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An ab initio DFT study of nucleation and growth of graphene and hBN for high-performance
environmentally friendly microelectronics and of N and O co-doping of activated carbon for
metal-free catalysis is reported. As fringe benefit, a new Ge(110) surface structure was revealed.

1 Introduction

The need for environmentally friendly technologies in response to global climate change
necessitates innovation in materials. Simulations support these innovations by providing
insights into complex physical processes and guiding experimental efforts. When the ap-
proximations used are well-founded in physics, simulations reduce intuitive bias while
fostering reliable physical intuition comparable to insights gained from experiments. Ab
initio density functional theory (DFT) falls into this category, as it operates at the quantum-
mechanical level of atomic interactions. Although computationally intensive (which limits
its use), it is indispensable for modern technology development, especially in the design
and optimisation of materials at the atomic scale. By integrating theoretical and experimen-
tal insights, DFT simulations contribute to breakthroughs in material design, paving the
way for greener solutions. This includes microelectronics, where innovative ideas applied
on the atomistic level can help mitigate environmental impacts associated with cost-driven
performance improvements and miniaturisation, while also reducing energy consumption.

For instance, Cu ion contamination is a concern in water pollution caused by the semi-
conductor industry’2. The costs of removing Cu from wastewater are an important factor>.
With the growing adoption of graphene (sheets of sp?>-bonded C atoms), which is typically
synthesised on Cu, this issue is expected to intensify, as copper released during etching and
transfer*® increases filtration costs and environmental risks. Cu from graphene production
may also contaminate devices and fabrication lines’-®, compounding the financial and en-
vironmental pressures for innovative solutions. To address these challenges, the IHP is
exploring the option of growing graphene on semiconductor substrates where feasible®'*.

This work continues our previous studies'>~!° done at the IHP with the support of the
John von Neumann Institute for Computing. We present selected results of our recent ab
initio DFT calculations run on the JUWELS cluster. The discussion focuses on the nucle-
ation and growth mechanisms of two-dimensional (2D) films for modern microelectronics:
graphene” '3 (Sec. 2) and hexagonal boron nitride (hBN)?*2* (Sec. 3). In addition, the role
of N and O co-doping in adsorption processes contributing to catalytic activity of activated
carbon® (Sec. 4.1) is addressed and a concept of low-energy Ge(110) surface reconstruc-
tion reconciling two opposing models?®?’ (Sec. 4.2) is introduced.
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Figure 1. (a) The factors contributing to the response of Ge(110) and Ge(001) surfaces to graphene growth!'2.
(b-e) Graphene bonded to straight steps on: (b) Ge(110) and (c-d) on Ge(001), and e) to a flat Ge(001) with some
Ge dimer vacancy clusters attracted to the bonding front. The red and blue circles in the Ge(001) panels indicate
the atoms of the two Ge dimerisation domains: the dimers in domain A are perpendicular to those in domain B.
The elevation difference between the domains corresponds to a monatomic step height and equals to the depth of
a dimer vacancy. The panel (e) illustrates the initial stage of roughening by (107) facet formation.

2 Graphene on Germanium Surfaces

Graphene is a sheet of sp?-bonded carbon atoms. Among other applications, it is consid-
ered to be the fundamental material to enable technological breakthrough in microelec-
tronics through synergistic combination of multiple 2D films and silicon technology?®.
The IHP evaluates its potential for usage in high-frequency transistors, in optical intercon-
nects, and in sensors. The Materials Research department of IHP investigates the growth
of graphene on Ge wafers and on Si wafers covered by Ge layers (Ge/Si), in the lab as
well as under conditions relevant to mass production'?>~'#. For this study, graphene layers
were grown by chemical vapour deposition (CVD) on Ge from CH, and H, mixture at
about 850°C. This is by roughly 150°C less than when grown on Cu, which may reduce
the energy consumption®, making this technology more friendly to the environment than
the usual approach.

Ge(110) and Ge(001) surfaces respond differently to the same growth conditions:
Ge(110) flattens and Ge(001) roughens. Fig. 1a collects the key factors causing this dif-
ference, as revealed by our work. It builds on the combination of extensive experimental
work and the results of numerous DFT calculations for the total energies of atomic struc-
tures, for the energy barriers between the most important structures, the kinetic paths to
their formation, and the experimental conditions. The analysis required knowledge on the
surface energy differences, which are difficult to obtain from experiment (Sec. 4.2). Fur-
thermore, the information gathered by us for these systems previously® 2% '* was accounted
for. This includes the energetics and kinetics of CH, adsorption and decomposition and
the hypotheses on the formation mechanism of the (107) facets on Ge(001). The following
discussion illustrates some of the aspects involved.

A clean Ge is surface is reactive against CH,, causing the impinging molecules to dis-
sociate step by step down to single C and H atoms. When exposed to CH,, the surface
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becomes initially covered by a mixture of CH, fragments and their polymers. The com-
position and concentration of this mixture depends on the substrate temperature, on the
partial pressures of CH, and H,, and — locally — on the size of the graphene nucleus that by
chance has been formed within about a micrometer from the site of interest, i. e. , within
the distance covered by an average C atom before it eventually dissolves in the bulk.

The smallest of these nuclei contain few C atoms and are mobile. They combine into
larger, already immobile flakes. Van der Waals forces orient them parallel to the surface.
Such a flake prefers to be attached to a surface step (Fig. 1b-d) rather than to the flat surface
(Fig. 1e) because the in latter case it must be bent along the edge, which costs energy.

Being immobile, however, the larger flakes appear at random sites, not necessarily
at steps. Yet the bonded Ge(001)-graphene boundary attracts mobile native defects (Ge
adatoms, ad-dimers, surface vacancies). This creates new surface steps along the flakes.
Furthermore, the flakes on Ge(001) can minimise their lateral strain as well. They achieve
this by a slight rotation with respect to Ge dimer rows (Fig. le), which happens to orient
the bonded boundary along the line of crossing between the Ge(001) and Ge(107) planes.
The surface energy of Ge(107) is relatively low, so a (107) facet can extend away from the
boundary. We verified that the flake can expand itself onto the facet simply by enlarging its
“fingers” visible in Fig. 1e and then filling the regions between them with graphene. Even-
tually, the Ge(001) surface develops a system of (107) nano-facets (Fig. 1a), so that more
CH, can convert into low-strained graphene than it would be possible on a flat Ge(001).

This is in opposition to what happens on Ge(110). While the reconstruction of Ge(001)
is simple (just dimerisation of the surface atoms), Ge(110) has an intricate structure with
sizeable building blocks (Sec. 4.2), which hinders the formation of graphene-induced
facets. The alternative, preferred scenario is then that instead of accumulating in front
of the bonded flake to form a new terrace (which would lead to surface roughening) the Ge
vacancies produced by GeH, desorption? consume Ge(110) step edges, gradually remov-
ing the existing islands and making the surface smoother and smoother (Fig. 1a).

3 Hexagonal BN

Monolayer hBN is a 2D wide band-gap insulator with hexagonal lattice and atomic struc-
ture that resembles that of graphene (which is a 2D metal). Both materials have the form
of a 2D honeycomb built of hexagonal atomic rings (C4 in graphene, B;N5 in hBN). The
lattice constant of hBN is by 1.7% larger than that of graphene.

Apart from optimising the graphene/Ge/Si growth recipe, we attempted the growth of
heterostructures on Ge/Si and on Si, consisting of monolayer graphene and multilayer hBN
films. Here we discuss the growth of the first hBN layer on Ge(001) and then the growth
of subsequent hBN layers, that is, the growth of hBN on hBN.

The purpose of the calculations was to reveal the reactions of ByN,H, species with
the substrate, the nucleation and expansion of seeds, and the kinetics of generation and
annihilation of defects?**. To address the posed questions one must treat a huge number
of structures and structural transitions (our associated database contains by now more than
30k items), of size varying from isolated atoms and molecules, through isolated or peri-
odic clusters of 100-200 atoms, up to periodic clusters consisting of more than a thousand
atoms. The access to the JUWELS cluster was therefore crucial for this project.

4Hydrogen comes from CH , and from H,
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Figure 2. (a) Dissociative adsorption of B;N;H, on Ge(001): the path by direct BN ring splitting. The molecule
in the leftmost insets is physisorbed, the rlghtmost insets show B;N;H splitinto BN,H; and B,NH;. B is brown,
N is green, H is blue, Ge is sepia. (b) Ge(001) coverage with B and N atoms in equlhbrlum (900°C) with B,Ny,.

3.1 Nucleation and Growth of hBN from B;N,H, on Ge(001)

B;N;Hg physisorbs on Ge(001) with no barrier, gaining 0.3 eV (Fig. 2a, leftmost insets).
At the processing conditions, the barriers for subsequent chemisorpion are surmounted
readily. For instance, when a H atom jumps from B;N;H, onto Ge, a pair of chemisorbed
H and B;N;H; appears. The barrier depends on whether the dehydrogenated atom is B
(0.4 eV, GeB bond formed) or N (0.7 eV, GeN bond formed). Alternatively, the physisorbed
molecule splits into BN,H; and B,NH; (the barrier is 0.7 eV, Fig. 2a) and these fragments
separate with a barrier of 1.8 eV (i. e. , within the range typical for objects mobile on Ge).

The adsorbed fragments are mobile and unstable: they collect H and desorb, or lose
H and become more strongly bonded, or polymerise. B;N;Hy can split by an H-assisted
reaction similar to that shown in Fig. 2a. It is unclear if further opening of BN bonds
is viable (although a BN dimer splits into B and N atoms), but what is crucial for the
monolayer grow is that precursors with split BN rings are available. Namely, closed rings
can produce only stoichiometric hBN with armchair edges, while with half-ring precursors
any shape and any chemically realistic deviation from stoichiometry can be achieved.

The flake edges are strongly bonded to the substrate. For example, nearly all B and
N atoms of a flake with its armchair edge perpendicular to dimer rows on flat Ge(001)
make bonds with Ge atoms. At 900°C and H, partial pressures around 10~3 mbar (the
processing conditions), H occupies about 0.1% of all edge atoms. Solely at H, pressures
in the atmospheric regime (e. g. , at 100 mbar) this occupation may reach a few per cent.

The hBN flakes grow in a manner similar to that of graphene (Sec. 2): a cluster nu-
cleated by chance collects material from its surrounding. Fig. 2b illustrates this on the
example of the growth from atomic B and N. As the flake grows, the concentration of B
and N in the surrounding decreases, reflecting the increasing stability of the flake. B,N,,
clusters with n equal to or barely exceeding 6 do not form sixfold rings (Fig. 2, insets).
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Figure 3. (a) Spontaneous H, emission from the hBN armchair edge, with and without Zero Point Energy (ZPE)
correction. In the inset, N is green, B is brown, and H is blue. (b) Step flow velocity during growth of multilayer
hBN. The hydrogenated sites are passive, only the H-free sites can adsorb B;N;H, from the gas phase. The
attempt rate for spontaneous H, emission from armchair hBN edges was estimated from the transition state
theory. The steric factor for B;N;Hg attachment to an H-free site on the step edge is assumed to be 1.

This is an edge effect: such short or open rings occur on edges of even large flakes.

3.2 Growth of Multilayer hBN Films

Instead of stopping when the catalyst is fully covered by a single layer of the passive film,
the hBN growth continues indefinitely. But no multilayer graphene would grow at com-
parable conditions from C¢H, (equivalent of B;N;Hg), and not even from more reactive
CH,, unless the precursors have been activated. Activation is thus expected also during
hBN growth. We found that it must occur on hBN edges (Fig. 3a). In contrast to what
happens on graphene, H, emission can keep the hBN growth front free of hydrogen even
below 850°C (Fig. 3b). The sticking coefficient of B;N;Hy to a hydrogen-free BN dimer
is close to 1 because the energy barrier for this attachment is zero within the accuracy
of the calculations and the molecule is pre-oriented by preliminary physisorption on the
hBN surface. The armchair edge is free of hydrogen when the partial pressure of H, is
10~% mbar; even when it is increased to 10~2 mbar, only a few per cent of the edge sites
are passivated. At the B;N;H partial pressure of 10~5 mbar the time to reach this equilib-
rium is only marginally longer than the average time that elapses between two subsequent
collisions of B;N;H, with the edge. The attempt rate for H, escape from the dimer was
estimated as 3-10'* Hz. The growth rate obtained from the computed step flow velocity
(Fig. 3b) and from the step-step distance estimated from TEM images agrees within the
numerical and experimental uncertainties with the observed growth rates.

We have also tested the hypothesis that another process is responsible for the activation.
We considered the possibility of H out-diffusion along screw dislocations in hBN from the
growth front onto Ge, of catalytic activation of B3N;Hg to B3N3;H, or of H, to atomic H on
hot elements in the chamber, and of catalytic activation of B;N;Hg on orientational grain
boundaries in hBN. The mechanism on the second place in the plausibility ranking is the
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Figure 4. (a) Correlation between dipole moment, oxygen penetration depth, and desorption energy (circle diam-
eter) for a hole in the top layer of bilayer graphene (inset, top view). The hole edge is saturated by pyridine N.
(b) Overview of desorption energies computed for toluene, isopropanol, and water adsorbed on various few-atom
holes with various N and O functional groups. The insets illustrate the strongest adsorption cases (side view).

activation on hot elements, but it appears to be incompatible with the possibility to grow
hBN at temperatures and pressures well below the limits estimated from the calculations.
Therefore, spontaneous H, emission (Fig. 3) comes out as the only known realistic answer.

4 Examples of Work in Progress

4.1 Catalytic Activity of 2D Films

Activated carbons have enormous application potential as catalysts, e. g. in the oxidative
dehydrogenation of hydrocarbons®! or in the oxidation of SO, to SO;*. Defects and an-
chors of functional groups influence the surface interactions with the molecules from the
liquid or gas phase and their activation towards catalytic transformations3.

Catalytic activity of a surface begins with adsorption of the participating species. We
currently investigate the influence of N and O functional groups on adsorption of test
molecules on openings in bilayer graphene (Fig. 4). The model substrate is periodic
to assure that its density of states is metallic, as in our experiments®, in which struc-
turally comparable samples of porous activated carbon are prepared by pyrolysis of su-
crose (C;,0,,H,,), pure or with urea (CO(NH,),) admixtures. The calculations show that
the desorption energy of isopropanol (C;H,OH, a polar test molecule that is able to form
hydrogen bonds through its OH group) correlates positively with the reduction of the dipole
moment in the adsorbate-substrate system; this corresponds to the molecule being partially
drawn into the opening (Fig. 4a). Nitrogen doping of an O-containing substrate has the
tendency to increase the desorption energies of isopropanol and water even when the open-
ings are only of the size of a few C atoms, but the effect on toluene (CH5;CH;, non-polar
test molecule that forms no hydrogen bonds) is practically non-existent (Fig. 4b).

Experimental verification of the computed desorption energies by temperature pro-
grammed desorption (TPD) measurements turned out to be difficult. The activation en-
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Figure 5. Ge(110) reconstructions. (a-c) Representative 8 X 10 reconstruction models. Pentamers are red, or-
dinary (110) zig-zag atoms are green. (a) The densified UBB7 model (+9Ge, 18% at 400°C), the additional
pentamers are black. (b) The original UBB4 model?’ (0Ge, abundance 0.01%). (c) The UBB4+4V model (-4Ge,
65%) is on the bottom, the vacancy neighbours are black. (d) Approximate abundance of structures with various
net balance of Ge atoms. (e-f) STM images of occupied states. (e) simulated for UBB4+4V, (f) measured.

ergies extracted from the heating rate dependence of the TPD spectra were unphysically
low, which indicates that the spectra were dominated by desorption from long nano-pores,
where re-adsorption and bottlenecks in the gas flow play the dominant role. Experiments
on samples prepared by a modified procedure are in progress.

4.2 Ge(110) Surface Reconstruction

Knowing the atomic structure of a surface is prerequisite for reliable simulation and in-
depth explanation of chemical and atomic-scale surface processes (Sec. 2). Clean Ge(110)
is covered by objects visible in STM images as pentamers of atomic-sized spots. Af-
ter long anneals these pentamers tend to arrange in rows separated from one another by
strips of apparently flat surface (Fig. 5f). The atomic origin of the pentamers has been
the subject of a long debate. We reconciled two structural models recently proposed for
these pentamers: the adatom-based Universal Building Block model (UBB)?’ (Fig. 5b,
0Ge or UBB4) and the vacancy-based Tetramer Heptagonal- and Tetragonal Ring model
(THTR)?. The search for a new model was motivated by our discovery that in contrast
to the expectations from experiments, the UBB4 Ge(110) 8 x 10 surface has a tendency
to acquire additional UBB pentamers (Fig. 5a, +9Ge or UBB7). This behaviour is sup-
pressed and the surface energy is reduced when the UBB4 structure is augmented by two
vacancy pairs (Fig. 5c, -4Ge or UBB4+4V), each rebonded as in THTR. The STM images
simulated for this model are compatible with experiment (Fig. Se-f).

S Approach

Pseudopotential plane-wave DFT calculations were done with Quantum Espresso’* using

the PBE functional® and in special cases by the hybrid B3LYP functional®®37. Van der
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Waals forces were treated as non-local DFT (rVV10)*®. Reaction paths were determined
with the nudged elastic band - climbing image (NEB-CI) algorithm®. The accuracy of
pseudopotential calculations for isolated molecules was verified by all-electron calcula-
tions with NWChem*’, using the double-hybrid B2PLYP*! functional. Vibrational spectra
were computed within the density functional perturbation theory (DFPT)*2.

6 Concluding Remarks

Insight into problems pertinent to materials development for environmentally friendly tech-
nologies was obtained from DFT simulations coupled to experiment. The difference in the
surface evolution of Ge(001) and Ge(110) in response to graphene growth by CVD was
explained (Sec. 2) and, as a fringe benefit, a structural model reconciling two dissimilar
concepts of Ge(110) reconstructions was formulated (Sec. 4.2). The growth mechanism of
seeding (on Ge) and growth of multilayer hBN films was proposed and positively verified
against the measured growth rates (Sec. 3). The role of N/O co-doping of activated carbon
in adsorption of polar and non-polar molecules was addressed (Sec. 4.1).
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