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ABSTRACT: The focused electron beam-induced deposition (FEBID) .{
process was used by employing a GeminiSEM with a beam characteristic
of 1 keV and 24 pA to deposit pillars and line-shaped nanostructures with
heights between 9 nm and 1 gm and widths from 5 nm to 0.5 pm. All
structures have been analyzed to their composition looking at a desired Si/
O/C content measuring a 1:2:0 ratio. The C content of the structure was
found to be ~over 60% for older deposits kept in air (~at room
temperature) and less than 50% for later deposits, only 12 h old. Upon
depositing Si(OEt), at high rates and at a deposition temperature of under
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0 °C, the obtained Si content of our structures was between 10 and 15 N WV S
atom % (compositional percentage). The FEBID structures have been /S i
deposited on Au(111)/SiO,. The Au(111) was chosen as a substrate for  Pstcture (10 ®

the deposition of Si(OEt), due to its structural and morphological
properties. With its surface granulation following a Chevron pattern and surface defects having an increased contribution to the
changes in the composition of the final structure content, the Au(111) surface characteristic behavior at the deposition of Si( OEt), is
an increase in the O ratio and a reduction in the nanodeposit heights.

H INTRODUCTION

The focused electron beam-induced deposition (FEBID) was
first discovered in 1962 when molecular deposits have been
found in the mass spectrometer equipment, results of the
electron beam-induced chemistry on the molecules of the
compound. Since 1962, the technique has increased in
importance, in the past 10—15 years progressing to be a
viable manufacturing method of circuits, nanomaterials, and
semiconductors with implications in a wide range of medical
applications. Principles of FEBID techniques have been
researched by scientists in Huth et al,® Toth et al,” Randolph
et al,® Randolph et al,>® Huth et al,,”” Thorman et al,*® and
De Teresa et al.,” providing information on nanostructure
deposits of Fe(CO); and Co,(CO); with very high deposition
purities of the structures and characteristic values of ~98 atom
% (Fe(CO)5)” and 95 atom % (Co,(CO)g).*° High-purity
structures of bimetallic compounds with values in the range of
~80 atom % have been obtained by Ragesh Kumar et al.”® at
irradiation of deposited layers of HFeCo;(CO),, and exposure
to room temperature where desorption of the remaining
ligands of the CO and H from the resulting HFeCo5(CO); was
observed. The FEBID method is mostly used with the SEM
deposition of nanostructures and in situ X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), and
energy-dispersive X-ray (EDX) studies for DUV/EUVL mask
repair or development of complex three-dimensional (3D)

nanostructures, the materials ranging from carbonyls, acetates,
acetylenes, bromides, chlorides, and iodides to combined
bimetallic or trimetallic precursors.

The silica precursors used for substrate deposition (SiO,
deposition) range from TEOS to SiCH,, SiNH, + O,
depending on the deposition process. The most common
processes used are CVD and ALD, with a very wide pool of
applications in the radiation cancer research and radiation
therapy (GSH-responsive mesoporous silica nanoparticles™),
new material development for catalysis and hydrogenation
(Pd-containing hydrogenation nanocrystals immobilized in
silica precursors,””'  Si0,—CeO, nanoparticles with heat
specific tolerance®”), fiber optics in telecommunications
(periodic mesoporous photoluminescent nanocrystal silicon—
silica compositesss), and radiation containment of water,
energy generation, and uranium storage (SG-TTA + SiO, with
a 98% sorption of uranium(VI)*”). The beam parameters>>>’
of the focused electron beam-induced process (FEBIP) in the
deposition of SiO, from TEOS were optimized using CASINO
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Figure 1. X-ray photoelectron spectrum of the sample and Au substrate. Photoelectron peak assignment: black—carbon, blue—oxygen, and
green—gold (left); X-ray photoelectron spectrum of the Au 4f region (right).

simulations and gas-phase studies of the Si(OEt), fragmenta-
tion pathways. Earlier EBID studies'”>*™3%3073%4557 report
the deposition of Si(OEt), at multiple temperatures, as a
standalone and mixed with H,0,”’ focusing on the behavior of
the structures deposited at different temperatures.

B EXPERIMENTAL SECTION

SEM and Measurement Equipment. The SEM C1 with
a LEO 1500 series Gemini column scanning electron
microscope (SEM) used for deposition of the nanostructures
has a performance of 1.0 nm @ 20 kV and WD of 2 mm to 5.0
nm @ 0.2 kV, 2 mm in high vacuum, 1.2 nm @ 20 kV, and 7.0
nm @ 1 kV in variable pressure mode with an acceleration
voltage in the range of 0.1—30 kV. The Shottky field emitter
electron source is characterized by a high beam brightness and
low beam energy spread. The SEM uses an infrared CCD
camera with a focusing distance of 1—50 mm and an eight-pole
electromagnetic stigmator, a S-axis eucentric stage with
motorized movements on x and y of 75 mm and on z of 5§
mm.

The nanostructure analysis was conducted using EDX
measurements. The EDX measurements are characterized by
an analysis beam voltage of 5 keV. The principle behind the
EDX functioning is the process of collision between a molecule
or an atom with an electron, with the result of the appearance
of a hole in the inner shell, while an electron from the outer
shell will take its place emitting a set of characteristic X-rays
specific to each element from the periodic table and with a
characteristic acceleration voltage, defined by the relation z, =
0.033 (E,"” — E.*7)A/pZ. Based on the characteristic X-ray Kat
value of the elements in Si(OEt), (Si, 1.739; O, 0.525; and C,
0.277), a minimum value of 5 kV accelerating voltage of the
TEM beam was obtained.

XPS. X-ray photoelectron spectra were obtained using an
Al/Mg twin anode non-monochromated radiation source and a
Phoibos100 MCD-5 series hemispherical energy analyzer
produced by SPECS (Berlin). The measurements were
conducted with Al Ka (E = 1486 eV) rays. The sample was
examined as received and mounted directly onto the XPS
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sample holder. The spectra were processed with CasaXPS
(http://www.casaxps.com).

Computational Details. For the electron trajectory
simulations, CASINO software version v2.42 and v3.4 were
used with focus on beam characteristics of the secondary and
backscattered electrons involved in the deposition process of
the nanostructures.

Au(111)/Silica Substrate XPS Characterization. X-ray
photoelectron spectroscopy was used for post-deposition
substrate characterization only, as the instrument setup only
allows photoelectron collection from a macroscopic (7 mm X
20 mm) surface area, which is several orders larger than that of
the Si-bearing deposits. The survey spectrum shows that the
analyzed surface consists of gold and some contaminants (see
Figure 1). The elemental composition of the sample surface as
determined by XPS has a concentration of 9.46% O,, 33.45%
C, and 57.09% Au. Adsorbed oxygen and carbon are found on
the surface of the sample, as the sample was in prolonged
contact with air before the measurement. This technique yields
information from the outermost 5—10 nm of the surface. No
signals corresponding to silicon were detected via XPS. This
was expected, as the peak intensity is a function of surface
coverage and the deposits are nanoscale deposits, constituting
less than 1 ppm of the total examined surface atoms. The gold
substrate itself is composed of the pure element, to the extent
that the Au 4f,, peak appears precisely at the literature
binding energy value (84.0 eV) and was used for calibration
(see Figure 1).

The 200 nm (8 months old substrate) and 100 nm (12 h/12
months old substrate) present no signal comin§ from the SiO,
wafer. Simulations of the Au(111) surface”™* reveal the
presence of (111), (110), (100), and (211) facets of the
substrate. While the Au—Au has a bond value of ~2.10-3.10 A
and a unit cell length of 4.065 A X 4.065 A X 4.065 A, the
underlying SiO, wafer has the Si—O bond distances with a
value of 1.58—160 A and the unit cell of 7.16 A X 7.16 A x
7.16 A, influencing only the organization of the first Au-
monolayer on the wafer, forcing the subsequent layers of atoms
in a bec plane configuration. Hanke and Bjork** do a
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Figure 2. 2-layer Au-substrate optimization view with Au27, Au2S, Aul0, and Aus8 sites higher from the axis line (6 X 3 X 2 atoms) (a); 91 nm high

pillar shape nanostructure with apparent visible Au-grain surface (b).

Figure 3. 8 months old deposits of Si(OEt), on the irregular Au surface, 6 lines (0.7 us; 700 loops) top view (left) and 12 h old deposits of

Si(OEt),, 6 points top view (right).

reconstruction of the Au(111) substrate for a six-layer slab
using a 22 X \/ 3 lattice with a number of 23 atoms fitted in 22
sites for the fcc and hep configurations with a minimum of six
layers of Au atoms needed for a full convergence. The
organization of the atoms on the SiO, wafer is following the
bcc orientation on the first layer, followed by combined fcc and
hep sites, while the last layers are organized in the fec
configuration. Earlier studies*”*’ were not able to solve the
presence of both hep and fcc sites as well as the atomistic and
electronic degree of freedom important in determining the
reactivity of sites and the catalytic activity of the reactions at
the surface in the FEBID of the nanostructures. The Au(111)
substrates over time present a highly grained surface with
visible Au atoms (Figure 2; 8 months old substrate), a
reorganization of the surface layers pushing at sites Au atoms
with 0.01—0.5 A higher, as well as the process of integration in

the lattice of gas atoms and other atoms from the deposited
precursor.

Si(OEt), Deposition. The Si(OEt), was deposited with
different dwell times and loops numbers. A set of two deposits
were done on the Au(111) substrates. First set was kept 8
months in air after deposition on a Au(111) substrate with
visible signs of wear and damage. A second set was deposited
on a new Au(111) substrate and analyzed after 12 h from the
deposition time and again after 12 months.

The first set of structures (Figure 3) was deposited using the
beam characteristics of 24 pA beam current and 1 keV beam
voltage. The parameters of the deposition process are
presented in Table 1. The set of measurements contains a
number of 2 sets of 6 points and 6 sets of 6 lines, done with
variable dwell time constants (presented in Table 1) at 0.7 us,
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Table 1. Deposition of Si(OEt), on Au(111)/Silica, 8
Months Old Deposits

beam beam
deposit current voltage
types Dwell time (us) loops (no) (pA) (eV%
6 points  2.350/12.35/22.35/  1k/1.3k/2k/2.5k/ 24 1000
32.35/42.35/52.35 3k/1.8k/1.5k/4k
6 points  10.325/22.325/ 1300 24 1000
24.325/26.325/
30.325
6 lines S 1300 25 1000
6 lines 0.7 500 24 1000
6 lines 0.45 500 24 1000
6 lines 0.7 700 24 1000
6 lines 0.35 1300 24 1000
6 lines 0.7 1300 24 1000

0.45 ps, 0.35 us, and S s respectively. The sample was stored
in an aerated container.

The second deposition (Figure 3) was done using the beam
characteristics of 28 pA beam current and 1 keV beam voltage.
The deposition parameters of the second nanostructures are
presented in Table 2. The Au(111)/silica substrate used for

Table 2. Deposition of Si(OEt), on Au(111)/Silica, 12 h
Old Deposits

deposit loops beam beam
types Dwell time (us) (no)  current (pA) voltage (eV)

7 lines 0.7 650 28 1000

7 lines 0.35 1300 28 1000

6 points  4.03/4.23/4.43/4.63/ 1000 28 1000
4.83/5.03

7 points  0.25/1.25/2.25/3.25/ 2600 28 1000
4.25/5.25/6.25

the second deposition has different features than the
characteristics of the first substrate; it is more homogeneous,
and the Au(111) surface deposited on silica has a constant
layer thickness of 100 nm. The Au(111)/silica substrate used
for the first deposition has a layer thickness of 200 nm and is
older than the second substrate, with a higher degree of
contamination of the surface coming from dust particles, NO,,
H,, H,O, grease, irregularities, and defects. At defect sites, the
silica wafer can be seen through the previous depletion of
Au(111), and the signals from the SiO, substrate can be
obtained. The second deposition contains a number of 2 sets
of 7-line deposits at 0.7 and 0.35 us dwell times and 2 sets with
6- and 7-point deposits with a variable dwell time constant of ¢
+ 0.2 us for the set of 6 points and t + 1 us for the set of 7
points. The sample was stored for 12 months in an aerated
container.

The deposits were done at a vacuum chamber pressure of
8.2 X 1077 mBar, with a deposition pressure of 1.5 X 107
mBar and a temperature of the Si(OEt), precursor introduced
to the gas line of —11 °C for the second set of deposits and
—25 °C for the first set of deposits.

B RESULTS AND DISCUSSION

Deposit Analysis. Si(OEt),, or under its most common
denomination TEOS, is one of the most common deposition
precursors used in FEBID- and SEM-assisted processes, CVD,
ALD, and ALD-CVD for structure deposition at the
nanometer scale and in the mask repair industry. With a

high oxygen content, the Si(OEt), is a great candidate to be
the chosen precursor for the thin-layer deposition of SiO,.
Safe, nonexplosive, and nonpoisonous if inhaled in small
quantities, the Si(OEt), is one of the most desired chemical
compounds for deposition purposes. Different deposition
processes have been used to create thin layers and well-
defined structures on surfaces, such as CVD, first used in 1961
for the deposition of TEOS, LPCVD, APCVD, or PECVD," all
differing in the temperature of deposition of the compound
and the use of O, or O3 During a CVD process of TEOS, the
deposition temperature reaches 750 °C; in LPCVD processes,
the temperature is reduced to 600 °C, while PECVD with the
addition of O, has a nominal temperature of 200 °C releasing
and removing CO and CO, and obtaining structures with a
higher resistivity of ~10'® Q-cm. APCVD compared to
PECVD or LPCVD has the advantage of the addition of O,
to the general deposition process and a high reduction in
temperature close to ~300 °C; the Oj; traps the TEOS
molecules on the surface depositing higher efficiency thin films
and structures with lower contamination and lower stress
levels.' When using alkoxysilanes as precursors for ALD
deposition, the addition of water and the chemisorption of
SiH, on a hydrogenated oxide surface is necessary to break the
Si—OR bonds by reaction with a hydroxy—OH group, but by
using a NH, compound, H,N(CH,),Si(OEt),,” the deposition
of SiO, can take place without the use of a catalyst. Other
sources of SiO, used in the deposition of silica and for analysis
studies are SiH,>* SiH,,’ diethylsilane (Et,SiH,),° 1,4-
dislabutane (DBS, H;SiCH,CH,SiH,),® 2,4,6,8-tetramethylcy-
clotetrasiloxane (TMCTS—R = CH,),° and 2,4,6,8-tetrae-
thylcyclotetrasiloxane (TMCTS—R=C,H;).° In the focused
electron beam-induced deposition (FEBID)”® process with
CVD, ALD, and PECVD, the necessity of adding O,, O;, or
any of the hydroxy—OH groups is removed, and the use of the
electron beam for the fragmentation and breaking of the bonds
to form high-purity deposits of SiO, is proven to be a method
with high efficiency and the purity content of the deposits
reaching 90 atom %.

Beam Currents and Deposition Rates. Line profiles and
dot profiles (pillars) were done for the first deposition set of
Si(OEt), 8 months old structures. The line profiles heights/
widths are presented in Table S1 in the Supporting
Information Section. At a first look, the line profiles are better
preserved than the dot profiles (Figure 3). The AFM
measurements and processed images of the deposits show a
merging of the dot profiles and an evolution of their
composition to a higher carbon content. The tilting/collapse
created in a first instance by the drying of the product and in a
second step is the effect of the accumulated moisture from air
in conjunction with a much smaller base width compared to
the height value. Similar behavior was observed in past
experimental work by Randolph et al. in ref 8. The values
reported by Randolph and co-workers® are for structures with
similar dimensions, deposited at the electron beam energy of 1
keV.

The orientation of the Au(111) grains of the substrate
influences the shape and orientation of the resulting structures
on the deposition surface,” asperities, and defects of the surface
being often the reason of tilting and collapse of structures,
where the deposition rate has a considerable influence on the
induced damage on the structure. The width of the deposits is
directly proportional to the density of backscattered and
secondary electrons emitted from the 1 keV electron beam
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used for deposition. Accordingly, the halo around the structure
and the Si found in the background spectrum would give an
indication of how much is deposited near the structure during
the structure growth. Values of 0.63 nm average have been
found for the Au(111) substrate, while the halo around the
structures has a thickness value of 0.015 nm. Two smaller
structures (Figure 4) around the main structures have been
observed and identified as substrate grains covered by thin
layers of precursors.

[ 20pm

-0.0 ym

Figure 4. 3D view of Si(OEt), 12 h old deposits.

The 12 h old deposits are characterized by no morphologic
modifications due to the accumulation of N, and H,O on the
surface and to less exposure to air and atmospheric pressure, as
well as a smoother surface characterized by less defects and
kinks where atoms and parts of the fragments agglomerate.

The dimensions of the 12 h old deposits are 62.4—89.9/
310—341 nm height and 123.1-168.8/350 nm width for a
dwell time (us) of 700 us/350 us for the line profiles and 487—
1628 nm height and 248—783 nm width for a variable dwell
time (us) of the dot profiles in the range of 250—5030 us, for a
beam characteristic of 1 keV. The 12 h old deposition and
background analysis shows a 10 nm substrate to the structure
growth compared to the older substrate from the Ist

deposition with a value over 630 nm, though around the
structures in the 2nd deposition no extra material can be
found. Randolph, Fowlkes, and Rack (2005)° declared higher
deposition cross-sectional values than obtained from our
experimental work, almost double in height for currents of 107
and 530 pA (Figure S). The deposition times (us) of the
structures and their widths (nm) and heights (nm) are
presented in the additional file supporting the article.

Casino Simulations of Beam Characteristics. Further
surface studies involving CASINO simulations (Figure 6) of
electron distributions show a maximum radius of visible
electrons around the structure of up to 9 nm with the highest
distribution between 1 and 2 nm. Backscattered electrons and
secondary electrons with energies as high as 200 eV, by
breaking ligands and forming additional negative and positive
anions, deposit secondary structures around the main
structures creating contamination on the substrate, eg, layers
of ethyl and methyl. The simulations at 1 keV have lower
backscattered radius than the simulations done at 2 keV. At §
keV, a backscattered radius of 26 nm is observed, lower in the
number of electrons that can create structures over 1 nm?.

The CASINO simulations have been run on a predefined
Au(111) substrate with the 100 nm X 100 nm X 20 nm and a
pyramid set (with Si(OEt), composition) to intercept the box
with S0 nm X 50 nm X 50 nm at angles (70, 90, 70, 90). The
distribution of the backscattered electrons and secondary
electrons is obtained from the backscattered radius, presenting
the length of the density of backscattered electrons around the
predefined (0, 0, 0) point of the main beam. The CASINO
version used was CASINO v.3.3, with comparison to the
CASINO v2.42 for planar area surface distribution (cross
section of adsorbed energy of backscattered SEs).

Based on the Monte Carlo routine of electron trajectory
calculations, the simulation presents a number of backscattered
radii, secondary electron radii, and maximum scattered radii
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Figure 5. Deposition rates of Si(OEt), for different beam current values.
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Figure 6. Backscattered electron distribution on the surface at 1 and S keV. Electron trajectory simulations at S and 1 keV.

and energy of the backscattered electrons and secondary
electrons. Earlier studies of backscattered and secondary
electron processes in Mott insulators and cathodolumines-
cence have been run using CASINO v2.42 simulations,”***
while newer studies focus on the sensitivity of measurement
(2020)*° and 3D applications in CMOS nanotechnology
(2011)*” using CASINO v3.3. The software focuses its
algorithm on Markov chains™® and Voronoi triangulation”’
and uses the splitting of the nanostructure + substrate in the
3D triangle (meshing) model developed by Akenine—Moller in
1997 and improved by the addition of all of the triangles into a
3D partition tree by Mark de Berg in 2008.°” All of the
structures have defined an inner shape and an outer shape
making possible the declaration of different compositions at
the top thin layer (oxidation, substrate—nanostructure
interactions, thin-layer effects).

We observed different distributions of the BSEs on the
structure/Au(111) with the change in the PEs energy from 2
to 5 keV (see Table 3) almost 50% in both cases, while for the
1 keV, the radius is 10 times lower, though the energy of the
BSEs on the surface is higher than for the 2 keV simulation.
Lower energy is observed in the case of the S keV simulations

24238

Table 3. Results of Electron Trajectory Simulations Using
CASINO Software for 1, 2, and 5 keV

beam maximum energy of energy of surface
voltage surface radius backscattered radius of BSE
(keV (hits/nm?) radius (nm) (keV/nm?)

1 0.151 1.2 0.121

2 0.05316 122 0.08172

S 0.03617 26 0.134

of 0.134 keV/nm? close in value to the energy obtained for the
1 keV beam of 1.121 keV/nm?. Simulations of higher energies
up to 10 keV have been done with CASINO v2.42 in thin
Si(OEt), layers of no more than 10 nm with the energy of the
surface radius of 0.00253 keV/nm?* and BSEs falling between 8
and 10 keV.

To obtain the energy distribution of backscattered electrons,
the sample was declared as a 10 nm layer with SiO,CgH,,
composition deposited on an Au(111) substrate using
CASINO v2.42, for a number of 200 displayed trajectories.
For the total and partial cross sections of the electron
distributions, the two models of Drouin and Gauvin (1993)
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Figure 8. Si(OEt), on Au(111)/SiO, 12 months old sample (left) and t

op view of the deposits (right).

and the ionization potentials from the Joy and Luo model
(1989) have been used.

The simulated absorbed energy is presented in Figure 7; it
can easily be observed that for 1, 3, and 5 keV, the presence of
10% distribution lines is lower in the nanostructures compared
to 2 and 10 keV where the 10 and 5% lines go upper in the
nanostructures with sharper peaks. For 1 and 10 keV, we
observe contributions from the 25% lines.

Deposit Analysis. A second set of measurements was
carried on the 12 h old deposits after a period of 12 months
(Figure 8). The deposits suffered modification over time due
to storage and handling, as well as due to the aging of the
substrate. The packing of the Au atoms modified over time,

24239

creating holes and kinks in the structures and undergoing in
particular area phenomena as tasation (settlement), integra-
tion, and reorientation.””*> We do not assign the defects on
the substrate to the transport or handling but to the
modifications and reorganization of the Au atoms under an
ambient atmosphere and room temperature. Some of the
structures collapsed as a result of prolonged exposure to air.
The deposits have been measured at 10 and 15° stage tilt to
obtain the compositional content of the structures. The heights
of the structures were obtained with a certain degree of error,
as the EDX measurement is not intended for verification of the
nanodeposit height (Figure 9).
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Figure 9. Tilted view to 15° of the Si(OEt), pillar shape structures of
12 months old deposits.

A separate AFM study to determine the height of the
structures was run, ranging in values from 70 nm (the smallest)
in the shape of a line to 1.684 yum (the largest) in the shape of
a pillar and a very large base, almost equal in dimension with
the height, with a value of ~1.2 ym.

For the structure 2 in Figure 9, an EDX compositional
analysis was run (see Figure 10) with resulting C content up to
21,26.11 wt % O content, and 17.91 wt % Si content, with the
atomic ratios of 41.73 atom % C, 38.86 atom % O, and 15.19
atom % Si. The presence of Au is due to the thin layer of
deposit, EDX acquiring data up to 100 nm in the substrate.

The intent is to build structures with high SiO, purity,
though limited by the high C content and the unavailability to
use H,, O,, or H,O jets to purify the structure.”” Geier et
al.”” report the full removal of C content of deposited Pt
structures using H,O vapor jets. As transition element and not
a metal, the rate of C desorption from the substrate is reduced
with the H,O vapor/O, jets compared to metals but still
presenting a significant reduction and sensitivity to the
process.*’ An increase in the Si and the height of the structure
is observed with dwell time, but limited by the high C content
of the nanostructures; in comparison, line profiles have higher
C content due to their horizontal growth compared to the
vertical growth of the pillar profiles. The C contents reported
from our experimental measurements on our lines and pillar
profiles have minimum values of 40 atom % C, with the highest
value recorded of 57.43 atom % C. The second structure

missing of the structure and deformation of the surface, the
EDX being able to identify in this case only contamination gas
from air. An average value of 12.08 atom % composition of Si
is obtained from the 12 structures (Figure 11); the one
structure without any Si was not considered for the average
calculation.

The EDX composition analysis reveals the presence of four
elements in all structures, Si, O, C, and extra N, due to
contamination and prolonged exposure to air. In Figure 12, the
8 months old deposit compositions and 12 h old deposit
compositions are presented. A higher C concentration is
observed, with a presence of Si of only 12 atom % without the
addition of other gases during the deposition process. The
content of Si increases for the 12 h old deposits up to values of
16—17 atom %, but still lower than the reported values of 32
atom % for a pure SiO, structure.

Structures (in Figure 12) of 8 months old deposits have the
Au content with values less than 5 atom %, while the 12 h old
deposits have a higher level of Au signal contribution in the
compositional analysis of the deposits. The difference between
the two measurements suggests the presence of two composi-
tional different Au(111)/SiO, surfaces, a 200 nm thick
Au(111) layer on the SiO, 8 months old substrate, and a
100 nm Au(111) layer on SiO, for the 12 h old structures and
substrate. The changes in the composition and dimensions of
the structures that would be the sign of oxidation and reactivity
with the presence of moisture on the substrate from air are not
observed and are limited in magnitude, without a great impact
on the structures over time. Higher C contents are observed
for the older structures, which cannot come from the C
contained in the Si(OEt), at the deposition time, but to the
accumulated C during the 8 months exposure to air.

For the present structure (Figure 13), no oxidation is
observed that would create changes in the morphology, shape,
and radical changes in height. The height of the structure is
92.007 nm at the highest point with an average height of
90.288 nm. A substrate with high granulation starts to appear
as a result of aging of the SiO,/Au(111) surface; it is known
for the Au(111) substrates to present high Au granulation
organized in Chevron patterns on the surface, a behavior
presented in detail in the works of Allmers and Donath*" who
developed a study of the substrate reconstruction of the
Au(111) surface. A lateral width of the deposit of 0.32 um is
observed; the growth of the pillar was higher in plane than

(Figure 10) has 0 atom % Si composition that we assign to the vertically.
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Figure 10. Compositional analysis of structure 2 from Figure S using EDX with the AFM view of height.
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For the 12 h old structures, the C content is under 50 atom
9%, while the C content in the case of the 8 months old deposits
increases to over 60 atom %. Another sign of exposure to air of
the deposited structure is the presence of small amounts of
other atmospheric gases regularly found in the breathable air in
rooms, as N,. The H,O molecules cannot be determined as
water singlets, dimers, or trimers using EDX analysis, but an
increase in the O content is obtained. The structures on a new,
clean, and undamaged Au(111) substrate are unlikely to be
affected by H,O in air. The Si—O bonds are strong bonds with
dissociation energies in the range of ~452 kJ/mol, while a H—
O bond has a value of 467 kJ/mol; it is likely for the Si—O
bonds to break and form bonds to O atoms from H,O and to
integrate H,O molecules in the structures.

The strength of the SiO, reduces with the water content and
moisture in the atmosphere and is a softer material' ™’
compared to the regular metal nanometer structures, rendering
it hard to be grown on the vertical. The extent of the pillar base
increases with the increase in the height of the structure, while
Au, Pt, Fe, and Co compounds hardly increase the base when
vertically deposited. With heights between 60 nm and 1.7 yum,
the 12 months old structures have conserved up to 80% intact;
two of the structures collapsed during the 12 months, assigned
to a lower width of the base. Figure 14 presents a comparison
of the heights with the base widths of the structure, a thinner
base percentage compared with the height creating an unstable
structure that due to the softness of the material”"** leads to
the collapse of the pillar structures. The line profiles have
preserved intact up to 100% of all deposited structures. The
substrate had no influence on the growth of the nanostructures
as it was newly purchased, in very good condition without
visible grains and tasation. A different effect (height reduction,
structure contamination) is observed for the 8 months old
deposits.

In Table 4, structures 20 and 27 are the two structures that
tilted reducing the conservation percentage of all of the
nanostructures to 80%. There is a clear difference in the %
height of base width compared to the other structures all
having over 60% values. Structure 20 presents a value of
36.52% of the base width value compared to the height of the
structure, while structure 27 presents a value of 23.72% of the
base width value compared to the height of the structure.
Percentages lower than 60% increase the possibility of tilting

https://doi.org/10.1021/acsomega.3c00793
ACS Omega 2023, 8, 24233—-24246


https://pubs.acs.org/doi/10.1021/acsomega.3c00793?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00793?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00793?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00793?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00793?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00793?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00793?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00793?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

folder
number
422

height 91594 Height(Sen) *Q Wei+-h@ud
89.399 P N
92,007 4

88.278

89.823 -— — S

I

90.625 0
average 90,288
st.dev. 1,402

24.
structure
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Table 4. 12 Months Old Deposits % Height of the Base and collapse of the pillar nanostructures, indicating that these
Width of Pillar Structures structures were created with low dwell time (us), high number
of deposition loops (2600), and short standby time (see Table
structure max height base width 2 for values). A higher dwell time with the same number of
e — — COLE LS loops increases the % height of base width to over 120%, while
18 155.176 650 418.88 lowering the loops (1000) and increasing the dwell time (us)
20 840 306.749 36.52 would create very wide bases of the nanopillars with values of

21 544.926 560 102.77 the % height of base width of over ~400%.

22 594.941 720 121.02

The decrease in height with the increase in the dwell time
24 92.007 400 43475 observed at 750 and 1200 us (Figure 15) compared to the

25 1439.5 1260 87.53 height regime observed at 350 and 500 ps where with the
26 583737 950 162.74 increase in time, an increase in the structure height is observed
27 1390 329.679 23.72 corresponding to a beam-limited growth 1‘egime.8’10_18 For an
28 438.115 330 120.97 average 1 keV beam current, the dwell time limit to suppress
29 1720.31 1360 79.06

the growth is set to around 700 us. With applications in
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the surface is highly improbable®® as the Au(111) surface
would need to undergo an oxidation process, while the most
probable process is the integration of Si atoms in the substrate
at the deposition moment (Figure 16).

The same behavior as seen in Figure 15 is observed for the
12 h old deposits with even more pronounced differences. The
behavior does not change with the analysis of the width
increase and decrease; the lateral growth follows the same path,
and it is limited by the dwell time and the beam current
magnitude. With a Si/O ratio content of 11:28, the 12 months
old structure exhibits slightly less height and width, still having
a high amount of C content, in a process of deposition that did
not use additives for purification of deposits. No further
purification step was done for the nanostructures using either
O, or H,O jets. A common behavior is the increase in the C
content of the structures following exposure to air and room
temperature. Sanchez et al.*’ analyzed the process of
deposition using electron beam and ion beam depositions
with higher Si/O (15:33) ratios with the addition of H,O in
the deposition process. Plank et al.*> comparing their
deposition studies to the ones of Sanchez et al.*’ declared
structures of less than 10 nm deposited in thin layers (used for
coatings in the manufacturing industry) and with composition
close to the composition of pure SiO,. A higher Si/O ratio
(Figure 12) is observed in good agreement with refs 45 and 47
for the 12 h old structures with an average of 11:29.

For values under 1, the ratios of the 12 months old deposits
compared with the 12 h old deposits show an increase in the
compositional content of the structure with the measured
element. The C/C’ (Figure 17) presents the expected
behavior; with time, the carbon content of the structures
increases, but the O and Si present a lower increase at the atom

Structure No

(b)

Figure 16. Height/width with a dwell time of 12 h old structures: (a)
height (um) and (b) width (um).
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Figure 17. Ratios of C, O, and Si for 12 months old deposits (") and
12 h old deposits ().

% composition of the structures, caused by a phenomenon of
evaporation or inoculation of O and Si in the presence of H,O
and N, from air.

B CONCLUSIONS

The study wants to be a complex study of the composition and
structure of the Si(OEt), nanostructures on Au(111)/SiO,
substrates, looking at the behavior of the compound on the
substrate, more than an intent to reach the smallest nanometer
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size structure. A moisture ratio to the base—height of the pillar
was not obtained as a result of the study. While the deposition
temperature would help control better the shape of the
structures, important parameters such as the structural
parameters (height with base, for pillar shape) combined
with beam characteristics would give optimum deposition. The
present study wants to bring up and discuss the different
conditions for the deposition of Si(OEt),, from the deposition
temperature to time and exposure to the electron beams and
air.

The behavior of the Si(OEt), at FEBID deposition was
repeatedly studied by scientist in different conditions as the
precursor is one of the widest used precursors for the
deposition of Si and SiO,. The accumulation of moisture
through the high number of O atoms in the deposits coming
from H,O creates problems at the deposition of pillar shape
structures especially when the base of the structure is much
smaller than the height of the structure.

Results have been obtained for structures between 9 nm and
up to 0.5 pm with success, though the deposition of very small
Si(OEt), structures, less than 6 nm, still remains a quest.
Higher C and O, with the presence of N from N,, were
obtained at the comparison of the depositions of 12 h and 12
months old deposits. The aging of the substrate brings
substantial changes to the structures with an increase in the C
content up to 10%. Even though it is a widely used compound
for deposition, high carbon contents of 50 atom % have been
obtained for the 12 h old nanostructures and 66 atom % for 8
months old nanostructures, suggesting that a second annealing
step would be needed. Further studies of the method with the
addition of O,/H,0 jets could show an improvement in the
purity of SiO, nanodeposits.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c00793.

Widths and heights of 8 months old nanostructures
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Maria Pintea — School of Physical Sciences, University of Kent,
Canterbury CT2 7NZ, United Kingdom; ©® orcid.org/0000-
0003-0662-508X; Phone: +44(0)7840951228;
Email: mp675@kent.ac.uk

Authors

Nigel J. Mason — School of Physical Sciences, University of
Kent, Canterbury CT2 7NZ, United Kingdom

Istvan Csarnovics — Department of Experimental Physics,
Institute of Physics, Faculty of Science and Technology,
University of Debrecen, Debrecen 4032, Hungary;

orcid.org/0000-0002-5528-558X

Tamas Fodor — Laboratory of Materials Science, Institute for
Nuclear Research, Debrecen 4026, Hungary; © orcid.org/
0000-0002-1428-7538

Zita Szikszai — Laboratory of Materials Science, Institute for
Nuclear Research, Debrecen 4026, Hungary

Zsofia Kertész — Laboratory of Materials Science, Institute for
Nuclear Research, Debrecen 4026, Hungary

Complete contact information is available at:

https://pubs.acs.org/10.1021/acsomega.3c00793

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We want to acknowledge M.P. receiving funding from the
European Union’s Horizon 2020 research and innovation
program under the Marie Sklodowska-Curie grant agreement
no. 722149, and the work of our partner institutions
Laboratory of Materials Science, Institute for Nuclear
Research, Debrecen, Hungary, and Z.S. receiving funding
from GINOP-2.3.3-15-2016-00029 project (Hungarian Gov-
ernment and European Structural and Investment Funds).

B REFERENCES

(1) Bachmann, J.; Zierold, R.; Chong, Y. T.; Hauert, R;; Sturm, C.;
Schmidt-Grund, R.; Rheinlinder, B.; Grundmann, M.; Gésele, U.;
Nielsch, K. A Practical, Self-Catalytic, Atomic Layer Deposition of
Silicon Dioxide. Angew. Chem., Int. Ed. 2008, 47, 6177—6179.

(2) Kranak, V. F; Lin, Y. -C.; Karlsson, M.; Mink, J.; Norberg, S. T.;
Hiussermann, U. Structural and Vibrational Properties of Silyl
(SiH;™) Anions in KsiH; and RbSiH;: New Insight into Si—H
Interactions. Inorg. Chem. 2015, 54, 2300—2309.

(3) Jans, R; Maclagan, R. G. A. R. Valence-bond studies on SiHj.
Aust. ]. Chem. 1984, 37, 2159—2164.

(4) Park, H.; Yoon, E.; Lee, G.-D.; Kim, H. J. Analysis of surface
adsorption kinetics of SiH, and Si,Hy for deposition of a
hydrogenated silicon thin film using intermediate pressure SiH,
plasmas. Appl. Surf. Sci. 2019, 496, No. 143728.

(5) Baron, A. R, Chemistry of Electronic Materials, 2011, online:
cnx.org/contents/EJYWe4UY@9.4:5Z02KMJr@3/Introduction-to-
Semiconductors/.

(6) Huth, M.; Porrati, F.; Dobrovolskiy, O. V. Focused electron
beam induced deposition meets materials science. Microelectron. Eng.
2018, 185 - 186, 9—28.

(7) Toth, M,; Lobo, C.,; Friedli V.; Szkudlarek, A.; Utke, I
Continuum models of focused electron beam induced processing.
Beilstein J. Nanotechnol. 2015, 6, 1518—1540.

(8) Randolph, S. J.; Fowlkes, J. D.; Rack, P. D. Focused, Nanoscale
Electron-Beam-Induced Deposition and Etching. Crit. Rev. Solid State
Mater. Sci. 2006, 31, 55—89.

(9) Newbury, D. E.; Ritchie, N. W. M. Performing elemental
microanalysis with high accuracy and high precision by scanning
electron microscopy/silicon drift detector energy - dispersive X-ray
spectrometry (SEM/SDD-EDS). J. Matter. Sci. 2015, 50, 493—518.

(10) Egerton, R. F. Physical Principles of Electron Microscopy: An
Introduction to TEM, SEM and AEM; Springer, 200S.

(11) Liberman, K.; Shani, Y.; Melnik, L; Yoffe, S.; Sharon, Y. Near-
field optical photomask repair with a femtosecond laser. J. Microsc.
1999, 194, 537—541.

(12) Scheriibl, T.; Ehrlich, C.; Bohm, K.; Ramstein, M. Advanced
photomask repair and verification. In Microlithography World;
PennWell, 2007.

(13) Haight, R.; Wagner, A,; Longo, P.; Lim, D. High resolution
material ablation and deposition with femtosecond lasers and
applications to photomask repair. J. Mod. Opt. 2004, 51, 2781—2796.

(14) Semiconductor from A to Z. https://www.halbleiter.org/pdf/
en/Semiconductor%20Technology/
Semiconductor%20Technology%20from%20A%20t0%20Z.pdf.

(15) Oprysko, M. M.; Beranek, M. W.; Young, P. L. Visible-Laser
Repair of Clear Defects in Photomasks. IEEE Electron Device Lett.
1985, 6, 344—346.

(16) Garetto, A.; Capelli R; Blumrich, F; Magnusson, K;
Waiblinger, M.; Scheruebl, T.; Peters, J. H,; Goldstein, M. Defect
mitigation considerations for EUV photomasks. J. Micro/Nanolithogr.,
MEMS, MOEMS 2014, 13, No. 043006.

https://doi.org/10.1021/acsomega.3c00793
ACS Omega 2023, 8, 24233—-24246


https://pubs.acs.org/doi/10.1021/acsomega.3c00793?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00793/suppl_file/ao3c00793_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Pintea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0662-508X
https://orcid.org/0000-0003-0662-508X
mailto:mp675@kent.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nigel+J.+Mason"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Istva%CC%81n+Csarnovics"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5528-558X
https://orcid.org/0000-0002-5528-558X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tama%CC%81s+Fodor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1428-7538
https://orcid.org/0000-0002-1428-7538
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zita+Szikszai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zso%CC%81fia+Kerte%CC%81sz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00793?ref=pdf
https://doi.org/10.1002/anie.200800245
https://doi.org/10.1002/anie.200800245
https://doi.org/10.1021/ic502931e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic502931e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic502931e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1071/CH9842159
https://doi.org/10.1016/j.apsusc.2019.143728
https://doi.org/10.1016/j.apsusc.2019.143728
https://doi.org/10.1016/j.apsusc.2019.143728
https://doi.org/10.1016/j.apsusc.2019.143728
http://cnx.org/contents/EJYWe4UY@9.4:5ZO2KMJr@3/Introduction-to-Semiconductors/
http://cnx.org/contents/EJYWe4UY@9.4:5ZO2KMJr@3/Introduction-to-Semiconductors/
https://doi.org/10.1016/j.mee.2017.10.012
https://doi.org/10.1016/j.mee.2017.10.012
https://doi.org/10.3762/bjnano.6.157
https://doi.org/10.1080/10408430600930438
https://doi.org/10.1080/10408430600930438
https://doi.org/10.1007/s10853-014-8685-2
https://doi.org/10.1007/s10853-014-8685-2
https://doi.org/10.1007/s10853-014-8685-2
https://doi.org/10.1007/s10853-014-8685-2
https://doi.org/10.1046/j.1365-2818.1999.00547.x
https://doi.org/10.1046/j.1365-2818.1999.00547.x
https://doi.org/10.1080/09500340408231837
https://doi.org/10.1080/09500340408231837
https://doi.org/10.1080/09500340408231837
https://www.halbleiter.org/pdf/en/Semiconductor%20Technology/Semiconductor%20Technology%20from%20A%20to%20Z.pdf
https://www.halbleiter.org/pdf/en/Semiconductor%20Technology/Semiconductor%20Technology%20from%20A%20to%20Z.pdf
https://www.halbleiter.org/pdf/en/Semiconductor%20Technology/Semiconductor%20Technology%20from%20A%20to%20Z.pdf
https://doi.org/10.1109/EDL.1985.26149
https://doi.org/10.1109/EDL.1985.26149
https://doi.org/10.1117/1.JMM.13.4.043006
https://doi.org/10.1117/1.JMM.13.4.043006
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(17) Bret, T.; Baur, C.; Waiblinger, M.; Baralia, G.; Jonckheere, R;;
Van den Heuvel, D. Improving extreme UV lithography mask repair.
SPIE Newsroom 2012, No. 4159.

(18) Qi, Z.J.; Rankin, J.; Narita, E.; Kagawa, M. Viability of pattern
shift for defect-free extreme ultraviolet lithography photomasks. J.
Micro/Nanolithogr, MEMS, MOEMS 2016, 15, No. 02100S.

(19) Liberman, A; Mendez, N.; Trogler, W. C.; Kummel, A. C.
Synthesis and surface functionalization of silica nanoparticles for
nanomedicine. Surf. Sci. Rep. 2014, 69, 132—158.

(20) Cristoni, S.; Armelao, L.; Tondello, E.; Traldi, P. Electrospray
Ionization in the Study of Polycondensation of Si(OEt),. J. Mass.
Spectrom. 1999, 34, 1380—1382.

(21) Jin, T.; Okuhara, T.; White, J. M. Ultra-high Vacuum
Preparation and Characterization of Ultra-thin Layers of SiO, on
ZrO, and TiO, by Chemical Vapour Deposition of Si(OEt),. J. Chem.
Soc. Chem. Commun. 1987, 1248—1249.

(22) Chun, Y; Chen, X; Yan, A-Z.; Xu, Q.-H. Chemical vapour
deposition of Si(OEt)4 on zeolite Hfp, Zeolites and Related
Microporous Materials: State of the Art. In Studies in Surface Science
and Catalysis; Weitkamp, J.; Karge, H. G.; Pfeifer, H.; HBlderich, W.,
Eds.; Elsevier, 1994; Vol. 84, pp 1035—1042.

(23) Sayen, S.; Walcarius, A. Electro-assisted generation of
functionalized silica films on gold. Electrochem. Commun. 2003, S,
341-348.

(24) Pereira, J. C. G.; Catlow, C. R. A; Price, G. D. Molecular
Dynamics Simulation of Liquid H,O, MeOH, EtOH, Si(OMe), and
Si(OEt), as a Function with Temperature and Pressure. J. Phys. Chem.
A 2001, 10S, 1909—1928.

(25) Rubio, F,; Rubio, J; Oteo, J. L. A FT-IR Study of the
Hydrolysis of Tetraethylorthosilicate (TEOS). Spectrosc. Lett. 1998,
31, 199-219.

(26) Yoshimura, S.; Sugimoto, S.; Takeuchi, T.; Murai, K; Kiuchi,
M. Low-energy mass-selected ion beam production of fragments from
tetraethylorthosilicate for the formation of silicon dioxide film. Thin
Solid Films 2018, 655, 22—26.

(27) Eo, Y.-J.; Kim, D.; Bae, B,; Song, K.-C.; Lee, T.-Y.; Song, S.-W.
Coating of Tetraethylorthosilicate (TEOS)/Vinyltriethoxysilane
(VTES) Hybrid Solution on Polymer Films. J. Sol-Gel Sci. Technol.
1998, 13, 409—413.

(28) Vieira, M.-P.; Mansouri, El A.; Vieira, M.-P.; Pilon, C. Porosity
of sol-gel derived silica coatings on glass substrates. J. Mater. Sci. Lett.
1998, 17, 883—885.

(29) Miyal, H.; Kohyama, T.; Suzuki, T.; Takehisa, K.; Kusunose, H.
Actinic Patterned Mask Defect Inspection for EUV Lithography; SPIE,
BACUS, 2020; Vol. 36.

(30) Jackson, C.; Buck, P.; Cohen, S.; Garg, V.; Howard, C.; Kiefer,
R,; Manfredo, J.; Tsou, J. DUV Laser Lithography for Photomask
Fabrication, Optical Microlithography XVII. In Proceedings of SPIE;
Bruce, W. S., Ed.; SPIE: Bellingham, WA, 2004; Vol. 5377.

(31) Bordonaro, G. J. DUV Photolithography and Materials. In
Encyclopedia of Nanotechnology; Springer: Dordrecht, 2015; pp 370—
372.

(32) Pas, S.; Ma, M.; Lang, M.; Eickhoff, M.; Bhattacharyya, K. In A
Reticle Quality Management Strategy in Wafer Fabs Addressing
Progressive Mask Defect Growth Problem at Low kl Lithography,
IEEE/SEMI Advanced Semiconductor Manufacturing Conference,
2005S.

(33) Sah, K; Halder, S;; Cross, A,; Leray, P. In Inspection of
Stochastic Defects with Broadband Plasma Optical Systems of Extreme
Ultraviolet (EUV) Lithography, IEEE Transactions on Semiconductor
Manufacturing, 2020.

(34) Yen, A; Meiling, H.; Benschop, J. Enabling Manufacturing of
sub-10nm Generations of Integrated Circuits with EUV Lithography,
2019 Electron Devices Technology and Manufacturing Conference
(EDTM), IEEE, 2019.

(35) Yen, A; Meiling, H.; Benschop, J. In EUV Lithography at
Threshold of High - Volume Manufacturing, IEEE International
Electron Devices Meeting (IEDM), 2019.

(36) Randolph, S. J.; Fowlkes, J. D.; Rack, P. D. Effects of heat
generation during electron-beam-induced deposition of nanostruc-
tures. J. Appl. Phys. 2005, 97, No. 124312.

(37) Huth, M.; Porrati, F.; Schwalb, C.; Winhold, M.; Sachser, R;;
Dukic, M.; Adams, J.; Fantner, G. Focused electron beam induced
deposition: A perspective. Beilstein ]. Nanotechnol. 2012, 3, 597—619.

(38) Thorman, R. M.; Kumar, R. T.; Fairbrother, D. H.; Ingolfsson,
O. The role of low-energy electrons in focused electron beam induced
deposition: four case studies of representative precursors. Beilstein |
Nanotechnol. 2015, 6, 1904—1926.

(39) Geier, B.; Gspan, C.; Winkler, R.; Schmied, R.; Fowlkes, J. D.;
Fitzek, H.; Rauch, S.; Rattenberger, J.; Rack, P. D.; Plank, H. Rapid
and Highly Compact Purification for Focused Electron Beam Induced
Deposits: A Low Temperature Approach Using Electron Stimulated
H,O Reactions. J. Phys. Chem. C 2014, 118, 14009—14016.

(40) Perentes, A.; Hoffmann, P. In Focused Electron Beam Induced
Deposition of DUV transparent SiO2, Proc. SPIE 6533, 23rd European
Mask and Lithography Conference, 2007; 65331Q.

(41) Allmers, T.; Donath, M. Growth and morphology of thin Fe
films on flat and vicinal Au(111): a comparative study. New J. Phys.
2009, 11, No. 103049.

(42) Takeuchi, N.; Chan, C. T.; Ho, K. M. Au(111): A theoretical
study of the surface reconstruction and the surface electronic
structure. Phys. Rev. B 1991, 43, No. 13899.

(43) Haftel, M. L. Surface reconstruction of platinum and gold and
the embedded-atom model. Phys. Rev. B 1993, 48, No. 2611.

(44) Hanke, F.; Bjork, J. Structure and local reactivity of the
Au(111) surface reconstruction. Phys. Rev. B 2013, 87, No. 235422.

(4S) Plank, H.; Winkler, R,; Schwalb, C. H.; Hiitner, J.; Fowlkes, J.
D.; Rack, P. D.; Utke, I.; Huth, M. Focused Electron Beam-Based 3D
Nanoprinting for Scanning Probe Microscopy: A Review. Micro-
machines 2020, 11, 48.

(46) Athanasiadou, D.; Carneiro, K. M. M. DNA nanostructures as
templates for biomineralization. Nat. Rev. Chem. 2021, S, No. 1038.

(47) Sanchez, E. J.; Krug, J. T., II; Xie, X. S. Ion and electron beam
assisted growth of nanometric Si,O, structures for near-field
microscopy. Rev. Sci. Instrum. 2002, 73, 3901—3907.

(48) Baker, T. A; Friend, C. M,; Kaxiras, E. Atomic Oxygen
Adsorption on Au(111) Surfaces with Defects. J. Phys. Chem. C 2009,
113, 3232—3238.

(49) Al-Anber, M. A.; Al-Adaileh, N.; Al-Momani, I. F.; Al-Anber, Z.
Encapsulation of 4,4,4-trifuoro-1-(2-thienyl)-1,3- butanedione into
the silica gel matrix for capturing uranium(VI) ion species. J.
Radioanal. Nucl. Chem. 2021, 329, 865—887.

(50) Nguyen, H. T. T.; Ohtani, M.; Kobiro, K. One-pot synthesis of
Si0,—CeO, nanoparticle composites with enhanced heat tolerance.
Microporous Mesoporous Mater. 2019, 273, 35—40.

(51) Karakanov, E. A.; Zolotukhina, A. V.; Ivanov, A. O.; Maximov,
A. L. Dendrimer-Encapsulated Pd Nanoparticles, Immobilized in
Silica Pores, as Catalysts for Selective Hydrogenation of Unsaturated
Compounds. Chem. Open 2019, 8, 358—381.

(52) Ham, H.; Simanullang, W. F.; Kanda, Y.; Wen, Y.; Hashimoto,
A.; Abe, H.; Shimizu, K; Furukawa, S. Silica-Decoration Boosts Ni
Catalysis for (De)hydrogenation: Step-Abundant Nanostructures
Stabilized by Silica. Chem. Cat. Chem. 2021, 13, 1306—1310.

(53) Xie, Z.; Henderson, E. J.; Dag, 0, Wang, W.; Lofgreen, J. E;
Kibel, C.; Scherer, T.; Brodersen, P. M.; Gu, Z.-Z.; Ozin, G. A.
Periodic Mesoporous Hydridosilica — Synthesis of an “Impossible”
Material and Its Thermal Transformation into Brightly Photo-
luminescent Periodic Mesoporous Nanocrystal Silicon-Silica Compo-
site. J. Am. Chem. Soc. 2011, 133, 5094—5102.

(54) He, H; Meng, S.; Li, H; Yang, Q;; Xu, Z.; Chen, X,; Sun, Z;
Jiang, B,; Li, C. Nanoplatform based on GSH-responsive mesoporous
silica nanoparticles for cancer therapy and mitochondrial targeted
imaging. Microchim. Acta 2021, 188, No. 154.

(55) De Teresa, J. M,; Fernandez-Pacheco, A.; Cérdoba, R;
Serrano-Ramoén, L.; Sangiao, S.; Ibarra, M. R. Review of magnetic
nanostructures grown by focused electron beam induced deposition

(FEBID). J. Phys. D: Appl. Phys. 2016, 49, No. 243003.

https://doi.org/10.1021/acsomega.3c00793
ACS Omega 2023, 8, 24233—-24246


https://doi.org/10.1117/2.1201204.004159
https://doi.org/10.1117/1.JMM.15.2.021005
https://doi.org/10.1117/1.JMM.15.2.021005
https://doi.org/10.1016/j.surfrep.2014.07.001
https://doi.org/10.1016/j.surfrep.2014.07.001
https://doi.org/10.1002/(SICI)1096-9888(199912)34:12<1380::AID-JMS887>3.0.CO;2-2
https://doi.org/10.1002/(SICI)1096-9888(199912)34:12<1380::AID-JMS887>3.0.CO;2-2
https://doi.org/10.1039/c39870001248
https://doi.org/10.1039/c39870001248
https://doi.org/10.1039/c39870001248
https://doi.org/10.1016/S1388-2481(03)00065-1
https://doi.org/10.1016/S1388-2481(03)00065-1
https://doi.org/10.1021/jp0018201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0018201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0018201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/00387019808006772
https://doi.org/10.1080/00387019808006772
https://doi.org/10.1016/j.tsf.2018.04.003
https://doi.org/10.1016/j.tsf.2018.04.003
https://doi.org/10.1023/A:1008665010016
https://doi.org/10.1023/A:1008665010016
https://doi.org/10.1023/A:1026428814961
https://doi.org/10.1023/A:1026428814961
https://doi.org/10.1063/1.1942627
https://doi.org/10.1063/1.1942627
https://doi.org/10.1063/1.1942627
https://doi.org/10.3762/bjnano.3.70
https://doi.org/10.3762/bjnano.3.70
https://doi.org/10.3762/bjnano.6.194
https://doi.org/10.3762/bjnano.6.194
https://doi.org/10.1021/jp503442b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503442b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503442b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503442b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1367-2630/11/10/103049
https://doi.org/10.1088/1367-2630/11/10/103049
https://doi.org/10.1103/PhysRevB.43.13899
https://doi.org/10.1103/PhysRevB.43.13899
https://doi.org/10.1103/PhysRevB.43.13899
https://doi.org/10.1103/PhysRevB.48.2611
https://doi.org/10.1103/PhysRevB.48.2611
https://doi.org/10.1103/PhysRevB.87.235422
https://doi.org/10.1103/PhysRevB.87.235422
https://doi.org/10.3390/mi11010048
https://doi.org/10.3390/mi11010048
https://doi.org/10.1038/s41570-020-00242-5
https://doi.org/10.1038/s41570-020-00242-5
https://doi.org/10.1063/1.1511801
https://doi.org/10.1063/1.1511801
https://doi.org/10.1063/1.1511801
https://doi.org/10.1021/jp806952z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp806952z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10967-021-07811-y
https://doi.org/10.1007/s10967-021-07811-y
https://doi.org/10.1016/j.micromeso.2018.06.043
https://doi.org/10.1016/j.micromeso.2018.06.043
https://doi.org/10.1002/open.201800280
https://doi.org/10.1002/open.201800280
https://doi.org/10.1002/open.201800280
https://doi.org/10.1002/cctc.202001946
https://doi.org/10.1002/cctc.202001946
https://doi.org/10.1002/cctc.202001946
https://doi.org/10.1021/ja111495x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja111495x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja111495x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja111495x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00604-021-04810-4
https://doi.org/10.1007/s00604-021-04810-4
https://doi.org/10.1007/s00604-021-04810-4
https://doi.org/10.1088/0022-3727/49/24/243003
https://doi.org/10.1088/0022-3727/49/24/243003
https://doi.org/10.1088/0022-3727/49/24/243003
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(56) Ragesh Kumar, T. P.; Unlu, I; Barth, S, Ingdlfsson, O.;
Fairbrother, D. H. Electron Induced Surface Reactions of
HFeCo,(CO);,, a Bimetallic Precursor for Focused Electron Beam
Induced Deposition (FEBID). J. Phys. Chem. C 2018, 122, 2648—
2660.

(57) Mulders, J. J. L,; Belova, L. M.; Riazanova, A. Electron beam
induced deposition at elevated temperatures: compositional changes
and purity improvement. Nanotechnology 2011, 22, No. 055302.

(58) Demers, H.; Poirier-Demers, N.; Couture, A. R; Joly, D;
Guilmain, M.; de Jonge, N.; Drouin, D. Three-dimensional electron
microscopy simulation with the CASINO Monte Carlo software.
Scanning 2011, 33, 135—146.

(59) Drouin, D.; Réal Couture, A; Joly, D.; Tastet, X.; Aimez, V.
CASINO V2.42—A Fast and Easy-to-use Modeling Tool for
Scanning Electron Microscopy and Microanalysis Users. Scanning
2007, 29, 92—101.

24246

https://doi.org/10.1021/acsomega.3c00793
ACS Omega 2023, 8, 24233—-24246


https://doi.org/10.1021/acs.jpcc.7b08611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b08611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b08611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0957-4484/22/5/055302
https://doi.org/10.1088/0957-4484/22/5/055302
https://doi.org/10.1088/0957-4484/22/5/055302
https://doi.org/10.1002/sca.20262
https://doi.org/10.1002/sca.20262
https://doi.org/10.1002/sca.20000
https://doi.org/10.1002/sca.20000
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

