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Abstract

This paper presents a detailed computational protocol for the atomistic simulation of formation and growth of metal-containing
nanostructures during focused electron beam-induced deposition (FEBID). The protocol is based upon irradiation-driven molecular
dynamics (IDMD), a novel and general methodology for computer simulations of irradiation-driven transformations of complex
molecular systems by means of the advanced software packages MBN Explorer and MBN Studio. Atomistic simulations per-
formed following the formulated protocol provide valuable insights into the fundamental mechanisms of electron-induced precur-
sor fragmentation and the related mechanism of nanostructure formation and growth using FEBID, which are essential for the
further advancement of FEBID-based nanofabrication. The developed computational methodology is general and applicable to dif-
ferent precursor molecules, substrate types, and irradiation regimes. The methodology can also be adjusted to simulate the nano-
structure formation by other nanofabrication techniques using electron beams, such as direct electron beam lithography. In the
present study, the methodology is applied to the IDMD simulation of the FEBID of Pt(PF3),, a widely studied precursor molecule,
on a SiO, surface. The simulations reveal the processes driving the initial phase of nanostructure formation during FEBID, includ-
ing the nucleation of Pt atoms and the formation of small metal clusters on the surface, followed by their aggregation and the for-
mation of dendritic platinum nanostructures. The analysis of the simulation results provides spatially resolved relative metal
content, height, and growth rate of the deposits, which represents valuable reference data for the experimental characterization of

the nanostructures grown by FEBID.

Introduction
The controllable fabrication of nanostructures with nanoscale  exploiting the irradiation of nanosystems with collimated elec-
resolution remains a considerable scientific and technological tron and ion beams have been developed [2,3]. One of these

challenge [1]. To address this challenge, novel techniques techniques is electron beam lithography (EBL), which is simi-
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lar to conventional optical lithography but relies on the change
of solubility after electron exposure of irradiation-sensitive
resists. The EBL process includes the surface coating with a
resist, exposure to the energetic electron beam, and further de-
velopment of the surface to remove irradiated or non-irradiated
material. Another technique, focused electron beam-induced
deposition (FEBID) [2-5], is based on the irradiation of precur-
sor molecules [6] by high-energy electrons while they are being
adsorbed upon a substrate. Electron-induced decomposition
releases the non-volatile part of the precursor molecules,
forming a deposit on the surface, whereas the volatile frag-
ments are pumped out of the working chamber. Nowadays,
FEBID permits the fabrication of nanostructures with sizes
down to a few nanometers, which is similar to the size of the

incident electron beam [7].

To date, FEBID mainly relies on precursor molecules de-
veloped for chemical vapor deposition (CVD), a process mainly
governed by thermal decomposition, while dissociation mecha-
nisms in FEBID are predominantly electron-induced reactions.
While primary electron (PE) energies during FEBID are typical-
ly between 1 and 30 keV, chemical dissociation is most effi-
cient for low-energy (up to several tens of electronvolts) sec-
ondary electrons (SE) created in large numbers when a high-
energy PE beam impinges on a substrate. Secondary electrons
are emitted from the substrate and the deposit, substantially
complicating the electron-induced chemistry that governs
FEBID. As a result, the precise control of size, shape, and
chemical composition of the fabricated nanostructures is still a
technological challenge [7], mainly originating from the lack of
molecular-level understanding of the irradiation-driven chem-

istry (IDC) underlying formation and growth of nanostructures.

Further advances in FEBID-based nanofabrication require a
deeper understanding of the relationship between deposition pa-
rameters and physical characteristics of fabricated nanostruc-
tures (e.g., size, shape, purity, and crystallinity). Further
advancement of the existing experimental techniques and mo-
lecular-level computational modeling can provide insights into
the fundamental mechanisms of electron-induced precursor
fragmentation and the corresponding mechanisms of nanostruc-

ture formation and growth using FEBID.

Until recently, most computer simulations of FEBID and nano-
structure growth have been performed using a Monte Carlo ap-
proach and diffusion—reaction theory [2,8-10], which allow for
simulations of the average characteristics of the process con-
cerning local growth rates and the nanostructure composition.
However, these approaches do not provide any molecular-level
details regarding structure (crystalline, amorphous, or mixed)

and the IDC involved. At the atomic level, quantum chemistry
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methods have been utilized to analyze the adsorption energies
and optimized structures of different precursor molecules
deposited on surfaces [11,12]. Nevertheless, ab initio methods
are only applicable to relatively small molecular systems with a
typical size of up to a few hundred atoms. This makes ab initio
approaches of limited use to describe the irradiation-induced
chemical transformations occurring during the FEBID process.

A breakthrough into the atomistic description of FEBID has
been achieved recently by means of irradiation-driven molecu-
lar dynamics (IDMD) [13], a novel and general methodology
for computer simulations of irradiation-driven transformations
of complex molecular systems. This approach overcomes the
limitations of previously used computational methods and de-
scribes FEBID-based nanostructures at the atomistic level by
accounting for quantum and chemical transformation of sur-
face-adsorbed molecular systems under focused electron beam
irradiation [13-16].

Within the IDMD framework various quantum processes occur-
ring in an irradiated system (e.g., ionization, bond dissociation
via electron attachment, or charge transfer) are treated as
random, fast, and local transformations incorporated into the
classical MD framework in a stochastic manner with the proba-
bilities elaborated on the basis of quantum mechanics [13].

Major transformations of irradiated molecular systems (e.g.,
molecular topology changes, redistribution of atomic partial
charges, or alteration of interatomic interactions) are simulated
by means of MD with reactive force fields [17,18] using the ad-
vanced software packages MBN Explorer [19] and MBN Studio
[20]. MBN Explorer is a multi-purpose software package for
multiscale simulations of structure and dynamics of complex
“meso-bio-nano” systems [14]. MBN Studio is a powerful
multi-task toolkit enabling to set up and start MBN Explorer
calculations, to monitor their progress, to examine calculation
results, to visualize inputs and outputs, and to analyze specific
characteristics determined by the output of MD simulations
[20].

In a pioneering study [13], IDMD was successfully applied for
the simulation of FEBID of W(CO)g precursors on a SiO; sur-
face and enabled to predict the morphology, molecular compo-
sition, and growth rate of tungsten-based nanostructures
emerging on the surface during the FEBID process. The follow-
up study [15] introduced a novel multiscale computational
methodology that couples Monte Carlo simulations for radia-
tion transport with IDMD for simulating the IDC processes with
atomistic resolution. The spatial and energy distributions of sec-
ondary and backscattered electrons emitted from a SiO, sub-

strate were used to simulate electron-induced formation and
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growth of metal nanostructures after deposition of W(CO)g pre-

cursors on SiO».

Investigation of the physicochemical phenomena that govern
the formation and growth of nanostructures coupled to radia-
tion is a complex multi-parameter problem. Indeed, different
precursor molecules, substrate types, irradiation, replenishment
and post-processing regimes, and additional molecular species
that may facilitate precursor decomposition can be explored to
improve the purity of grown deposits and increase the deposi-
tion rate. Therefore, it is essential to develop a comprehensive
computational protocol for atomistic simulations of electron-in-
duced nanostructure formation during the FEBID process.

This paper outlines a detailed computational methodology for
modeling the formation and growth of metal-containing nano-
structures during FEBID by means of IDMD, which was de-
veloped in previous studies [13,15]. Different computational
aspects of the methodology and the key input parameters
describing the precursor molecules, the substrate, and the irradi-
ation and replenishment conditions are systematically de-
scribed. A step-by-step simulation and parameter determination
workflow represents a comprehensive computational protocol
for simulating and characterizing a broad range of nanostruc-
tures created by means of FEBID. The presented methodology
has been developed with a focus on the FEBID process using a
pulsed electron beam. However, it can be adjusted and extend-
ed by including processes relevant to different EBL or FEBID
regimes, for example, variation of the replenishment rates, con-
centration, and distribution of molecules added and removed
from the system.

The formulated computation protocol is applied to simulate the
FEBID of Pt(PF3)4, a widely studied precursor molecule [21-
26], on a fully hydroxylated SiO; surface. As such, this work
extends the earlier IDMD-based studies [13,15] of the FEBID
of W(CO)¢ towards another precursor molecule that has been
commonly used to fabricate platinum-containing nanostruc-
tures. In contrast to the earlier studies [13,15] we consider the
case of low precursor surface coverage (below one monolayer),
in which surface diffusion plays an important role in the forma-
tion of deposits. In particular, we focus on the atomistic charac-
terization of the initial stage of the FEBID process, including
nucleation of Pt atoms, formation of small metal clusters on the
surface followed by their aggregation, and eventually, the for-

mation of dendritic platinum nanostructures.

The morphology of the nanostructures grown during the FEBID
process has not yet been thoroughly investigated on the atom-
istic level although it governs many physical properties such as

electrical and thermal conductivity, and magnetic properties

Beilstein J. Nanotechnol. 2021, 12, 1151-1172.

[27,28]. Atomistic simulations provide insights into the internal
structure of the deposits and its evolution depending on the
regimes of the FEBID process. In this study, morphology, size,
and metal content of the deposited Pt-containing material are
quantitatively analyzed as functions of electron fluence and
adsorbate concentration.

Computational Methodology

Computer simulations of the FEBID process of Pt(PF3)4 have
been performed by means of the MBN Explorer software
package [19]. The MBN Studio toolkit [20] has been utilized to
create the systems, prepare all necessary input files and analyze
simulation outputs.

FEBID operates through successive cycles of precursor mole-
cule replenishment on a substrate and irradiation by a tightly
focused pulsed electron beam, which induces the release of
metal-free ligands and the growth of metal-enriched deposits. It
involves a complex interplay of phenomena taking place on dif-
ferent temporal and spatial scales: (i) deposition, diffusion, and
desorption of precursor molecules on the substrate; (ii) trans-
port of the primary, secondary, and backscattered electrons; (iii)
electron-induced dissociation of the adsorbed molecules; and
(iv) the follow-up chemistry. Each of these phenomena requires
dedicated computational and theoretical approaches.

The general workflow of the atomistic IDMD-based simulation
of the FEBID process and the corresponding input parameters
are summarized in Figure 1. The formulated procedure for the
atomistic simulation of FEBID is general and applicable to any
combination of precursor, substrate, and electron beam with
minimum variations of the case-specific parameters. The meth-
odology can also be adjusted to simulate the nanostructure for-
mation by other nanofabrication techniques using electron
beams, such as direct-write EBL [3].

In the following section, all steps of the protocol shown in
Figure 1 are described in detail, going from the system specifi-
cation (step 1) to the multi-cycle simulation of the FEBID
process (step 4) and the simulation of post-deposition process-
ing (step 5). In step 1, one needs to choose the type of precur-
sor molecules and the substrate, specify atomic coordinates and
the parameters of interatomic potentials. In step 2, the spatial
and energy distributions of the electron irradiation field, the
fragmentation cross section, as well as the energy deposited into
the system during the fragmentation process are specified. The
initial state of the adsorbed molecules to be exposed to electron-
beam irradiation is created in step 3. This follows by the
multiple cycling of irradiation and replenishment phases in step
4 using the experiment-related input parameters. Additional

post-growth processing that enables purification of the
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Figure 1: Atomistic IDMD-based simulation protocol of the FEBID process by means of MBN Explorer [19] and MBN Studio [20] software packages.

deposited structures is simulated in step 5. All these steps are
described in greater detail below.

Step 1. System components: precursor and

substrate

The first step of the FEBID simulation procedure shown in
Figure 1 concerns the specification of a precursor molecule and
a substrate. The selection of the system components is usually
linked to available experiments. Common experimentally used
substrate materials are, for example, SiO», Si, Au, and amor-
phous carbon. A choice of the substrate affects the adsorption,
desorption, and diffusion of precursor molecules on the surface
as well as the yields of secondary and backscattered electrons.
These quantities affect the fragmentation rate of the adsorbed
precursor molecules and, hence, the nanostructure growth rate.

The chemical composition and geometry of both the precursor
and the substrate are specified using the standard .pdb or .xyz
file formats. Atomic coordinates for many different precursor
molecules can be found in online databases, for example, the
NIST Chemistry WebBook (https://webbook.nist.gov/) and
PubChem (https://pubchem.ncbi.nlm.nih.gov/), or can be deter-
mined via DFT calculations [11,12,29].

MBN Explorer and MBN Studio enable the creation of various
crystalline substrates for which the unit cell and translation
vectors are specified. The software tools enable also creating
amorphous substrates, for example, amorphous silica or amor-
phous carbon, which are commonly used in FEBID and surface

science experiments.

The structure of precursor molecules, their interaction with a
substrate, and the dynamics of nanostructure formation and
growth are influenced by interatomic interactions among the

constituents of the system.

Interatomic potentials

The precursor molecules are described via the reactive
CHARMM (rCHARMM) force field [17,18]. rCHARMM
permits simulations of systems with dynamically changing mo-
lecular topologies, which is essential for modeling the precur-
sor fragmentation and the formation of metal-containing nano-
structures. A detailed description of rtCHARMM is given in
[17], while its key aspects are summarized below.

The covalent bond interactions are described in rtCHARMM by

means of the Morse potential:
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Ubond (rij): D.le

y{ —2130'(47—’0)_ze_Bij(VtJ‘_"‘))}. (D

Here Dj; is the dissociation energy of the bond between atoms i
and j, rq is the equilibrium bond length, and the parameter

By =i / Dy

(where kl-; is the bond force constant) determines the steepness
of the potential. The bonded interactions are truncated at a user-
defined cutoff distance that characterizes the distance beyond
which the bond is considered broken and the molecular
topology of the system changes. The bond energy given by
Equation 1 asymptotically approaches zero at large interatomic
distances.

The rupture of covalent bonds in the course of simulation
employs the following reactive potential for the valence angles
[17]:

U™ (03 ) = 2o (1 ) o )[1 ~cos 0y = )J @

where 8 is the equilibrium angle, k9 is the angle force constant,

and the sigmoid function
0'(}" )—l 1—tanh| B;; | 7 —r
i)=5 i\ 3

describes the effect of bond breakage. Here,

r; :(Rl;fdw+r0)/2,

with ry being the equilibrium distance between two atoms

vdW
Ry

involved in the angular interaction and being the van der

Waals radius for those atoms.

In the case study considered, the initial geometry of a Pt(PF3),4
molecule is determined via DFT calculations and then opti-
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mized using MBN Explorer. The rtCHARMM parameters for a
Pt(PF3)4 molecule are determined from a series of DFT-based
potential energy scans, similar to how it was done in [29] for
a W(CO)g precursor molecule. In brief, the DFT calculations
are performed using the Gaussian 09 software [30] employing
the B3LYP exchange—correlation functional and a mixed
LanL.2DZ/6-31+G(d,p) basis set, wherein the former set de-
scribes the Pt atom and the latter is applied to P and F atoms.
The geometry of the molecule is optimized first (states with
spin multiplicity M = 1, 3, and 5 were considered) and a poten-
tial energy scan is then performed for Pt—P and P-F bonds to
calculate equilibrium bond lengths, dissociation energies, and
force constants. The parameters of the bonded and angular
interactions for Pt(PF3)4 are listed in Table 1. In contrast to the
previous IDMD-based simulations [13,15] of FEBID of
W(CO)g, angular interactions are explicitly included in the
simulations reported here as they are crucial for describing
correctly the tetrahedral structure of PF3 ligands bound to the Pt
atom.

Following the earlier studies of FEBID by means of IDMD
[13,15], the fully hydroxylated SiO, substrate is fixed in space
in the course of simulations to speed up the simulations. The
interaction between the ideal Si0,-H surface and adsorbed
Pt-containing precursor molecules and fragments is governed
by weak van der Waals bonding, which agrees with the results
of [31]. The van der Waals forces between the atoms of the sub-
strate and the adsorbed molecules are described by means of the
Lennard-Jones potential:

min 12 min 6
r r
ULJ(G]‘):SU -2 , (4)
Tij Tij

where & :@ and pmin = (min +r]min)/2. Note that
partial hydroxylation, surface defects, and broken O-H bonds
may lead to a stronger interaction between Pt and substrate
atoms, causing agglomeration of Pt atoms at specific sites. In
this case, the covalent interaction between Pt atoms and atoms

of the SiO; can be described using the well-established inter-

Table 1: Parameters of the covalent bonds and angular interactions for the Pt(PF3)4 molecule employed in the present simulations.

bond type Pt-P P-F angle type P-Pt-P Pt—P-F F-P-F
ro (A) 2.30 1.59 B0 (°) 109.5 119.3 98.2
D (kcal/mol) 31.1 135.2

kS (kcal-mol=1-A-2) 120.0 120.0 28.0 100.0

k:?k (kcal'mol='-rad=2) 76.4
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atomic potentials [31]. These effects can be addressed by the

presented methodology in future studies.

The van der Waals parameters for all atoms in the system are
taken from [32-34] and are summarized in Table 2. The param-
eters of the van der Waals interaction have been verified by
simulating the surface diffusion of a single Pt(PF3)4 molecule
on top of a fully hydroxylated SiO, layer. Although the surface
diffusion data for Pt(PF3)4 on hydroxylated or pristine SiO; are
not available, the obtained value of the surface diffusion coeffi-
cient, D = 2.85 x 1077 cm?/s at 300 K, is within the range of
values known for the typical surface diffusion coefficient of
FEBID precursors [6,7,13]. Figure 2 shows the optimized ge-
ometry of a Pt(PF3)4 molecule adsorbed on a SiO,-H substrate
and indicates the values of equilibrium covalent bond lengths

and angles.

Table 2: Parameters of the Lennard-Jones potential describing the van
der Waals interaction. € is the depth of the potential energy well and
rmin s the interatomic distance corresponding to the potential energy
minimum.

atom g (kcal/mol)  rmin/2 (A) ref.
Pt 15.72 1.43 [32]
P 0.32 2.08 [33]
F 0.07 1.74 [33]
Si 0.30 1.60 [34]
o) 0.26 1.76 [34]
H 0.02 1.00 [34]

O rt

P

F

@ si

®0

e H

2

Figure 2: Side view of an optimized single Pt(PF3)4 molecule
adsorbed on a SiO»-H substrate. The energy minimization calculation
is performed using the interatomic potentials from Equations 1—4.

The interaction between metal atoms in the nanostructures
formed on a surface can be described via common many-body
potentials of the embedded-atom-method type, for example,
Sutton—Chen [35] or Gupta [36] potentials. In this study, the
interaction between Pt atoms in the formed clusters is described
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by means of the Gupta potential [36] with a cutoff distance of
7A.

Atoms of both the precursor molecules and the substrate may
carry non-zero partial charges, and thus the electrostatic interac-
tion should also be taken into consideration. However, account-
ing for this interaction slows down the simulations significantly.
In the present study, test simulations of the Pt(PF3)4 adsorption
and diffusion on SiO;,-H with non-zero and zero partial charges
on the Pt(PF3)4 molecules have been performed. On the basis of
the results obtained, it was concluded that accounting for the
Coulomb interaction makes a negligible difference in the struc-
ture of adsorbed molecules and their dynamics on the surface.
Thus, in the following FEBID simulations the Coulomb interac-
tion is omitted in order to improve the computational perfor-

mance.

Step 2. Electron irradiation parameters
Parameters of the electron interaction with a substrate and pre-
cursor molecules should be determined in step 2 of the protocol
shown in Figure 1. First, one needs to determine the spatial dis-
tribution of secondary (SE) and backscattered (BSE) electrons
produced due to the collision of the PE beam with the substrate.
The convolution of the SE and BSE flux density with the frag-
mentation cross section of the precursor molecule determines
the fragmentation probability of precursors at any space point
within the system per primary electron. The electronic colli-
sions with precursor molecules lead to their electronic excita-
tion followed by the fragmentation and energy transfer to the
recoil fragments. In the following subsections these processes
are discussed in detail.

PE, SE, and BSE distributions

The energy and the shape of the PE beam are used to define the
distributions of SE and BSE. Typical PE energies used in the
FEBID process vary from 1 to 30 keV [5]. One can simulate a
tightly focused electron beam with different geometries (e.g., a
cylindrical beam or a uniform broad beam covering the whole
simulated surface). The latter case is relevant for surface
science experiments on irradiation of thin films of adsorbed pre-

cursor molecules.

The yields of SE and BSE and the corresponding spatial distri-
butions depend on the energy of the PE beam and the material
of a substrate. These distributions can be obtained by means of
Monte Carlo (MC) simulations of electron transport [37]. There
are several codes suitable for this purpose with different possi-
bilities and limitations, for example, SEED [38], Geant4 [39],
and PENELOPE [40]. The yield of SE generated in various ma-
terials can also be evaluated by means of analytical models
[41].
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The obtained spatial and energetic distributions of PE, SE, and
BSE are tabulated. The spatial distribution of electrons is
defined on a cubic grid covering the whole simulation box; the
grid consists of voxels with the size of 1 nm. The energy distri-
bution of electrons is tabulated with a step of 1 eV. In order to
permit a straightforward adjustment of the simulated electron
flux, the electron distributions are scaled to a single primary
electron per unit area within the irradiated surface area. At a
small thickness of the deposited material, when the contribu-
tion of the deposit to the yield and distribution of electrons is
negligible and the fragmentation process occurs mainly in the
vicinity of the substrate surface, the radiation field can be
defined once as a function of only the surface coordinates. In
general, the electron distributions can be recalculated in the
course of the FEBID process to account for electron interac-
tions within the deposits. This adjustment is important for simu-
lating the growth of three-dimensional (3D) structures.

In this study we employ the distribution of electrons calculated
previously [15] using the SEED code and consider a cylindrical
PE beam with a radius of 5 nm and energy of 10 keV. The num-
ber of generated electrons (that is the sum of SE and BSE
contributions) of specific energy per primary electron [15] is
shown in Figure 3A by the solid red line. The dashed line shows
the Pt(PF3)4 fragmentation cross section, discussed further in
the text. Figure 3B shows a spatial distribution of the fragmen-
tation probability of Pt(PF3)4 per PE, calculated using the
electron distributions and the Pt(PF3)4 fragmentation cross
section.

A . Fragmentation cross section
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Fragmentation cross section

An overview of the electron interactions with precursor mole-
cules including possible mechanisms of irradiation-induced mo-
lecular fragmentation can be found, for example, in [42]. The
main mechanisms of precursor fragmentation are dissociative
electron attachment (DEA) at low electron energies below the
ionization potential of the molecule and dissociative ionization
(DI) at higher electron energies. Neutral dissociation (ND) is
another possible fragmentation channel [26], but experimental
data on ND are scarce. Accounting for the ND fragmentation
channel might lead to an increase of the fragmentation probabil-
ity. This means that a given fragmentation probability will be
achieved at slightly lower beam current. Such a behavior makes
the FEBID outcomes not very sensitive to specific fragmenta-
tion channels and permits one to compare the characteristics of
the simulated FEBID process with experimentally observed

characteristics under given experimental conditions.

Electron impact-induced fragmentation experiments performed
for a number of precursor molecules revealed [43-45] that the
sum of partial cross sections of ionization resulting in the emis-
sion of positive ion fragments exceeds significantly (by an order
of magnitude) the cross section of ionization without fragmenta-
tion of the molecule. On this basis, one concludes that almost
every ionizing collision leads to fragmentation; hence, the DI
cross section can be approximated by the total ionization cross
section. The latter can be calculated by means of the dielectric
formalism [46] as it was done in [15] or by means of well-estab-
lished semi-empirical methods. One of these methods is based

B Fragmentation probability

per primary electron (fs ")

10 10

8

6
0
4 10

— 2
\g, 0 10"

>

102
10

-10 -8

6 4 -2 0 2 4 6 8 10

X (nm)

Figure 3: (A) Total electron impact fragmentation cross section of Pt(PF3), including DEA and DI contributions (dashed line) and the relative number
of electrons of specific energy per PE [15] including SE and BSE (solid line). (B) Spatial distribution of the fragmentation probability of Pt(PF3)4 on
SiO»-H, irradiated with a 10 keV electron beam focused within the beam spot of 5 nm radius. The presented distribution is based on the defined PE

flux of 1 A-2fs~1.
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on the additivity rule [47], according to which the total molecu-
lar ionization cross section is approximated by the sum of
ionization cross sections of the constituent atoms or smaller mo-
lecular fragments. This method was later improved by taking
into account the molecular bonding [48]. The ionization cross
section can also be calculated using the Deutsch and Mirk
(DM) formalism [49] or the binary encounter Bethe (BEB)
model [50]. It should be noted that the mentioned methods yield
the total electron ionization cross section of the target mole-
cules, that is, the sum of the partial cross sections for all the
channels leading to the formation of any charged molecule or
fragment [51].

The IDMD approach permits considering several different frag-
mentation channels. The total fragmentation cross section of a
bond is summed up from partial cross sections of DEA and DI
channels leading to bond cleavage between atoms. The energy-
resolved fragmentation cross section for a specific bond is used
to calculate the spatially resolved fragmentation probability
P(x,y) per unit time [15]:

P(x,y) = Gfrag (EO)‘]PE (x5y5E0)
+2 Otrag (Ei ) Jse/msk (%7, E; ) ®)
;

Here E; < E is the electron energy discretized in steps of 1 eV,
and Jpg/sg/BsE 18 the flux density of PE, SE, and BSE, respec-
tively.

The dependence of the fragmentation cross section of
Pt(PF3)4 on the electron energy, Of,o(E), is shown in Figure 3A
by the dashed black line. Here, the dissociation of
Pt(PF3)4 is considered according to the reaction
Pt(PF;)4 +e~ — Pt(PF;)4_, + xPF;. The electron-induced
dissociation of P-F bonds has not been considered in the
present simulations. The absolute cross section of DEA for
Pt(PF3)4 is taken from the experiment [25]. The DI cross
section is approximated from the total ionization cross section
of the structurally similar molecule cisplatin (Pt(NH3),Cl,) [51]
by scaling the total number of electrons in the ligands. The
accuracy of the cross section evaluation does not affect the
results of FEBID simulations as a slight variation of the cross
section (e.g., determined by means of more accurate theoretical
or computational approaches) would correspond to slightly dif-
ferent values of the beam current.

The product of space- and energy-resolved electron distribution
and the precursor fragmentation cross section gives the frag-

mentation probability per PE per unit time. The calculated prob-
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ability based on the defined PE flux of 1 A=2-fs™! in the tabu-
lated form for a 20 nm x 20 nm grid covering the simulation
box (see Figure 3B) is used as input for the simulations of the

irradiation phase of the FEBID process (see step 4).

Energy transfer to the medium

A projectile electron interacting with the precursor molecule
transfers some amount of energy to the system leaving the mol-
ecule in an excited electronic state. In the case of ionization, a
fraction of the deposited energy is spent in overcoming the
ionization threshold; another fraction is carried away by the
ejected electron, while the remaining part is stored in the target
in the form of electronic excitations. The latter can involve dif-
ferent molecular orbitals, being of either bonding or anti-
bonding nature. An excitation involving an antibonding molecu-
lar orbital evolves through cleavage of a particular bond on the
femtosecond timescale, and the excess energy is transferred to
the kinetic energy of the produced fragments.

The amount of energy transferred by the incident radiation to
the system can be evaluated from quantum mechanical calcula-
tions of the processes of energy deposition and excitation [26].
Experimentally, the transferred energy can be estimated based
on the measured electron energy loss spectra for a specific pre-
cursor molecule [25].

The amount of energy deposited locally into a specific covalent
bond of the target and converted into kinetic energy of the two
atoms forming the bond is an input parameter for the simula-
tions of FEBID, which may influence the rate of precursor mol-
ecule fragmentation. The chosen value of the deposited energy
can be verified by comparing the dependence of surface cover-
age of precursor elements on the electron dose with the experi-
mental data measured by means of X-ray photoelectron spec-
troscopy (XPS).

Electron energy loss spectra for Pt(PF3)4 molecules in the gas
phase were measured experimentally and compared with time-
dependent DFT (TDDFT) calculations in [26]. In the simula-
tions presented below two values of the energy deposited into
the molecule, namely 205 kcal/mol (8.9 eV) and 300 kcal/mol
(13 eV) were selected. These values correspond to positions of
the peaks in the experimentally measured electron energy loss
spectra for Pt(PF3)4 [26].

Step 3. Initial state of the system

In FEBID experiments precursor molecules are delivered
through the gas injection system and fill the scanning electron
microscope chamber. Depending on the experimental condi-
tions (temperature, precursor gas pressure, geometry, and posi-

tion of the gas inlet), precursor molecules adsorb on the sub-

1158



strate surface and form a thin (from sub-monolayer to several

monolayer thickness) film.

An explicit evaluation of adsorption and desorption rates for
different substrates, temperatures, and concentrations of the
adsorbates can be performed by means of MD simulations. It
should be stressed that, while the adsorption process can be
simulated in detail on the atomistic level, the exact mechanism
of precursor deposition does not affect the evolution of the
system during irradiation. This means that only the final state of
the molecular system, created before the irradiation, is essential
for the IDMD simulations.

The outcome of atomistic simulations of precursor adsorption
and desorption, that is, the once defined regime, can be used for
every related FEBID case study. Due to the complexity and
multiple facets of the presented methodology, this question
cannot be addressed in the present study and will be systemati-
cally explored in follow-up studies.

In step 3 of the computational protocol (see Figure 1) a layer of
precursor molecules of specific thickness and density is first
created by means of the modeller plugin of MBN Studio [20]
and then delivered to the substrate.

The molecular layer is created using the information on the ge-
ometry and topology of a single precursor molecule as follows.
Precursor molecules are randomly distributed within a box posi-
tioned several nm above the substrate. The size of the box is
defined according to the specified volume density of the mole-
cules. The atomic coordinates and topology for all molecules in
the created precursor layer are saved in .pdb and .psf formats,
respectively. Size and molecular density of the precursor layer
can be varied to adjust coverage of the substrate surface with
precursor molecules corresponding to the experimental condi-
tions.

In order to avoid non-physical overlapping of the atoms, the
layer is optimized first using the velocity quenching algorithm
for 20,000 steps with a velocity quenching time step of 0.5 fs.
After that, the precursor molecules are pulled down to the sur-
face and thermalized at the specified temperature to reach ther-
mal equilibrium. In the simulations the substrate atoms are
frozen while all the atoms in precursor molecules are freely

moving in space.

In this study a sub-monolayer of Pt(PF3), with the size of
20 nm x 20 nm is optimized, adsorbed on a SiO,-H substrate
and thermalized at 300 K for 0.1 ns using the Langevin thermo-
stat with a damping time of 0.2 ps. The constructed layer con-

sists of approximately 370 molecules that corresponds to a sur-
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face density of 0.9 molecules per nm?2. These and all the subse-
quent simulations described further are performed using the
Verlet integration algorithm with a time step of 1 fs and reflec-
tive boundary conditions. Interatomic interactions are treated
using the linked cell algorithm [19] with a cell size of 10 A.

Step 4. FEBID process

The FEBID process (step 4 in Figure 1) consists of two phases,
namely irradiation and replenishment of the precursors, which
are repeated multiple times. The outcome of the FEBID process
is governed by a balance of several processes, such as adsorp-
tion, desorption, diffusion, and dissociation of molecules. The
cumulative contribution of these processes defines the regime in
which the FEBID is carried out, that is, the time-dependent con-
centration and distribution of precursors. Our approach is to
replicate the regime representing the system’s state before,
during, and after irradiation, without necessarily explicitly
simulating all the involved processes. The present methodology
allows for the inclusion of additional processes, such as elec-
tron-stimulated desorption and chemical reaction between frag-
ments, deposits, and the substrate. Investigating the role of these
processes under specific conditions might be a topic for a sepa-
rate investigation, which goes beyond the scope of the present
study.

Irradiation

In experiments the irradiation phase of the FEBID process can
last for a period (called dwell time 14) from sub-microseconds
to sub-milliseconds [7]. During the irradiation phase, the disso-
ciation of the metal-ligand bonds in the precursor molecules
occurs resulting in the emergence of reactive molecular frag-
ments with dangling bonds. The dynamics and interaction of the
fragments lead to the formation of new bonds between Pt atoms
and their coalescence into metal-enriched clusters and bigger
structures. As the typical dwell time values are relatively short,
adsorption and desorption of precursor molecules within the ir-
radiation phase are assumed negligible.

In this step, the electron-induced precursor fragmentation is
simulated by means of IDMD [13] using space-dependent bond
dissociation rates for molecules on the substrate. In brief, these
rates depend, under steady-state conditions, on (i) the number
and energy of electrons crossing the substrate surface at each
point per unit time and unit area, which in turn are determined
by the PE beam energy E( and flux J, and (ii) the energy-de-
pendent molecular fragmentation cross section Of,g(E).

As described above, in step 2 the tabulated spatially resolved
fragmentation probability per primary electron is used in the
IDMD simulation of the irradiation phase to link the bond

dissociation rate to the electron flux. As the realistic experimen-
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tal time scale for T4 is challenging for all-atom MD, the simu-
lated PE fluxes Jj (and hence PE beam currents /) are rescaled
to match the number of PE per unit area and per dwell time as
in experiments. The correspondence of simulated results to ex-
perimental ones is established through the correspondence of
the electron fluence per dwell time per unit area in simulations
and experiments [13]. Such an approach is valid in the case
when different fragmentation events occur independently and
do not induce a collective effect within the system. In this case
the irradiation conditions for the adsorbed precursor molecules
are the same in simulations and in experiments. This correspon-

dence condition gives

Sexp Rezxp
[eXP = L5im 2Sgim = Lsim 7\.R52im > (6)
exp
T
r=—t )
T(Sjlm

where Sexp, and S, are the electron beam cross sections used in
experiments and simulations, respectively; Rex, and Ry, are the
corresponding beam spot radii.

The following experimental irradiation parameters [22] have
been used in the simulations performed in the present study:
electron current Jexp, = 2.8 nA and estimated beam spot radius
Rexp =40 nm. Although in the experiments [22] irradiation was
performed with a continuous electron beam, we consider the
dwell time of a single irradiation cycle to be rz"p =1 ms. This
corresponds to the PE flux JSXp
the earlier studies of FEBID using IDMD [13,15] the dwell time

value rzim = 10 ns is used in the simulations. The rescaled elec-

~ 3480 nm 2ms™!. Following

tron current in the simulations is thus /gy, = 4.375 pA.

Replenishment

During the replenishment phase precursor molecules are not
exposed to the electron beam, while volatile fragments leave the
surface and new precursor molecules are adsorbed. The charac-
teristic time of the replenishment phase in FEBID experiments
is of the order of milliseconds [5]. The amount of the added pre-
cursor molecules in combination with the electron current den-
sity defines whether the FEBID process runs in the electron-
limited regime or the molecule-limited regime [6]. The electron-
limited regime corresponds to a large number of precursor mol-
ecules with a small number of electrons leading to slow frag-
mentation and accumulation of the residual precursors. In the
case of the molecule-limited regime, the number of secondary
electrons exceeds the number of adsorbed precursors, causing

dissociation of a larger number of molecules.
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The realistic experimental time scale for the replenishment
phase is challenging for MD simulations as it would require
simulating the slow adsorption and desorption of new precur-
sors and the created molecular fragments from the surface
occurring on relatively large time scales. For specific values of
pressure and temperature, the duration of the replenishment
phase defines the concentration of adsorbates and the amount of
desorbed molecules at the beginning of the next irradiation
phase. If the replenishment time is long enough, the steady state
is achieved. For shorter replenishment times, the concentration
of adsorbates will be a fraction of the steady-state concentra-
tion.

Similarly to the creation of the initial precursor layer (see
step 3), the replenishment phase is simulated to reproduce the
physical state of the system after the replenishment, which is
characterized by a certain number of desorbed fragments and
the spatial distribution of newly adsorbed precursor molecules.
The amount and spatial distribution of the precursor molecules
added at each replenishment step can be varied in the model to
describe different experimental conditions. The spatial distribu-
tion of the adsorbates added within the replenishment phase can
also be modified depending on the injection method of precur-
sor gas. The weakly bound precursor molecules and fragments
are removed from the system by an artificial external force
field. This procedure can be adjusted to the experimental de-
sorption rate. After that, a new layer of precursors is created at a
certain distance above the surface, optimized and deposited
upon the substrate. Thermalization and relaxation of the system
are performed at the end of the replenishment stage, which is
then followed by the next cycle of irradiation.

In the present study each replenishment phase is simulated for
0.4 ns. New precursor molecules are deposited over the area of
14 nm X 14 nm to cover the beam spot while preventing the
accumulation of the non-fragmented molecules along the
perimeter of the simulation box where the fragmentation
probability is very low (see Figure 3B). The density of new mo-
lecular layers is adjusted to maintain a balance between the
number of added molecules and the number of fragmented mol-
ecules during the irradiation step. The surface density of the
added Pt(PF3), layer is 0.3 and 1.2 molecules per nm? for
Eqgep = 205 keal/mol and Eqep = 300 keal/mol, respectively. The
deposition and thermalization simulations for each new layer

are performed in the same way as for the initial precursor layer.

Step 5. Post-deposition processing

Additional processing of the FEBID-grown structures, namely
post-deposition electron irradiation or high-temperature
annealing with or without additional gas (e.g., Oy, HyO)
[52,53], is commonly employed to purify the deposited materi-
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al. According to the experimental data [54,55] as-grown FEBID
structures usually contain a relatively low (ca. 10-30%) amount
of metal, whereas post-irradiation processing of the deposits
enables to significantly increase the metal content up to 80%.
Energy transferred into the system by heating or via the elec-
tron—molecule interaction activates the desorption of volatile
molecules from the surface and leads to rearrangement of the
deposited structures. As a result, residual precursor molecules
and fragments are removed, and remaining metal deposits are

reorganized into more compact and dense structures.

Both types of post-deposition processing, that is, annealing and
further electron irradiation, can be simulated by means of MD
as the last step of the computational protocol shown in Figure 1.
MD simulation of the annealing includes heating of the
deposited structures to high temperature and subsequent slow
cooling. During annealing structural and topological changes in
the deposit take place. The typical time scale for annealing in
experiments varies from minutes to several hours [55-57].
Therefore the temperature and the duration of the annealing in
the simulations should be rescaled to match the amount of heat

transferred to the deposited structures in experiments.

The simulation of the post-growth electron irradiation without
depositing new precursors should be performed in a similar way
as step 4, but without the replenishment phase. This process is
characterized by the space- and energy-resolved distribution of
the electrons, the electron flux, and the duration of the irradia-
tion. If the deposited structure is relatively thin (e.g., of sub-
monolayer thickness), as a first approximation one can use the
same electron distribution as for the FEBID irradiation step.
Otherwise, the SE distribution should be recalculated to account
for the electron transport in both the substrate and the deposited

material.

The computational procedure for atomistic modeling of the
post-deposition effects has been included in the presented meth-
odology shown in Figure 1 for the sake of completeness.
Several test simulations of post-annealing and irradiation have
been performed to verify the method, but a systematic analysis
of these effects goes beyond the scope of the present paper and
will be a subject of a separate study.

Results and Discussion

The protocol described above for atomistic IDMD simulations
of the FEBID process using the MBN Explorer and MBN
Studio software has been used to simulate the formation of
Pt-containing nanostructures during the FEBID of Pt(PF3)4
molecules. The results of these simulations are described in this
section. In particular, the detailed structural analysis of nucle-

ated metal clusters is in focus.
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IDMD simulations have been performed for 30 cycles of the
FEBID process with a total simulation time of 300 ns. The
accumulated fluence of PE is ca. 1.04 x 101 cm™2, which cor-
responds to the equivalent total experimental irradiation time of
30 ms with the beam parameters from [22]. A snapshot of the
system at the end of the 20th FEBID cycle is presented in
Figure 4. Panels A-D of Figure 4 correspond to different
amounts of energy transferred to the medium via Pt—P bond
fragmentation. The energy parameter Egep, governing the bond
fragmentation is equal to 300 kcal/mol and 205 kcal/mol for the
cases presented in panels (A, C) and (B, D), correspondingly.
As shown in Figure 4A and Figure 4B, three spatial regions can
be distinguished where different structures are formed on the
surface depending on the spatial distributions of fragmentation
probability and adsorbed precursor molecules. Inside the beam
spot area with a diameter of 10 nm (indicated by the blue circle
in Figure 4A and Figure 4B) the high probability of Pt—-P bond
fragmentation leads to dissociation of Pt(PF3), molecules and
the formation of metal clusters. The clusters grow, merge, and
interconnect during the irradiation process, forming a network
of thread-like metallic nanostructures. The transition region of
1 nm radius outside the beam spot area contains smaller metal
clusters with a larger number of PF3 ligands attached due to
lower fragmentation probability in this region. The presence of
the ligands prevents dense packing and aggregation of isolated
metal clusters. As a result, the height of the deposited struc-
tures in this region is higher than that within the beam spot area.
The region beyond the transition region (near the simulation
box boundaries) contains mostly intact or less fragmented pre-

cursor molecules.

The growth of Pt-containing clusters occurs faster with an
increase of Egep. Within the Egep, energy range considered, the
fragmentation of Pt(PF3)4 molecules is the most prominent at
Egep = 300 keal/mol (see Figure 4A and Figure 4C). This can be
explained by a lower probability of rejoining the broken bonds
at the higher amount of energy deposited. The number of pre-
cursor molecules added at each FEBID cycle is approximately
equal to the number of fragmented molecules. The average
number of added molecules is equal to 68 and 223 for
Egep = 205 kcal/mol and Egep = 300 keal/mol, respectively.
These numbers correspond to a surface density of 0.3 and
1.2 molecules/nm?, respectively. The larger amount of precur-
sors adsorbed on the surface in the FEBID process leads to a
faster accumulation of Pt atoms enabling the formation of larger

metal clusters.

The growth of the deposits can be quantified by the total num-
ber of atoms and the number of metal atoms in the largest
cluster. Figure 5 shows the evolution of maximal cluster size for

Egep = 205 and 300 kcal/mol as a function of electron fluence
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Figure 4: A snapshot of the multiscale IDMD simulation of a FEBID
process using Pt(PF3)4 at the end of the 20th cycle (after 200 ns of the
simulation). Panels (A) and (C) show top view and side view of a 6 nm
thick slice through the beam center of the grown structure for an
energy transferred to the medium during fragmentation of

Eqgep = 300 keal/mol with 223 precursor molecules added on average
per FEBID cycle. Panels (B) and (D) show the corresponding views for
the regime of Egep = 205 kcal/mol with 68 precursor molecules added
on average per FEBID cycle. The scale bar is the same for all figures.
The blue cylinder indicates the PE beam spot. The images have been
rendered using “Visual molecular dynamics” software [58].

and the number of Pt(PF3)4 molecules deposited within the
beam spot area (with a radius of 5 nm) surrounded by a diffu-
sive halo with a width of 1 nm. This spatial region (denoted
hereafter as the effective beam spot area) is characterized by the
highest fragmentation probability (see Figure 3B) due to sec-
ondary and backscattered electrons. Figure 5 illustrates that
several stages of nanostructure growth can be distinguished. For
the case of Egep = 300 keal/mol, fragmentation of the precursor
molecules leads to the formation of isolated small clusters
during the first 5-6 FEBID cycles (corresponding to an elec-
tron fluence of ca. 2 x 10!8 cm™2). This regime is characterized
by a linear dependence of the largest structure size on electron
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fluence (see orange dots in Figure 5). During further irradiation
the clusters start to merge while the structure growth continues
simultaneously due to the deposition of new precursor mole-
cules. An interplay of these phenomena results in a much
faster increase of the number of atoms in the largest cluster
as a function of electron fluence. The growth of Pt clusters as
a function of the number of added precursor molecules
follows the same trend for both values of Egep, but the growth
rate is higher at the larger Egep. Simultaneously, a much faster
growth rate as a function of electron fluence is observed for
Egep = 300 kcal/mol. The similar evolution of the maximum
cluster size for both values of Egye, suggests that the results ob-
tained in the two studied regimes can be scaled.

The maximum size of the metal cluster, Ny,,x, is determined by
the number of metal atoms located in the effective beam spot
area. The latter number depends, in turn, on the number of pre-
cursor molecules, Np, adsorbed in that spatial region under
given irradiation conditions. The dependence of Nyax on Ny
follows the empirical dependence represented by the two terms
corresponding to the two regimes of cluster growth described
above:

-1

Mo~V

Npax = aN, + Njjy | 1+ AV . ®)

m

Here a is the dimensionless coefficient of the initial linear
growth of clusters. The beam spot size limits the maximal trans-
versal size of the formed metal nanostructure. This condition is
accounted for by introducing a sigmoid function, the second
term on the right-hand side of Equation 8. AN is an interval of
N, values within which the morphological transition from iso-
lated islands to a single nanostructure takes place. The parame-
ter Ny, stands for the limiting cluster size at which the morpho-
logical transition will be completed. Ny, is the sigmoid’s
midpoint that defines the number of adsorbed precursor mole-
cules enabling the morphological transition. In general, all these
parameters depend on the irradiation and the replenishment
conditions as well as on the value of Egep.

Equation 8 permits the quantitative description of the morpho-
logical transition from separate clusters into a single structure.
As shown previously [13], when isolated metal islands merge
into a single nanostructure, its further growth occurs due to the
attachment of fragmented precursor molecules to it. In this
regime the maximal size of the metal structure follows a linear
dependence on electron fluence and the number of precursor
molecules. The parameters of the sigmoid function can be
defined with high precision at least after passing the transition
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Figure 5: The number of Pt atoms (full spheres) and the total number of atoms including ligands (open spheres) in the largest cluster as functions of
electron fluence and the number of adsorbed precursor molecules in the effective beam spot for energies transferred to the medium during fragmenta-

tion of Eqgep = 205 kecal/mol (purple symbols) and 300 kcal/mol (orange symbols). Full and open dots show the respective projections on the planes.
Each symbol describes the parameter values derived at the end of each consecutive FEBID cycle.

point. As shown in Figure 6, several large clusters containing
more than 150 Pt atoms have been formed in the beam spot area
in the present simulation at electron fluence of 8 x 10'8 cm™2,
Within the next several cycles these clusters merge together and
the structure starts to grow by the attachment of new material to
the existing deposit. This effect manifests itself as a change of

the growth rate during the last four simulation cycles in
Figure 5.

The number of precursor molecules added at each FEBID cycle
depends on the value of Egep,. As seen from Figure 5, the depen-

dence of N}, on the electron fluence F' can be approximated by a
linear function:

Np =k (Egep ) So-F , ©)

where Sp = 1.1 x 10716 cm? is the area of the spherical region
with a radius of 6 nm. Equation 9 is valid for the case when the
amount of adsorbates added during each sequential FEBID

cycle is kept nearly constant. In the present case, this amount

is defined by the number of fragmented precursors. The
ratio of newly delivered and fragmented precursors defines
whether the considered regime is precursor-limited or electron-
limited. Fitting the data plotted in Figure 5 yields the values
kaos = 1.3 x 107 and k399 = 3.6 x 107* for Eqep = 205
and 300 kcal/mol, respectively. Substituting Equation 9 in

Equation 8, one derives the dependence of the maximal cluster
size on the electron fluence:

KSF Ny !

Nomax =k (Egep ) SoF + Nij | 1+€ AN (10)

Equation 10 has been used to fit the simulated dependencies
Nax(F) for Egep = 205 and 300 kcal/mol with the variable pa-
rameters a, AN, Ny, and Ny, whereas the values of k have been
fixed. As the dependence of Nyax on Ny is practically the same
at different Eqep (see Figure 5), the variable parameters are set
the same for both dependencies. The fitting procedure yields the

values summarized in Table 3. The successfully converged fit
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Figure 6: A snapshot of the IDMD simulation of the FEBID process of Pt(PF3)4 in the regime of Egepp = 300 kcal/mol at an electron fluence of
8 x 10'8 cm=2. Only Pt atoms are shown. Separate clusters of a size larger than 150 atoms are shown in different colors, while smaller clusters are
shown in grey. The green circle indicates the PE beam spot. The grid spacing is 1 nm.

confirms that the variable parameters defining the growth rate
of the clusters do not depend on Egep.

Table 3: Parameters from Equation 10 providing the best fit of the ana-
lytical dependence with the one obtained from simulations. k is a
scaling coefficient of the number of adsorbed precursors, Sy is the
effective beam spot area, Ny is the estimated limiting number of Pt
atoms in the nanostructure, Ny, is the number of adsorbed precursors
in the transition point, AN is an interval of Nj, values within which the
morphological transition takes place, and a is the coefficient of the
linear cluster growth.

Parameter Edep
205 kcal/mol 300 kcal/mol
k 1.3 x 10~4 3.6x10™4
S, cm? 1.1 x 10718
Niim 3174
Ny 3544
AN 181
a 8.1 x 102

The similar Nyx(N,) dependence at different Egep values
permits to explore computationally this dependence at larger
Egep (as such simulations are significantly faster) and then
rescale it to the physically meaningful, smaller value of Egep
and larger fluence F according to Equation 9. One should note
that similar Np,x(Np) dependencies have been observed when
the number of precursor molecules added during each FEBID

cycle is approximately equal to the number of fragmented mole-
cules for both values of Eqep. The possibility of scaling for dif-
ferent FEBID regimes will be explored in future studies.

In the following subsections the deposited nanostructures are
characterized in greater detail by considering the evolution of
(i) the individual cluster size and shape, and (ii) height and
metal content of the whole deposited structure in the beam spot
area as a function of electron fluence or the number of irradia-
tion cycles. The results presented below correspond to the case
of Egep = 300 keal/mol.

Characterization of individual clusters

One of the largest clusters formed in the course of the simula-
tion has been selected to study its evolution during the FEBID
process. The evolution of the cluster is tracked back to the
initial nucleation stage using coordinates of the center of mass
of the metal core. The cluster structure and the number of Pt
atoms in the cluster at the end of each FEBID cycle are shown
in Figure 7. The platinum-containing nanostructure grows via
coalescence of the neighboring metal clusters of different sizes.
The coalescence takes place via an interplay of the following
mechanisms: (i) an addition of a fragmented precursor mole-
cule with a single Pt atom (see the evolution of the cluster struc-
ture at FEBID cycles 3—4 and 8-9), (ii) the merging of two clus-
ters of comparable sizes (see the cluster structure at the cycles
4-5, 9-10, and 10-11), as well as a combination of both. Metal
clusters containing up to about 30 Pt atoms preserve a spherical
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shape and tend to rearrange after an elongation caused by the
merging of clusters of comparable size (see cycles 1-9). The
sequential coalescence of larger clusters containing several tens
of Pt atoms results in the formation of randomly oriented
branched structures (see cycles 10-20). The continuation of the
irradiation and replenishment processes leads to further growth
and interconnection of the branched clusters into a single metal
network observed in this simulation at the 27th cycle corre-
sponding to a PE fluence of 9.4 x 10!8 cm™2 (see Figure 5).

Next, the process of initial cluster growth and coalescence has
been studied for an ensemble of the deposited clusters. Figure 8
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shows the size distribution of grown clusters as a function of the
number of Pt atoms (Figure 8A) and the difference between the
distributions for two consecutive FEBID cycles (Figure 8B) for
the first seven FEBID cycles. In the course of these cycles small
metal clusters start to nucleate and reach a size of about
20-30 atoms. As demonstrated in Figure 7, clusters of substan-
tially larger size are formed during the several follow-up
FEBID cycles when clusters of similar size, which have been
formed over the first seven cycles, merge. The distributions
shown in Figure 8 are obtained at the end of the irradiation
stage at each FEBID cycle. Positive values in Figure 8B indi-
cate an increased number of clusters of a given size in compari-

3.10 Pt 4. 11 Pt
7.25Pt 8.27 Pt

& &
11. 76 Pt 12. 87 Pt

15. 132 Pt 16. 166 Pt

19. 288 Pt

20. 316 Pt

Figure 7: Evolution of the largest cluster in the course of simulation at the end of each FEBID simulation cycle (shown in bold). The number of Pt

atoms is also indicated for each structure.
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son with the previous cycle; negative values indicate a de-
creased number of the clusters of such size. As more irradiation
cycles are performed and more Pt atoms are accumulated on the
surface due to replenished precursors, the Pt-containing struc-
tures start to merge and consistently increase in size. The size
distributions shown in Figure 8A peak at a number of platinum
atoms N = 2 for all the FEBID cycles considered. This is attri-
buted to the constant addition of precursor molecules during the
replenishment stage at each FEBID cycle. During the following
cycles Pt-containing structures are formed mainly via coales-
cence of larger clusters containing about 20-30 Pt atoms. When
the clusters reach a certain size, they become less mobile and
behave as centers of attraction for new molecules.

The morphology of the formed metal clusters has been charac-
terized by analyzing their fractal dimension. The fractal dimen-
sion D of a cluster is calculated by evaluating its center of mass
and measuring the number of atoms contained inside the
circumscribed sphere of radius R [59]. The number of atoms N

scales with the radius R as
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N(R)« R, (11

or equally

log(N)=D-log(R)+C, (12)

where C is a constant. Equation 12 enables one to determine the
fractal dimension D by considering the double-log dependence
of the number of atoms in a cluster on its circumscribed sphere
radius. Results of this analysis performed for the cycle-by-cycle
evolution of the most Pt-rich clusters are shown in Figure 9 by
interconnected orange triangles. The radius of the circum-
scribed sphere for the largest Pt cluster stops growing after the
24th cycle when the value of R = 6.2 nm corresponding to the
radius of the effective beam spot is reached. Green dots in
Figure 9 show the fractal dimension evaluated for all the metal
clusters in the beam spot area at the 23rd cycle prior to the

merging of separate clusters into a single structure. Blue
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Figure 8: (A) Size distribution of Pt clusters during the first seven FEBID cycles. (B) Difference of size distributions for Pt clusters between two

consecutive FEBID cycles for the first seven cycles.
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diamonds show the corresponding values of D for all the metal

clusters in the beam spot area at the 30th (final) simulation

cycle.
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Figure 9: Double-log plot of the number of Pt atoms N in the deposited
clusters as function of the radius R of the circumscribed sphere. Green
dots and blue diamonds correspond to the whole ensemble of deposits
at the end of the 23rd and 30th simulation cycle, respectively. Intercon-
nected orange triangles describe the cycle-by-cycle growth of the most
Pt-rich clusters. The dashed line shows a linear fit of the log(N)-vs-
log(R) distribution of the clusters at the end of the 23rd simulation
cycle.

Overlapping of the values for the single cluster at different
FEBID cycles and for the whole ensemble of clusters for the
last cycle indicates the co-existence of clusters at various
growth stages. The calculated log(N) values exhibit a linear de-
pendence on log(R) with the fractal dimension D = 1.55 and the
constant C = 1.76. The evaluated value of D lies between the
values D|p = 1 and Dyp = 2 corresponding to ideal linear and
planar structures, respectively, and it is within the typical range
of values known for fractal-like metal clusters and aggregates
[60,61].

The distribution of circumvented diameters d of the deposited
clusters at different cycles is shown in Figure 10. Only clusters
larger than dimers are included in this analysis. A cluster con-
taining approx. 20 Pt atoms is circumscribed by a sphere of a
diameter of around 1 nm. Under the conditions considered in
this study, separate metal clusters merge into dendritic struc-
tures. The consecutive growth of the cluster diameter is ob-
served until the instant when most deposited atoms merge into a
single nanostructure. At this stage the nanostructure covers an
effective round beam spot area with a diameter of approx.
12 nm. Further growth of the cluster will occur via an increase

in the nanostructure height.
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Figure 10: Distribution of the circumvented diameters d of the
deposited Pt clusters after several cycles of the FEBID simulation for
Egep = 300 kcal/mol.

Evaluation of nanostructure height and its
metal content

Metal content and height of the nanostructures are the main ex-
perimentally measured FEBID characteristics. The experimen-
tal results [21] indicate that the growth rate and atomic content
of the deposited material strongly depend on the electron
fluence and the amount of adsorbed precursor molecules.

As shown in Figure 4, the metal clusters in the simulations grow
nearly isotropically in the (xy)-plane parallel to the substrate
surface, but the cluster size and morphology depend on the
radial distance from the beam center. Thus, the height and the
relative Pt content of the deposited nanostructures are evalu-
ated in concentric bins with a width of 1 nm around the beam

spot axis.

The nanostructure growth during the FEBID process is charac-
terized by the atomic content of the deposited material. The
relative atomic content is calculated considering all atoms in the
beam spot area layer by layer. The thickness of each layer is set
to 0.7 nm corresponding to the height of a Pt(PF3)4 monolayer
adsorbed on SiO; (see Figure 11A). The relative Pt content is
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Figure 11: (A) The atomic content of the deposited nanostructure is analyzed by splitting the nanostructure into layers of 0.7 nm thickness each, cor-
responding to the height of a Pt(PF3)4 monolayer. (B) Relative Pt content in the beam spot area for the first two layers of 0.7 nm thickness as a func-
tion of the electron fluence. Panels (C) and (D) show the evolution of the radial distribution of relative Pt content for the first and second layers, re-

spectively.

calculated by dividing the number of Pt atoms by the total num-
ber of atoms in the considered volume. The evolution of the av-
erage Pt content in the first two layers with the number of
FEBID cycles is presented in Figure 11B-D. Figure 11B shows
the relative Pt content as a function of the electron fluence.
Figure 11C and Figure 11D show the evolution of the radial dis-
tribution of Pt atoms for the first two layers.

Figure 11B reveals that the relative Pt content in the first layer
increases linearly during the first eleven FEBID cycles and then
the growth slows down, eventually coming to saturation. This
indicates that the formation of the first layer has been complet-
ed within the 30 FEBID cycles. Note that the first layer has
undergone minor structural transformations even after the metal
clusters merged into a single structure. Further evolution of the
structure will concern mainly the second and above layers. The
Pt distribution within the first layer is nearly homogeneous
during the first 15 simulation cycles, while a more dense region
proximal to the beam axis appears after the 15th cycle. This
region corresponds to the location of the largest cluster in the
simulation. Platinum atoms start filling the second layer at the
5th cycle at the edge of the beam spot.

The thickness of the deposited material is calculated by the
maximum z-coordinate of Pt atoms within the concentric bins.
Figure 12A shows the evolution of the dependence of the nano-
structure height as a function of the radius from the PE beam
axis in the course of the FEBID simulation. Two regions can be
distinguished, that is, one in the center of the beam spot and
another one closer to its edge (see also Figure 11A). The larger
height of the structures at distances of 4-6 nm from the beam
center arises due to the presence of attached PFj ligands, which
do not permit dense packing of the Pt clusters. The height of the
deposited material in the center of the beam spot (at radial dis-
tances up to 3 nm from the beam axis) as a function of the elec-
tron fluence is shown in Figure 12B. Considering the experi-
mental electron flux [22] of 3.48 x 10!7 cm™2-ms™!, the height
dependence exhibits a linear behavior with a growth rate of
0.067 nm/ms. The growth rate calculated based on the data from
[22] is equal to 0.003 nm/ms. One should note that the two
growth rates are evaluated at different regimes. The experimen-
tal growth rate is determined from the average linear growth of
the 1758 nm high metal pillar irradiated with a stationary elec-
tron beam for 10 min. In the present simulations, the metal

structure within the bottom-most atomic layer still undergoes
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Figure 12: Evolution of the height of the grown Pt-containing structure at different FEBID simulation cycles for Egep = 300 kcal/mol. (A) Maximum
height of deposited Pt structures within concentric bins of 1 nm thickness from the electron beam axis at the end of each simulated FEBID cycle.
(B) Maximum height of Pt structures within the distance of 3 nm from the electron beam axis as a function of electron fluence fitted by a linear func-

tion.

minor structural transformations involving the reorganization of
the metal clusters. After completing the first layer, the nano-
structure growth should continue in a different regime with the
growth rate being comparable to the experimental value. The
difference between the experimental value of the growth rate
and the value derived from the simulations can also be ascribed
to different rates of the precursor deposition and the larger value
of Edep~

Conclusion

This study has presented a general protocol for the systematic
atomistic modeling of the FEBID using the MBN Explorer and
MBN Studio software packages. The protocol is based on the
methodology developed previously [13,15] and is applicable to
any combination of precursor, substrate, and electron beam pa-
rameters. Using the protocol, the irradiation-driven molecular
dynamics (IDMD) simulations of the nanostructure growth can
be performed for various irradiation and replenishment regimes

corresponding to realistic experimental conditions.

The proposed computational methodology is applicable to char-
acteristic system sizes and time scales that can be treated by the
classical molecular dynamics approach. The model requires the
specification of the following input data: interatomic potentials
describing the interaction of atoms in the system, precursor
fragmentation cross sections, and distributions of primary, sec-
ondary, and backscattered electrons. The outcome of the FEBID
process is governed by a balance of different processes, such as

adsorption, desorption, diffusion, and fragmentation of the pre-

cursor molecules. The cumulative contribution of all these pro-
cesses defines the regime of the FEBID process. The presented
methodology reproduces the state of the molecular system
before, during, and after irradiation, without explicit simula-
tions of all the aforementioned processes. The model permits
the inclusion of other phenomena such as chemisorption or
electron-stimulated desorption. The presented method is under
continuous development, so a more detailed and accurate de-
scription of the essential processes will be included in future
studies. Finally, while being focused on the FEBID process
using a pulsed electron beam, the methodology can be adjusted
to simulate the nanostructure formation by other nanofabrica-
tion techniques using electron beams, such as direct-write elec-
tron beam lithography.

Atomistic simulations provide the complete characterization of
the morphology and internal structure of metal deposits. An
early stage of the FEBID process (nucleation, growth, and coa-
lescence of the metal clusters) involves the initial formation of
the deposited layer, which drives the further growth of the ma-
terial. Atomistic analysis of the simulation results provides
spatially resolved relative metal content, height, and growth rate
of the deposits, and the linear size of the clusters, which repre-
sent valuable reference data for the experimental characteriza-
tion of the FEBID material.

The presented simulation workflow has been successfully

utilized to analyze the nanostructure formation with Pt(PF3)4

precursor molecules. The performed simulation of 30 FEBID
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cycles corresponds to an early stage of the nanostructure forma-
tion and the creation of several metal-enriched layers. At this
stage small metal-containing clusters start to grow, merge, and
interconnect, forming branched structures. The process of metal
atom nucleation and the formation of a single metal structure
can be correlated with time-dependent electrical conductivity
measurements during FEBID [62,63]. Coalescence of smaller
metal clusters into a single structure should correspond to a
jump in the electrical current through the deposit. The calcu-
lated fractal dimension of the metal structures is equal to 1.55,
which is a typical value for nanostructures created by metal
cluster deposition. The metal structure formed after merging
separate clusters covers the effective beam spot area with a di-
ameter of 12 nm. The average Pt content in the beam spot area
is approximately 30%. These findings can be verified experi-

mentally through STM analysis.
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