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central line width determined by

ABSTRACT: In this study, we focus on the resolution limits for quasi 2-D
single lines synthesized via focused electron-beam-induced direct-write
deposition at 5 and 30 keV in a scanning electron microscope. To understand
the relevant proximal broadening effects, the substrates were thicker than the
beam penetration depth and we used the MeCpPt(IV)Me, precursor under
standard gas injection system conditions. It is shown by experiment and
simulation how backscatter electron yields increase during the initial growth
stages which broaden the single lines consistent with the backscatter range of
the deposited material. By this it is shown that the beam diameter together with
the evolving backscatter radius of the deposit material determines the
achievable line widths even for ultrathin deposit heights in the sub-S-nm
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B INTRODUCTION

Direct-write synthesis of functional structures with nanometer
resolution is currently a grand challenge that has the potential
to revolutionize science and technology provided it can be done
fast and with minimal pre- or post-growth treatment. Focused
electron-beam-induced deposition (FEBID) is one technique
that basically allows such direct-write nanofabrication and has
attracted increasing attention during the last decade as an
increasing number of applications have been demonstrated.
FEBID works with a gaseous precursor which is locally
decomposed by the electron beam into non-volatile functional
components and volatile fragments which are pumped away
from the chamber.'”> More specifically, the precursor
molecules adsorb and diffuse on the surface for a typical
residence time after which they can desorb from the surface.
The balance between precursor molecules on the surface and
available electrons, denoted as precursor working regime, can
influence growth rates, deposit shapes and the deposit
chemistry.'~>*~® Depending on the precursor, final deposits
allow a diverse range of aplplication such as nanolithography,”"°
lithography-mask repair,' "> nano optics,'*'® atomic-layer-
deposition seeding, ° magnetic storage, sensing and logic
applications,”_21 nanoscale stress-strain sensors,”””” or gas
sensors.>* Because of the ongoing downscaling trends, FEBID’s
high-resolution capabilities are of particular importance. As
previously shown, transmission electron microscopes (TEM)
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can be used to fabricate single “dots” down to the sub-
nanometer range which demonstrates the ultimate resolution
limited by the precursor chemistry.”>>> Also free standing 1D
pillars with a width of $ nm>* or single lines with a half pitch of
3 nm fabricated on thick Si substrates have been demon-
strated.®® However, these very impressive experiments mostly
use special conditions, such as high energy electrons (TEM),
together with sub-10-nm substrates or very low precursor
coverage. From a more technological point of view, it is
essential to understand what ultimately limits the achievable
lateral resolution for a more ubiquitous scanning electron
microscope (SEM) together with thick or bulk substrates and
classically used precursor coverage which provides acceptable
growth rates and by that high throughput. Several experimental
and simulation studies have been performed which significantly
improved the understanding of the processes including total
cross sections for the precursor molecules, energy resolved
electron emission, precursor regimes, proximity effects and
others."**~* Very recently, van Dorp et al. concluded from
experiments and simulations that secondary electrons (SE)
generated in the substrate play a major role during very early
growth stages.31 Subsequently, the SE emission increases
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because it gets more dominated by the deposit itself which
finally approaches a constant value even if the deposit continues
to grow. This regime change from substrate-dominated toward
deposit-dominated electron emission is found to take place for
very low deposit volumes in early growth stages.”" On the basis
of the experimental setup of using TEM and ultrathin carbon
substrates between 1.4 and 4.3 nm the important contribution
of backscatter electrons (BSE) is strongly reduced due to the
limited interaction volume and the high electron energies
used.'™* For bulk substrates in combination with typically
used primary electron energies between 1 and 30 keV in, for
example, SEMs, the BSE contribution and its entailed
generation of type II SEs, is expected to be much higher and
can play an essential role.

In this study, we focus on the achievable lateral resolutions
during FEBID and its underlying mechanism using beam
energies of 5 and 30 keV together with Si bulk substrates.
MeCpPt(IV)Me, precursor have been used to deposit single
lines as a function of beam current, pixel dwell time, and point
pitch while always using single-pass patterns. The experiments
have been complemented by Monte Carlo simulations and
reveal BSE emission caused by the deposit itself similar to what
has been demonstrated for SE emission by van Dorp et al.>'

B EXPERIMENTS AND RESULTS

Parameter Constraints. Since the highest lateral resolution
was the aim of this study, only single-pass lines were done to
minimize the influence of lateral drift and beam placement of
subsequent electron passes. The second constraint was the
highest allowable pixel pulse duration, further denoted as pixel
dwell time (DT), of 4 ms for our microscope. The third demand
concerned the line heights: (1) the lower limit was chosen to be
around 2 nm since typical Pt grains are found in this size range
(see Supporting Information Figure $1)'7>*** and (2) the
upper limit was chosen to be about 50 nm in order to allow a
reliable analysis via atomic force microscopy (AFM) with
respect to the tip convolution (see Supporting Information
Figure S2). Pre-experiments revealed a reasonable range for the
point pitch (PoP) describing the pixel-to-pixel distance
between neighbouring patterning points. To prevent discontin-
uous line heights an upper PoP limit of 20 nm has been
chosen*** while the lower PoP limit was set to 5 nm to
prevent deposit lift off from the surface for smaller PoPs.*’~*
In order to stay between the specified line heights, beam
currents ranging from 25 to 98 pA and 150 to 630 pA have
been used for 5 and 30 keV, respectively. The two primary
electron energies have been chosen to demonstrate the
influence of substrate related backscatter electrons (BSE), and
its related secondary electrons type II (SE-II), on final
achievable lateral resolutions.

Representative AFM height images are shown in Figure 1
with the overlaid AFM phase information to reveal material
contrast. For 30 keV (a), comparably sharp single lines are
found which is also observed in the lower panel by the relevant
AFM cross section. In contrast, for S keV lines (b), the overlaid
phase signal clearly shows halo formation (dark areas) in the
range of about +300 nm around the FEBID single line. As can
be seen by height cross sections in the lower panel of Figure 1b,
the halo gradually increases towards the central line. The
maximum heights for the halos vary depending on the line
height but are always found clearly below 10 % of the absolute
line height (a more detailed discussion will be provided later).
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Figure 1. Direct comparison of AFM height images for 7.5 nm high
Pt-C single lines fabricated with 30 (a) and S keV (b). The colors
represent the AFM phase signal and reflect different composition.
Associated line cross sections are given below and reveal the
morphological halo for S keV lines (right cross section) which are
not found for high primary energies (left cross section). Also the phase
signal does not suggest a different composition in the proximity of the
line for 30 keV (a).

Simulations. Figure 2 shows simulations of the radial BSE
distribution for the used Si—SiO, (3 nm) substrate calculated
via CASINO®® further normalized to unit areas (see method-
ology). Note, for simplicity substrate (S) related BSE and the
resultant SE-II emission are further denoted as BSE-S and SE-
II-S. The upper panel in Figure 2a shows the radial BSE-S for
30 keV electrons and a beam diameter of 4 nm (FWHM)>" for
a lateral range of 4000 nm on a logarithmic Y scale to visualize
the long range contributions as a consequence of the spatially
large interaction volume due to the high primary energy (see
also Supporting Information Figure S3). The lower panel in
Figure 2a gives a closer look within a range of +400 nm,
relevant for further discussions revealing negligible BSE-S
contribution outside a radius of about +50 nm. In contrast,
Figure 2b shows the radial BSE-S distribution per unit area for
S keV electrons with the same beam diameter (4 nm) revealing
enhanced BSE-S contribution up to about +300 nm. This is a
consequence of the smaller interaction volume for lower
primary energies (see also Supporting Information Figure S3),
which also entails a higher BSE yield."** The simulated BSE-S
radius of +300 nm (Figure 2b) is in good agreement with the
experimentally observed halo radius (AFM cross section in
Figure 1b) which allows the assignment to substrate related
backscattered electrons (BSE-S). The absence of a halo
formation for 30 keV in Figure la together with the BSE
simulations in Figure 2a suggests that the 30 keV experiments
are virtually free from BSE-S contributions. To simplify the
discussion we start with the 30 keV beam energy to discuss line
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Figure 2. Simulated radial BSE distributions on Si-SiO, (3 nm) for 30
keV (a) assuming 4 nm beam diameter (FWHM) on logarithmic Y
scale to reveal the far-reaching BSE radius. The lower panel in (a)
shows the central area of +400 nm and reveal a quickly decaying BSE
contribution within +50 nm around the beam center. The BSE
contribution of 5 keV electrons is shown in (b) revealing the large
proximal BSE contribution (compare directly to the upper panel for
the 30 keV situation).

broadening effects followed by the S keV case including
substrate related influences.

30 keV Single Lines. As a first step, the lateral scaling of
the FWHM widths is summarized as a function of dwell times
DT in Figure 3a for 630 (top) and 150 pA (bottom). The
different symbols represent different point pitches PoP,
indicated by the legend. As can be seen for both currents
there is an initial increase followed by a more constant FWHM
for higher DTs. A comparison with the line heights (right
panels in Figure 3) reveals that the widths start to saturate for
line heights around 2—4 nm for both currents. Figure 4 shows
cross sectional profiles (solid lines, right axis) together with
radial BSE distributions for the Si-SiO, (3 nm) substrate (dark
red bars) and for differently thick PtCg layers (gray bars)
according to the observed line heights. Airey disk estimations of
the 30 keV electron beam diameters are 4 and 7 nm (FWHM)
for 150 and 630 pA, respectively, which are both much smaller
than the simulated BSE radii. As can be seen for low currents (a
and b), the experimental line cross section and the simulated
BSE emission profiles (gray bars) show very good agreement in
terms of the lateral expansion and decay behaviour. A detailed
look at Figure 4a shows a comparison of the cross sectional
profile for a 1 nm high single line (blue solid line) together with
the simulated radial BSE distribution (gray bars) as well as the
BSE-S emission of the substrate (dark red bars). As can be seen,
even a 1 nm thick PtCs layer results in a broadened emission
profile which corresponds well with the experimental
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Figure 3. FWHM line widths (left column) and line heights (right
columns) for 30 keV single lines fabricated at 630 (a) and 150 pA (b)
as a function of the beam dwell time for different PoPs (see legend).
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Figure 4. BSE simulation (bars, left axes) vs AFM line cross section
(solid lines, right axes) for 30 keV primary electron energies assuming
4 (aand b) and 7 nm (c) beam diameter (FWHM) according to 150
and 630 pA, respectively. The simulations assume Pt—C layers of
different thickness (see legends) with a Pt content of 15 at. % on Si
substrates with 3 nm SiO, top layers.

observation (compare gray bars with the blue line) while the
pure BSE-S distribution is found to be more narrow and of
slightly different shape (dark red bars). This implies that
immediately after the initial deposition events the total BSE
distribution is already influenced by the deposit leading to line
broadening. Increasing PtCs layer thicknesses from 1 (a) to S
nm (b) leads to further broadening of the BSE distribution
(gray bars) which again agrees well with the experiments (red
solid line in Figure 4b). Thus, we attribute the slightly
increasing line width in the sub-5-nm regime to PtCj related
BSE and SE-II contributions which are further denoted as BSE-
Pt and SE—II-Pt. For increasing beam currents the single line
width increases even further (green solid line in Figure 4c),
which, however, is again found to be in good agreement with
the total radial BSE distribution considering base width and
distribution shape (gray bars in Figure 4c). To correlate the line
widths with the respective beam diameters for different beam
currents we compared two single lines (both around 4 nm
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high) synthesized at low and high beam currents (see
Supporting Information Figure S4a). The lateral expansion
was renormalized by the relevant electron-beam diameters
according to (2-r/ FWHMj)' to compensate for different beam
diameters. Both curves are found to be practically identical (see
Supporting Information Figure S4b), which is in agreement
with the constant BSE—Pt radius for both beam currents.
Hence, from these experiments and simulations it can be
deduced that for a given beam radius the finally achievable line
width is determined by the radial BSE-Pt and the associated
SE—II-Pt distribution of the growing Pt—C deposit which is a
function of the progressive line height.

5 keV Single Lines. Similar experiments have been
performed with a primary energy of 5 keV. The solid line in
Figure Sa shows a cross section of a 2.5 nm high single line
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Figure 5. (a) BSE simulation (bars, left axes) for S keV primary
electron energies assuming 4 nm beam diameter (FWHM) according
to 25 pA beam current on Si-SiO, (gray bars) and for ~2.5 nm PtC;
on Si-SiO, (gray bars) together with the associated AFM line cross
section (blue solid lines, right axes). The lower panel gives the
simulated precursor coverage (dashed lines) for a smaller area around
the beam center for 4000, 1000, and 100 us dwell time (see legend at
the bottom) together with the BSE distribution (gray bars) and AFM
line cross section (red solid line).

compared to simulated BSE distributions for a 2.5 nm PtCs
layer on top of the Si-SiO, substrate (gray bars). The first thing
to notice is the broader BSE distribution for the substrate
(BSE-S) which has its maximum slightly above 300 nm in good
agreement with simulations shown in Figure 2b (see also
Supporting Information Figure S5). Nevertheless, the line
width and its decay behaviour including the proximity halo are
found in excellent agreement with the total BSE emission (gray
bars). To separate substrate- and deposit-related BSE
contributions the BSE-S emission of the Si-SiO, (3 nm)
substrate is shown by the transparent dark red bars in Figure Sa.
As demonstrated the halo attributed to BSE emission around
the central line is identical which further supports the
hypothesis of a substrate-related BSE-S contribution for the 5
keV halo formation. In contrast, the central BSE emission is
clearly different in shape and intensity which suggests that the
line itself again is more governed by BSE-Pt contributions from
the growing deposit. While the lateral width and decay
behaviour is found to be very similar to the AFM cross
sectional profiles the central BSE intensity, howver, suggests
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higher vertical growth than observed via experiments. To
investigate this effect in more detail, Monte Carlo simulations
have been conducted to provide more insight in the local
precursor molecule density. As a first step, the simulations have
been adapted to mimic the vertical growth rate dependency
observed for the dwell time DT. Very good agreement has been
found for initial gas coverage of 7% (see Supporting
Information Figure S6) using a typical residence time of 100
us and a surface diffusion coefficient of 1 X 107% cm s for the
beam/processin% garameters used (details can be found in the
Methods)."*****°* Using this parameter set the local precursor
depletion is estimated which is then compared to AFM cross
sectional profiles (blue line) and BSE simulations (gray bars) in
Figure Sb for a small range of +25 nm around the line center.
As shown by the red dashed curve for a pixel dwell time of 4000
us, the surface coverage drops to essentially zero at the center
of the beam. To estimate how the precursor coverage varies
with dwell time, simulations were also performed with DTs of
1000 (dashed blue) and 100 s (dashed green), which also
shows a very strong depletion of the precursor molecule
coverage at the beam center. Comparing the different precursor
coverage indicates that the coverage progresses to a more
depleted state at longer dwell times as expected. Thus, the
picture emerges that the central beam area is depleted of
precursor and therefore, even though the local electron flux is
high, it is limited by the available precursor. Beyond this area,
the electron flux is lower, however, the precursor population is
much higher and thus experiences more efficient growth. This
can explain the discrepancy between the higher simulated BSE
contribution at the beam center (gray bars in Figure Sb)
compared to the finally achieved FEBID lines observed via
AFM (blue solid line in Figure Sb).

Finally, Figure 6 shows the summary of FWHM line widths
(left) and line heights (right) where width-saturation is found
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Figure 6. FWHM base widths (left column) and line heights (right
columns) for S keV single lines fabricated at 98 (a) and 25 pA (b) as a
function of the beam dwell time for different PoPs (see legend).

for shorter dwell times (> 0.5 ms) compared to 30 keV (Figure

3). Considering the lower energy, the smaller interaction

volume and by that the increased surface yield of electron

species together with the higher dissociation cross section, it

becomes evident that the higher efficiency for lower primary
L AL

energies leads to a faster volume growth rates (and by that
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to faster saturation). Comparing the line width saturation
points with the associated line heights (right panels in Figure
6b) reveals a transition between 2 and S nm line height very
similar to 30 keV results (see Figure 3). This suggests the
formation of the first granular Pt layer as the determining factor
as will be discussed below.

B DISCUSSION

From both experimental series we have observed that the line
widths initially increase followed by more stable FWHM widths
(30 and S keV in Figure 3 and Figure 6, respectively) for
corresponding line heights between 2 -5 nm. This thickness
range correlates with the initial formation of Pt grains, typically
found in the range of 2—3 nm (see also Supporting Information
Figure S1). Accordingly, BSE simulations confirmed that the
presence of thin Pt—C layers lead to a broadening of the total,
lateral BSE distribution which allows assignment of the line
broadening to BSE-Pt species generated within the thin Pt—C
deposits. Considering, the relatively low cross section for high
energy BSEs,*"** it is likely that the associated SE-II cascades
are predominantly responsible for the dissociation processes
which, however, are strongly connected to the spatial BSE
contribution. By that it is suggested that the line width is
initially dominated by substrate related electron species
followed by a transition towards more deposit related effects.
This is in agreement with recent findings by Van Dorp et-al*!
who used TEM together with ultrathin carbon substrates (1.4—
4.3 nm) to investigate the initial stages of the FEBID growth.
They also reported this substrate-to-deposit related transition,
however, mainly based on primary electron related SE-I species
as the BSE yield (and by that SE-II contributions) for the high
energies used is very low. The generally broader line widths
found for our experiments compared to van Dorps findings
(sub-10 nm FWHM line widths) can be explained by higher
beam diameter in SEMs together with bulk substrates and the
BSE/SE-II related broadening and might represent a more
practical result instead of the ultimate possible resolution from
a more chemical point of view.>’ However, considering again
the BSE simulations in Figures 4 (30 keV) and $ (S keV), it is
obvious that although lateral expansion and decay behaviour fits
very well to experimental observations the central BSE yield
would imply higher growth rates at the line centre than
observed by the experiments. To explain this contradiction the
local surface coverage has to be taken into account as shown in
Figure Sb (dashed lines) for different dwell times DT. As can
be seen, even for the shortest beam pulses of 100 ys the central
coverage is slightly decreased which leads to lower central
growth rates. This can explain the local mismatch between the
central BSE emission and final growth while lateral expansion
and decay behaviour matches the total BSE distribution very
well (red line and gray bars in Figure Sa). Summarily it can
therefore be stated that initial growth is dominated by primary
electrons, secondary electrons type I (SE-I) and to a lower
extent BSE-S and SE—II-S,*7**** and subsequently the
electron regime changes towards a deposit-driven BSE-Pt/
SE—II-Pt rate within the first S nm (line heights) which finally
determines the achievable line width.

As the described findings are a correlation between the
deposit composition and fundamental electron behaviour in
solids the above mentioned explanations are assumed to hold
for other precursor materials and substrates although the extent
of broadening will be different and a function of the beam
parameters and the relative BSE yields of the deposit and
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substrate. It should also be noted, that this BSE-Pt growth
concept can also explain the typically observed dimensions of
1D nanopillars between SO and 70 nm for MeCpPt(IV)Me,
precursor on bulk substrates' >”*%® which are in the same
range as the BSE-Pt diameter in contrast to the electron beams
which often are an order of magnitude smaller.

Finally, the proximity halo (see Figure 1b) and its scaling
behaviour for low primary energies is addressed. Figure 7 shows
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Figure 7. Normalized comparison of AFM line cross sections for S
keV, 98 pA, and 4000 us dwell time for different point pitches (left
legend) revealing a decrease in the halo for increasing line heights

(right legend).

a set of normalized cross sections of single lines fabricated at 5
keV/98 pA at 4 ms DT with varying PoPs (see left inset).
Comparing the line profiles with the associated heights,
specified in the right inset, one can note two details: (1) the
relative height of the substrate related halo decreases with
increasing line heights as a result of the decreasing number of
electrons, which can enter the substrate and generate BSE-S
related SE-II and much more importantly (2) the lines
themselves show very similar widths, which is further indication
that once the first granular Pt layer has evolved (2—5 nm) the
widely constant BSE-Pt radius (for the thin deposits
considered) determines the achievable line width for a given
energy and chemical composition of the deposit. Although
heights of the proximity halos are in the lower nm range nm
range even for tall single lines (see Supporting Information
Figure S7) the functionality has to be kept in mind as the halo
is coupled to the the functional line. Hence, whenever targeting
the highest functional lateral resolution, high primary energies
should be used to prevent the formation of proximal halo
deposition caused by substrate related BSE-S and SE-II-S
contributions.

B METHODS

Deposition experiments were performed with a FEI NOVA 200 (FEL
the Netherlands) dual beam system equipped with a FEI gas injection
systems (GIS) for Pt—C deposition using a MeCpPt(IV)Me,
precursor. 15 X 15 mm* Si samples with 3 nm SiO, were used and
prepared in a laminar flow box for experiments. After immediate
transfer of the samples to the dual beam microscope chamber a
background pressure of at least 8 X 107 mbar has been established
before any experiment was conducted. The precursor was pre-heated
to 45 °C for at least 30 min. Beam focusing and optimization have
been performed on different areas than the final experiments to
prevent any cross contamination. Prior to any deposition, the GIS

dx.doi.org/10.1021/am5008003 | ACS Appl. Mater. Interfaces 2014, 6, 7380—7387
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nozzle has been opened for at least 3 min to provide a stable
thermodynamic equilibrium between adsorption and desorption. The
chamber pressure typically increased to a stable value of 2 X 107> mbar
during deposition. Electron column sample distance was S mm for all
experiments. Stage movements to defined areas have been performed
with a blanked e-beam followed by deposition and an additional stage
movement away from the actual deposition area. All patterns used
4096 X 4096 pixel bitmaps which contain vertically arranged spots.
Deposition was then performed using 9.75 pm horizontal field of view,
which allows a pixel resolution of ~2.4 nm. After successful deposition
the structures have been characterized via atomic force microscopy
(AFM) performed with a Dimension 3100 microscope (Bruker AXS,
U.S.) placed in a N, glove box and operated with a Nanoscope IVa
controller and equipped with a XYZ Hybrid scan head using Olympus
OMCL TS-160/TS-240 cantilever in tapping mode. Analyses have
been performed using NanoScope Analysis software (version 1.4,
Bruker AXS, U.S.). Transmission electron microscopy (TEM)
investigations were conducted on an FEI Tecnai F20 instrument
equipped with a Schottky emitter operated at 200 kV. The images
were acquired in unfiltered TEM bright field mode using a 2k by 2k
UltraScan camera integrated in a Gatan Tridiem post column Imaging
Filter. The EBID simulation****™>° combines a single scattering
Monte Carlo electron-solid interaction simulation with a precursor
handling routine which emulates in this case a Langmuir type
adsorption and desorption, random walk surface diffusion, and
dissociation based on an extrapolated cross-section as determined by
van Dorp et al.*® The simulation parameters used were: 5 keV beam
energy, 25 pA beam current, 1.5 mTorr and sticking coefficient of 1 for
the MeCpPt(IV)Me, precursor. The desorption time was assumed to
be 100 ms which is consistent with the estimated (CH;)3Pt(CPCH,)
binding energy, as well as those determined from other focused beam
growth studies.*”*”*® The equilibrium coverage under these precursor
conditions yielded a surface coverage of ~6%. A silicon substrate was
assumed and the deposited material was assumed to be PtCg. For the
flat silicon substrate starting material and the PtCs deposited material,
the S keV BSE coeflicient is 0.64 and 0.56, respectively; and the
secondary electron coefficient is 0.5 and 0.35, respectively. Electron
beam dwell times of 0.1, 0.5, 1, 2, and 4 ms were simulated and each
dwell time was run with and without a MeCpPt(IV)Me, surface
diffusion coefficient of 1 X 1078 cm? s71.%

B CONCLUSION

In conclusion, we have demonstrated what determines the
achievable lateral resolution during synthesis of functional
nanostructures via focused electron beam induced direct write
deposition. It is found that the widths of single lines,
synthesized from MeCpPt(IV)Me; precursor on Si bulk
substrates, quickly increase within the first S nm deposit height
followed by more stable line widths for further increasing
heights. Correlation with Monte Carlo trajectory simulations
revealed that the relevant saturation widths are in good
agreement with the lateral radius of backscatter electrons (BSE)
generated in the growing deposit. The related threshold of 2—5
nm line height, for widely constant line widths, corresponds
well to the formation of the initial layer the final Pt—C metal-
matrix system, consisting of 2—3 nm Pt nano-crystals
embedded in a carbon matrix. Correlated simulations
concerning the laterally resolved surface coverage during
deposition revealed depletion effects at the line center and
explain parameter and current dependent variation in the
vertical growth rate in agreement with BSE simulations and
AFM experiments while lateral resolution is less affected unless
low currents are used. Concerning the primary beam energy it
is found that 30 keV shows minimal BSE related proximal
deposition due to the low BSE yield and the large BSE radius.
In contrast, low energy experiments at S keV revealed a clear
halo formation around the single lines which could clearly be
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related to the BSE radius of the Si substrate and demonstrates
that the use of lower energies reduces the achievable line widths
even further. The main finding, however, is that on bulk
substrates the chemistry of the deposit itself defines the
achievable resolution based on fundamental interaction effects
between electrons and the deposited material even for features
of less than S nm thickness. As the results could be reduced to
the interplay of the deposit chemistry and the electron
behaviour in solids for a given primary energy, this general
concept of resolution limitation is expected to hold for other
precursor as well, although different in absolute numbers.

B ASSOCIATED CONTENT

© Supporting Information

TEM bright field image to visualize the typical Pt grain
diameter relevant for the first layer formation; geometrical
estimations relevant for AFM tip convolution; CASINO
simulations of electron trajectories in the used substrate for
30 and S keV at same scales to visualize the different interaction
volumes; direct comparison of 4 nm high single lines prepared
at 5 keV but at different currents further normalized laterally by
the according electron beam diameters to exclude additional,
current related broadening effects; lateral expansion of proximal
halo deposition together with CASINO simulations to assign
the halo to substrate related BSE-S (and SE-II-S) contributions;
comparison between experimental and simulated line height
evolution for justification of the used coverage simulation. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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