.4–0.7 nm on the Cr/Au bottom layer. Due
to the increase of surface roughness induced by the metal-
lic layers, the highest lithographic resolution was achieved
on ultra-thin resist layers prepared on top of Si surfaces. The
wet development step of the CMC4R resist film was carried
out by a 10 s immersion in methyl isobutyl ketone (MIBK)
solvent.

4. Mechanisms of exposure with low energy
electrons

Quantitative changes to the exposure dose in FE-SPL leads to
qualitative changes in the lithographic behavior of the calix-
arene molecular glass resist. The derivable patterning modes
and tones are graphically summarized in figure 6. In gen-
eral, the final lithographic outcome can be described by a
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100 μm

(a) (b)
5 μm

Figure 5. (a) SEM side view image of the probe with integrated piezoresistive read-out and thermomechanical actuation (active cantilever).
A sharp 5.6 µm high silicon tip [58] (b) at the end of the cantilever ensures advanced AFM imaging and SPL capabilities. (a) Reprinted with
permission from [58]. Copyright (2017), AIP Publishing LLC.

superposition of two distinct lithographic interactions: cross-
linking and direct ablation of the resist material.

Thereby, crosslinking represents a material modific-
ation, while direct ablation is a material transforma-
tion from non-volatile to volatile parts, whereas the phe-
nomenon of crosslinking of resist is in agreement with
the negative tone behavior found in high-energy elec-
tron beam lithography [14, 47, 49]. The direct ablation
of the resist was unexpected and contradicts the standard
high-energy EBL, which was carried out in high vacuum
conditions.

The experimental results for spot and line exposure charac-
teristics are summarized in figures 7(a) and (b), respectively.
It appears that both interactions were linked. For a explanation
of this effect, we suggest the application of a simple Gaussian
beammodel, initially suggested byWilder et al to describe the
crosslinking interaction in low-energy exposure [34]. Simula-
tions and experiments done by ourselves and others [33, 34]
support using a Gaussian distribution to describe the electron
exposure dose and related absorbed energy density. This also
implies that low-energy electrons induce practically no backs-
cattering during the crosslinking process. The dense line/space
patterning experiments we carried gave no indications of the
proximity effects observed in standard EBL. The width-dose
dependency shows a logarithmic function which was observed
for both spot (figure 7(a)) and line (figure 7(b) exposure
modes). Returning to the self-alignment feature, the correla-
tion between the crosslinked areas, which remains after wet
development, is defined by the difference in thresholds and
the related exposure doses. However, the model does not take
into account a possible lateral diffusion of reactive species in
resist.

In our setup, the lowest applicable exposure dose was lim-
ited to approximately 1.9 fC in the spot exposure mode and
2 nC cm−1 in line exposure mode. However, the threshold
for the resist crosslinking reaction of calixarene falls below
these values. Thus, the systems’ hardware limitations prevents
us from determining the gel and saturation dose as well as
the contrast curve in FE-SPL, for both dot and line pattern-
ing. Nonetheless, a spot dose threshold for crosslinking of

1.7 fC was approximated. The smallest dots achieved in our
actual setup were created by 1.9 fC, which corresponds to
less than 1.2 × 104 electrons per single dot. The tip-sample
convolution corrected diameter at FWHM of the correspond-
ing dot was estimated at approximately 10 nm. An amount
of approximately 10 electrons per single calixarene molecule
(molecular size of approx. 0.75 nm) can be derived, which
is a remarkably low value. In contrast, the high-energy EBL
spot exposure tests carried out by Fujita et al had a min-
imum point exposure dose of 1 × 105 electrons/dot for calix-
arene at an acceleration voltage of 50 kV [14]. Here, min-
imum pixel sizes of ≈12 nm were achieved. Thus, the spot
exposure dose of EBL was more than 10-times larger com-
pared to the FE-SPL exposure, which was carried out at 30 V
bias voltage. The required FE-SPL spot dose is even lower
than that for the high sensitive positive tone PMMA poly-
meric resist (5 × 104 electrons/dot for minimum dot sizes
of ≈20 nm [14]).

Direct ablation is characterized by a significantly higher
threshold compared to the crosslinking of the resist (figure
7(b)). In the particular example, a ratio of approximately 17
was measured. This is shown in figure 7(b) (semi-logarithmic
plot), for example curve #2 represents twice the exposure dose
of curve #1.

For example, curve #1 in figure 7(b) exceeds the cross-
linking threshold, whereas curve #2 shows that the threshold
for ablation was not reached. In this case only a crosslink-
ing interaction is induced (ablation not triggered). Its lateral
confinement is defined by the intersections of the dose distri-
bution function with the particular fixed threshold value. For
example, the threshold value of curve #1 ranges from −74 to
+74 a.u. The width of the crosslinking reaction extends with
increasing exposure dose (e.g. two and three times the absolute
dose of curve #1 depicted by curve #2). Increasing the second
threshold value associated with the direct ablation process, is
exceeded.

The electric potential difference between the tip and sample
generates a strong electric field (figure 8(a)), which induces
a spatially localized field emission current. The emitted cur-
rent can be described by Fowler–Nordheim emission [60, 61].
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(b) Positive tone, development-less patterning (red rectangle]

FE-SPL exposure After exposure After development Pattern example

FE-SPL exposure

e−

e−

After exposure After development Pattern example

Semiconductor substrate

Semiconductor substrate
Molecular resist

(a) Negative tone patterning, with subsequent wet development step (red rectangle)

Figure 6. Schematic summary of the patterning modes: (a) negative tone patterning including wet development and (b) positive tone
patterning without development. In order to enhance the resolution of the FE-SPL patterning, the double patterning technique could be
introduced using development. The corresponding AFM topographic images on the right side of the schematics were acquired after the
process step and denoted by a red-rectangle.
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Figure 7. Lithographic spatial confinement and experimentally derived model. Lateral extension of the crosslinked (green stars) and the
ablated resist (blue dots) as a function of the electron exposure dose. The experimental results for both cases spot (a) and line exposure (b)
are shown, respectively.
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Figure 8. Qualitative description of the lithographic spatial
confinement by a Gaussian beam model with two separate resist
related exposure threshold values. In this particular example, the
exposure dose (~absorbed energy) threshold for resist ablation was
approximately 17-times higher than the crosslinking threshold. (a)
Electric field and current density distribution simulation of the
tip-sample system (spacing between tip and resist d = 15 nm; bias
voltage = 40 V; resist: 20 nm and εr = 3.7; rtip = 15 nm); (d)
labeling of the lithographic interaction based on the lateral position
in reference to the center of the incident Gaussian beam; (b) electron
exposure dose distribution, which is a measure for the absorbed
energy density in the resist, is plotted as function of lateral position.
Thereby, the zero lateral position represents the center of the
incident low-energy electron beam emitted from the tip.

A Gaussian distribution provides an adequate initial approx-
imation of the local current density distribution at the tip-
resist interface the electron exposure dose distribution, and the
related absorbed energy density distribution. Under identical
exposure conditions and equal electron energy, one can
express the lateral distribution by a summation of Gaussians.

As summarized in figure 8(b), the model is modified by the
introduction of different electron exposure dose threshold val-
ues, which are associated with the two different lithographic
effects: crosslinking and ablation.

In terms of vector-based line patterning, an even higher dif-
ference between EBL and FE-SPL exposure dose was determ-
ined. Here, a line exposure dose test on the same sample
(≈24 nm thick calixarene resist film) was performed using
EBL at 10 keV and FE-SPL at 40 eV, respectively. The corres-
ponding results are summarized in figure 9 by plotting the nor-
malized resist thickness vs. line exposure dose. In the case of
crosslinking, valid for high energy EBL (green stars) and low
dose exposure FE-SPL (green dots), the remaining normalized
resist thickness after wet development (WD) is measured (left
vertical axis) as function of line dose.

Significant differences in the crosslinking thresholds
between FE-SPL and EBL were observed. For 10 keV EBL,

a critical gel dose of ≈92 nC cm−1, was derived. A saturation
dose, which indicates the sensitivity of the resist, was determ-
ined as 164 nC cm−1. The resist contrast for EBL was ≈3.9,
represented as a green line in figure 9. This is in agreement
with published reference data [28].When FE-SPLwas already
at the lowest applicable exposure dose of 2 nC cm−1 (hardware
limited), a complete crosslinking process through the entire
resist film thickness was induced. The crosslinked resist height
was measured at low-exposure doses ⩽ 10 nC cm−1 after the
wet development and plotted in figure 9 by green dots. The
complete resist layer was rendered insoluble by the low-energy
exposure in ambient conditions. No changes were observed in
the resist height. We could not determine the linked threshold
doses or the resist contrast curve because the onset of the cross-
linking process occurred below the measurement limit of our
FE-SPL system. This means that even the lowest applicable
exposure doses can trigger a crosslinking process, which leads
to a solubility change. Thus, we can only reason that the satur-
ation dose range falls below the 2 nC cm−1 line dose. Applying
low-energy FE-SPL in ambient conditions was over 80-times
more sensitive than EBL.

When moving towards higher exposure doses in FE-SPL,
the onset of a centered direct resist removal is reached. In fig-
ure 9, this occurs when the ablation threshold of≈21 nC cm−1

is exceeded. Thus, at exposure doses larger than 10 nC cm−1

for FE-SPL, the normalized ablation depth, which was meas-
ured directly after exposure, is plotted as function of line dose
(figure 9, blue dots related to the right-hand side vertical axis).
Thereby, the threshold line dose for removal in FE-SPL is loc-
ated in the gel exposure dose range of standard EBL, at which
the crosslinking process is initiated. Conversely, an increase
in the exposure dose exceeding the saturation dose does not
change of the pattern characteristics of EBL.

The graph in figure 10 is a lin-log plot (Y-axis → lin; X-
axis → log). This plot is commonly used in standard electron
beam lithography to determine the sensitivity and gel dose of
the resist. However, the graph the EBL (green) data shows a
straight line in lin-log plot, whereas the FE-SPL data does not
correspond with the EBL behavior. The linear dependency of
ablation depth on exposure dose can be seen in figure 10, (i) a
lin-lin plot type.

In the example shown in figure 9, a slope of approxim-
ately 0.029 nm/(nC cm−1) is determined. This suggests that an
increase in line exposure dose is associated with an increased
width of directly ablated trench. This effect is experimentally
illustrated in figures 7(a) and (b) and by model in figures 5(a)
and (b). Resist thicknesses <10 nm are mandatory to achieve
the highest resolution at full clearance of thin resist films.

The spacing between the tip and sample as a function
of the applied bias voltage is plotted in figure 10. a silicon
layer was applied on the to act a reference level for the
height measurements. A linear behavior between applied bias
voltage and tip-sample spacing was observed similar to beha-
vior predicted by the Fowler–Nordheim field emission theory.
A slope of ~0.7 nm V−1 was derived. Raising the bias voltage
increases the tip-sample spacing, which broadens the electron
beam. Thereby, the applicable bias range is defined by the
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mechanical interaction/scratching regime that occurs at low-
bias voltages. The extremely broadening/multi-spot emission
occurs at high bias voltages. Both extremes are depicted in the
AFM topography insets of patterned L-corner features.

Figure 11 provides a plot of the dependencies of the direct
ablation lithographic reaction as function of applied expos-
ure dose: (i) represents the ablation depth as a function of
line dose. The ablation-dose dependency is described by a lin-
ear function. The line width versus exposure dose depend-
ency, summarized in (ii), is adequately described by a log-
arithmic function. The composition of the line dose charac-
teristics of the current set-point (linear scale) and tip velo-
city (log-scale) is shown in figures 11(iii) and (iv). The line
dose increases within the bottom plant of the velocity-set-
point towards higher set-points and lower velocities. The cor-
responding exposure dose test, from which the measurement
data was extracted, was written at a bias voltage of 35 V into
a ~18 nm thick 4m1ac68 resist layer.

5. Influence of the environment

Regarding low-energy electron exposure for crosslinking of
polymeric resists, Kragler reported that the surface degrad-
ation of the resist films was enhanced during days with
increased relative ambient humidity [62, 76]. Thus, all results
point towards an amplification of the degradation with increas-
ing OH-group content. OH is present not only in the gaseous
environment but also as a thin layer on the resist-air interface.
It is also stored within the resist itself (depending on its hygro-
scopic properties). So far, OH in the form of water works as
additional source of reactive species. Initial reactions within
the water layer itself are likely since the MFP and the IMFP of
the applied low-energy electrons range below the typical water
layer thicknesses at ambient conditions [52]. The generation of
highly reactive hydroxyl radicals (OH· is a powerful oxidizing
agent) and ions could be seen as a chemical enhancement/amp-
lification source of lithographic reactions. According to the
work of Kondo et al [78], chemical reaction paths with lower
activation energies are favored in ambient conditions, which
are not accessible in vacuum conditions. In this context, we
suggest that oxidative degradation of the resist material from
non-volatile into volatile compounds was responsible for the
direct ablation of the resist material in the exposure center.

Our insights gained in ambient low-energy FE-SPL sup-
port the assumption that the hydroxyl (–OH) functional groups
of the calixarene molecules play a significant role in the
crosslinking process. Using a molecular glass resist derivate
without functional groups, no crosslinking could be achieved.
Thus, the experimental evidence supports a model in which
crosslinking is a resist-specific process rather than a gen-
eric process. One can further deduce from Fujita’s [28] heur-
istic model, that low-energy electron exposure is more effi-
cient. Based on his explanation of the exposure process,
energy transfers to specific narrow energy bands of the res-
ist molecules. Thereby, the target bond excitation efficiency is
a function of the energy lost from the involved electrons. Only
energy losses in the order of several eV can excite the target

bond reaction. Thus, in standard EBL, the triggered secondary
electrons are responsible for the lithographic processes. Here,
the calculated Vries exposure reaction cross sections are loc-
ated in this energetic range of 8–12 eV for relevant binding
strengths. The low-energy electrons in FE-SPL are close to
those energetic bands, which could be one explanation for the
increased exposure efficiency.

In spot exposure at standard environmental conditions, a
threshold dose of 1.2 pC for direct ablation was derived, which
corresponds to approximately 7.5 × 106 electrons/dot. At a
spot dose of 2 pC (which is the lowest measured value above
the estimated threshold), an average of 350–1000 electrons per
resist molecule are required to achieve a full degradation into
volatile products. This value is about 50–150 times larger than
the threshold required for crosslinking.

So far, studies comparing low-energy FE-SPL and standard
high-energy EBL have shown a reduced sensitivity in FE-SPL
for highly sensitive EBL resist systems.

The exact mechanisms of crosslinking in FE-SPL are still
not fully understood and remain open for discussion. For
practical application, low-energy electrons (<100 eV) can
overcome the poor sensitivities of molecular glass resists
while enhancing their ultra-high-resolution capabilities. Fur-
thermore, exposure by low-energy electrons effectively sup-
presses backscattering. Thus, practically no proximity effects
are present. The ablation process seems to be a residual free
process since no redeposited material can be found on either
the tip surface or aside from the pattern in the resist. This is
shown in [79] by large field removal patterns. In the abla-
tion regime, previously explained by a simple two-threshold
Gaussian dose distribution model, a superposition of both
lithographic interactions—crosslinking and ablation—is tak-
ing place.

Due to the small molecular size of calixarene, the line edge
(LER) and line width roughness (LWR) are improved. Keep-
ing the variation in electron exposure intensity in the range of
5%, 1 sigma LER less than 2 nm was achieved (figure 12).

In the case of the molecular glass resist calixarene, the
mechanism of self-development (direct removal of resist)
seems to be associated with an initial crosslinking of the res-
ist. This impression is given by the fact that crosslinking has
a lower threshold exposure dose compared to ablation. How-
ever, we have experimental evidence that suggests an initial
crosslinking process is not a stringent requirement for ablation.
It is also possible to induce a direct ablation reaction in other
tested resists containing aromatic units, connected via C–C
bonds, but without any functional chemical groups or tertiary
C-atoms. Conversely, crosslinking of the resist was not meas-
urable prior to neither ablation nor aside from the features.
The ablation threshold doses for those particular molecules are
located in the same range of calixarene resist. Therefore, one
can derive that the functional groups in the calixarene (O–H,
-oxymethyl, etc) resist are responsible for effective crosslink-
ing, but they are not relevant for ablation. We observed the
ablative effect in polymeric resists, such as PMMA, PS, and
PHS. The response of different polymeric resist types (e.g.
PMMA, PS, and PHS) were investigated and reported [80]. As
experimentally revealed, all organic resist materials showed
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Figure 11. Dependencies of the direct ablation lithographic reaction (positive, development-less tone) as function of applied exposure dose
in vector-based line patterning.

the general oxidative based ablation behavior. The only excep-
tion found so far is the fluorinated (F-terminated) resist which
showed a sole crosslinking process resulting in a pure neg-
ative tone behavior. Thereby, the formed fluorinated network
inhibited further oxidative degradation within the evaluated
exposure dose range. Consequently, no ablative reactions were
observed. In contrast, molecular resists that do not have func-
tional groups still show a direct ablation. However, sufficient
crosslinking reaction was not observed when OH- and F-
groups were absent. In conclusion, the hydroxyl (OH-) groups
of the calixarene molecule enable an effective crosslinking
process at low doses, but still facilitate a direct ablation reac-
tion at increased dose levels. A superposition of crosslinking
and direct ablation was only observed in calixareneMG resists
(see sections 1 and 4). This unique combination of crosslinking
and ablation led to the formation of self-aligned double line (in
the case of vector based line exposure) and doughnut (in the
case of spot exposure) features. Furthermore, calixarene res-
ist alone allows for tone-switching from negative to positive
tone with increasing dose. In conclusion, the hydroxyl groups
in calixarene are responsible for an effective crosslinking pro-
cess, whereby these groups are not necessarily required for

direct ablation. Here, the ablative processing of resists is still
enabled when having only pure aromatic systems without any
functionalization.

In contrast, polymeric resists show limited resolution cap-
ability compared to molecular based resists (e.g. calixarene).
We propose that the effects described by Lyuksyutov et
al [81] in terms of electrostatic nanolithography are attrib-
uted to the oxidative degradation process into volatile com-
pounds we observed. Thus, the direct ablation in ambi-
ent conditions, triggered by the field emitted low-energy
electrons is a resist-unspecific effect rather than a specific
effect.

Thermal effects can be excluded because FE-SPL works in
a low-current operation range of less than 100 pA . This is sub-
stantiated by calculations carried out by Perkins et al [33]. Due
to the chemical reaction pathways, the environmental condi-
tions as a source of reactive chemical groups have significant
influence on the lithographic result.

An increased number of oxidative OH species, (e.g. at
enhanced relative humidity) led to an enhanced ablation.

The threshold for ablation depends on the water content of
the exposure environment. This includes the influence of the
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Figure 12. The 3D AFM topographic image and the corresponding section graph are not convolution-corrected. The measurement depth is
tip-limited (rtip ⩽ 10 nm specified). (b) Large-scale line patterning demonstration of FE-SPL in both lithographic tones, imaged by AFM
(b), (c) and SEM (d), (e). The exposure doses were chosen respectively: low dose (25 nC cm−1) for negative tone and high dose
(142 nC cm−1) for positive tone development-less patterning (bias voltage in both cases 35 V).

relative humidity as well as the water adsorbed at the resist-air
interface (i.e. water layer) and the water absorbed within the
resist film itself (depends on hygroscopic properties of the res-
ist). As a result, the threshold for ablation can be modulated by
the probe-surrounding environment. The environmental mod-
ulation of the water content is quantitatively described by a
shift in the ablation threshold. Thereby, only the threshold
value is altered but not the removal rate itself (figure 13). An
increase in the gaseous water content induces a shift of the
threshold towards lower exposure doses. Thus, treatment with
moisturized process gases promotes direct ablation; whereas
treatment with dry inert gases suppresses the ablation, yield-
ing a sole crosslinking process. This behavior can be clearly
seen in figure 14 Since the absorbed and adsorbed water within
and on top of the resist influences the lithographic process, a
hysteresis effect between gaseous treatment and lithographic
reaction exists. This means that the ablation threshold is not
restored immediately after returning to the initial conditions.
Instead, some intermediate state is present. This is known as

the ‘background and history’ of the lithographic sample mat-
ter. Since the lithographic process is strongly influenced by
the humidity level, it is crucial to maintain a stable exposure
environment. The treatment history of the sample must be con-
trolled in order to achieve reproducible results. As previously
described, H2O molecules chemical enhance the direct abla-
tion reaction. Thus, the findings support that the direct resist
removal (ablation) mechanism is based on oxidative degrada-
tion of the resist.

Additionally, we investigated the same exposure set-
up under environmental and high vacuum conditions. We
employed the AFMinSEM instrument (figure 15) from nano
analytik GmbH, which can characterize surface topography,
mechanical properties, electrical properties, and magnetic
properties [64, 79, 81–89].

Figure 16 shows a comparison of FE-SPL exposure real-
ized under ambient conditions and high vacuumwith the same
exposure dose and energy. The patterning conditions during
the experiments were tip bias voltage of—40 V, field-emission
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Figure 13. Investigation of the impact of dynamic changes of the
gaseous water content within an individual pattern on the
lithographic outcome. During patterning of large-scale meander
(12 × 25 µm2, 250 nm pitch, total length of 2.05 mm) by FE-SPL
(Ub = 35 V, _L = 150 nC cm−1) the probe-surrounding
environment was changed by alternating between dry N2 and
moisturized N2 (N2 + H2O) processing gases. The corresponding
sections of a meander, which were exposed at a constant
environment, are labeled accordingly. AFM imaging was carried out
directly after exposure (aSPL) and after a subsequent wet
development step (aWD). For the section plots an average of over
300 single lines were applied. In the lower part of the image, a
zoom-in is provided showing the last 7 µm of the meander pattern
(Sample: 12 nm thick 4m1ac68 resist, spin-coated on top of a
pristine Si chip; probe: electrochemically etched tungsten wire (rtip:
16 nm)). Scale bar: 2 µm.

current of 15 pA, and tip velocity of 0.2 µm s−1, resulting
in a line dose of 750 nC cm−1. A high stiffness cantilever
with a resonance frequency of 100 kHz was used (spring con-
stant 90 N m−1). Figure 16 shows a positive tone exposure
at ambient conditions. The role of OH groups is evident [63].
Exposures in a vacuum induces negative tone behavior, which
requires a wet development step.

One of the most critical issues concerns the line width vari-
ation during long exposure periods. Figure 17 shows (a) SEM
and (b) AFM images of donut-shaped resist rings created in a
6 nm thick calixarene resist. The images are characterized by

inner and outer diameters of ≈10 nm and ≈30 nm, respect-
ively. The smallest inner diameters created by the direct abla-
tion effect (e.g. development-less, positive-tone) were smaller
than 7 nm. Figure 17(c) shows an exposure test of 1.4 mm
long features exposed without interrupting the exposure pro-
cess. High-resolution and high-selectivity direct pattern trans-
fer was demonstrated using 10 nm calixarene resist [86]. Its
practical applicability was demonstrated by realizing room-
temperature single electron transistors [87–91].

6. Conclusion

In this article, we summarized our current work contributing to
a novel lithographic technology targeting sub-5 nm manufac-
turing of nanoscale devices. Combining a scanning nano-tip
as an emitter of low-energy electrons with a molecular ‘glass’
resist provides unique lithographic capabilities. Utilizing low
electron energy, effectively circumvented proximity effects,
enhanced the sensitivity in crosslinking, and identified novel
routes of direct ablation at the nano-scale.

The OH-groups were identified as the main facilitators
within the oxidative resist degradation process, leading to a
positive tone. As a result, volatile compounds were formed
which, enabled self-developing pattern formation. Due to the
superposition of crosslinking and ablation reactions, a self-
aligned double line patterning was achieved (figure 18). The
self-aligned double line patterning and its feature size was lim-
ited by the thresholdGaussian distribution. Furthermore, novel
methods towards sub-5 nm patterning by using tone switch-
ing and mix-and-match methods [88] were demonstrated. For
direct low-energy electron exposure, a Fowler–Nordheim field
emission from a proximal probe tip was utilized. Dedicated
Scanning Probe Lithography tools by Nanoanalytik GmbH,
Germany have been developed.

In particular, the FE-SPL process using low-energy elec-
trons in ambient conditions is at least 10-times more effect-
ive for dots and about 80-times more effective for lines com-
pared to high-energy electron exposure. The radiation process
in ambient conditions by low-energy electrons enables novel
reaction paths, which are not accessible via standard high-
energy electron beam lithography in UHV. This is manifested
by two lithographic relevant phenomena: sensitivity enhance-
ment in the crosslinking process and direct ablation of calix-
arene molecular glass resist.

The application of active scanning probes enables closed-
loop patterning. By using the direct AFM-based imaging
capability, one can directly inspect the patterned features.
Imaging and lithographic cycles were applied in sequence,
which means that every single feature was aligned separ-
ately with the highest precision and inspected directly after
patterning. The direct measurement and inspection capabil-
ity of the closed-loop lithography principle includes an integ-
rated overlay and stitching routine, resulting in precision cap-
abilities similar to those of active-cantilever imaging and
electron-exposure. In addition, the read-back functionality
tip-induced differences in the lithographic outcome can be
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Figure 14. Tracing of the ablation threshold shift, caused by changes of the gaseous water content within the exposure environment. For
this purpose an identical exposure dose test (Ub = 30 V) was repeated after distinct environmental modification steps (the same probe was
used to exclude tip-induced effects), summarized by (1)–(3). Before the initial FE-SPL exposure (1) the sample was stored _ 20 min in a dry
nitrogen atmosphere to have a defined initial state (0). In order to determine the ablation threshold, the line altitude was measured directly
after exposure (i), (iii), (v) and after the wet development step (ii), (iv), (vi). (Sample: 5–6 nm thick cmc4r resist layer, PVD-coated on top
of a Si chip).
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(a) (b)

Figure 15. (a) AFM mounted on an SEM specimen stage. (top) AFMinSEM allows tilt angles from+60◦ to−10◦ providing imaging of the
tip with the SEM during AFM operation due to unique arrangement of the general setup of the scanner and active ‘plug and image’
cantilever. (b) The optimal working distance (4 mm) of the SEM for simultaneous operation of both instruments and precise navigation of
the 5.6 µm high AFM-tip to area of interest.
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(b) FE-SPL exposure in ultra-high vacuum (UHV)

Figure 16. FE-SPL comparison exposure provided in ambient atmosphere (962.5 mbar) and vacuum (1.4 10−5 mbar) conditions. The
exposure conditions were identical: line dose of 750 nC cm−1 and −40 V tip bias. Figure 9(a) shows a positive tone behavior where the
resist is delayered during the exposure and figure 9(b) shows a negative tone (sample was wet developed).
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single spot exposure FE-SPL process (AFM topographic image and section graphs were not tip-convolution corrected). (c) AFM image
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adaptively corrected. Thereby, the application of active can-
tilever probes, which integrates thermomechanical actuation,

piezoresistive read-out and high aspect ratio, and sharp-tips,
results in compact and ease-of-use nano-lithography systems
[57–59, 79, 82–89, 92].

Like other serial lithographic methods that obey Ten-
nant’s law, such as EBL [12, 90], the FE-SPL is a
serial process (imaging and patterning) and the main lim-
iter of scanning probe technology throughput capability.
Herein, the challenge affecting all serial lithographic tech-
nologies comprises the marriage of downscaling of device-
relevant feature sizes towards single-nanometer resolution
while simultaneously increasing throughput capability. With
this in mind, the application of mix-and-match lithographic
approaches that combines a high-resolution method with a
higher throughput method for large scale patterning con-
stitutes one of the most promising paths to break the
resolution-throughput trade-off. We demonstrated a comple-
mentary mix-and-match lithography combining standard elec-
tron beam lithography with a closed-loop FE-SPL method
for proof-of-concept [61]. In addition, using active cantilever
arrays enables scalability, further enhancing the throughput
capability [91].
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Scanning probe lithography (SPL) has demonstrated its
effectiveness in producing high-resolution structures (<10 nm)
for research in nano-electronics, photonics, plasmonics, and
magnetism. Beyond that, sub-5 nm alignment accuracy is
given. SPL also shows great potential for forming 3D struc-
tures at comparable scales [88, 89, 92].

While at high-resolution, SPL has a writing speed compar-
able with that of EBL. There is flexibility in EBL where beam
conditions can be changed under programmed controls to
write low-resolution structures at higher speeds, although with
reduced accuracy. To overcome this limitation, we demon-
strated how a ‘general purpose’ optically defined structure in
silicon with a resolution of ~microns was customized by SPL
to define a high-resolution structure needed to produce a single
electron transistor [87].

To summarize, low energy FE-SPL represents a promising
alternative for patterning low-sensitive EBL resists. Since
standard EBL achieved the highest resolution in in low sens-
itive resists, FE-SPL could be an appropriate replacement.
Calixarene molecular glass is a resist on which FE-SPL
exceeds the limits of standard EBL. In this context, FE-SPL
is a promising tool for future rapid nanoscale manufacturing
[85–87] and high-resolution nanoimprint lithography template
fabrication [91, 93, 94].
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