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Abstract

Detailed atomic-level insight into the mechanism of W(CO)e and CO selenization is essential
for the fabrication of cheap and environmentally benign transition metal chalcogenides such as
MoS; and WSe:. Earlier discussions in literature have focused mainly on the CO methanation
by sulfur and its derivatives but H.Se mediated CO methanation at the atomic level is yet to be
explored. First-principles calculations and ReaxFF-based molecular dynamics simulations are
conducted here to explore the relative stabilities of intermediates formed during the gas-phase
interactions of W(CO)e and H2Se, determined associated reaction energies and kinetic barriers.
The methanation of CO, which is released from the organometal, by H.Se is further
investigated. The results indicate that the chain reactions of W(CO)e and H>Se lead to the
formation of a thermodynamically stable end product of W(SeH).Se,. Depending on the
temperature, W(HSe).Se: is expected to go through a last uphill reaction by releasing H2Se into
the environment and evolving into a WSes molecule. Additionally, the dehydrogenation of
organometallic molecules is thermodynamically feasible but kinetically controlled, requiring a
significant activation energy. When all CO groups are released from the W atom, the H release
from W-compund becomes nearly barrierless. Since CO radical groups are dominant
byproducts formed during the MOCVD chain reactions but in a chalcogen rich environment,
this work also shed light into the CO selenization during the growth of transition metal
diselenides (e.g., WSe2, MoSe», CrSe>) and discusses the formation of potential products such
as CSey, CH4, H2Se, CO, H20, Sey.

Keywords: Density functional theory, ReaxFF molecular dynamics, W(CO)s and HSe
interactions, CO methanation.
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1. INTRODUCTION

Transition metal dichalcogenides (TMD) which
belong to the emerging family of two-
dimensional layered materials are a promising
platform for a new generation of electronic and
optoelectronic devices because of their unique
physicochemical, optical, and electronic
properties [1-6]. TMD is composed of layers that

* Corresponding author: nnayir@kmu.edu.tr

are coupled by weak van der Waals forces but
have strong covalent bonds between the in-plane
atoms. There are many techniques to fabricate
such materials, e.g., atomic layer deposition [7-9],
chemical vapor deposition/metal-organic
chemical vapor deposition (MOCVD) [2, 10, 12],
and molecular beam epitaxy [13-16]. Among
them, MOCVD is a common method that is
utilized for the synthesis of TMD materials.
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Because it allows for control of the precursor ratio
and flux and provides flexibility in precursor
selection, it consequently enables the fabrication
of high-quality, nearly single-crystalline TMD
materials. MOCVD uses volatile metal-organic
and chalcogen precursors that are injected into the
chamber through separate inlets. This leads to
complex physicochemical processes that initiate
the deposition of TMD materials onto substrate.
Even though this technique reduces the need for
source heating because of the relatively high
vapor pressures of hydrides, the elevated
temperature is still required during growth to
overcome energy barrier necessary to eliminate
residual carbon from the metal precursors and
promote chemisorption of metal and chalcogen by
surface [2, 10, 11].

Despite tremendous progress on the MOCVD
growth technique, the synthesis of large-scale,
defect-free TMD materials with controllable
thickness is still challenging for reasons such as
the fact that the synthesis and characterization are
costly and relatively slow, precursors are
expensive and toxic, and the selection of substrate
is restricted. This has therefore triggered
theoretical modeling to shed new light on the
design and fabrication of TMD-based devices at
the atomistic level. To date, Xuan et. al [17]
developed a multiscale framework as a
combination of ReaxFF empirical potential and
continuum fluid dynamics methods for the gas-
phase kinetics of the MOCVD growth of WSe;
from the gas precursors W(CO)s and H-Se.
However, to the best of the author’s knowledge,
there is no report yet on a detailed mechanism of
the W(CO)e selenization at the DFT level and the
CO selenization process has yet to be explored. In
this study, the selenization of W(CO)e and CO is
investigated using DFT and ReaxFF methods. A
series of DFT calculations are conducted to
extract a thermodynamically allowable pathway
from W(CO)e and H>Se gas-phase precursors to
WSes. ReaxFF atomistic simulations are also
performed to explore the impact of temperature
on the adduct formation besides end-product
derived from the W(CO)s and H.Se chain
chemical interactions. Following the results
obtained at DFT and ReaxFF level, the CO
methanation by HoSe is further studied to provide
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insight into the relative stabilities of adducts
formed during the MOCVD growth of WSe..

2. METHOD OF CALCULATIONS

Jaguar calculations:  Nonperiodic QM
calculations are performed via Jaguar[18] using
the B3LYP functional and the LACV3P**++
effective core potential. ReaxFF MD
simulations:  Molecular  dynamics (MD)
simulations are performed using ReaxFF/ADF
[19] based on the ReaxFF force field developed
by Xuan et al [17]. A comprehensive review of
the ReaxFF formalism can be found in
Chenoweth et al.[20] The models in the figures
are visualized using VESTA [21].

3. RESULTS AND DISCUSSION

3.1. Impact of Hz formation on MOCVD
growth of TMD growth

co H,(9)
H:Se

Figure 1 The initial and final product of MoCVD gas-
phase reactions.

MOCVD gas-phase kinetic of TMD materials
from volatile organometal and chalcogen
precursors is a complicated process and heavily
relies on numerous chemical reactions. In this
study, the DFT calculations are conducted to track
the chemical and structural evolution of the
vaporized W(CO)e and H2Se precursors to the end
product of WSez and to lay out the full picture of
the thermodynamically favorable MOCVD
reaction pathway (Figures 1-3). The chemical
reactions are classified into three main groups: (i)
CO dissociation from (ii) H2Se binding to and (iii)
H> elimination from W(CO)x(H2Se)y(HSe).Sem
molecule where X, y, z, m=0, 1, 2, 3, 4 (Figure 1),
as also reported by Xuan et al. [17]
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Figure 2 Ball-and-stick representations of the proposed MOCVD reaction pathway starting from (a) the
dissociation of CO from W(CO)s and leading to (p) the thermodynamically stable end product, W(SeH)2Se:. (f, I,
0) The three key transition states for H, formation are highlighted with a gray background.

As shown in Figure 2a-c, the MOCVD gas-
reaction chain initiates with the loss of the first
CO group from the W(CO)s molecule with
dissociation energy of 1.79 eV, and then,
continues with H»Se binding to the W-metal.
Losing the second CO group creates a new empty
site for binding of the second H2Se to the metal
(Figure 2d,e), which leads to the bimolecular
elimination of Hx from W(CO)4(H2Se). (Figure
2f,g). Then, the W(CO)4(HSe). molecule goes
through two consecutive carbonyl dissociations,
binds two more H»Se (Figure 2h-j) molecules, and
results in W(CO)2(HSe)2(H2Se): (Figure 2k). The
presence of two hydrides weakly bonded to metal
triggers the evolution of the
W(CO)2(HSe)2(H2Se)2 molecule to
W(CO)2(HSe)s. To reach  this stable
conformational state of W(CO)2(HSe)s, the
W(CO)2(HSe)2(H2Se). molecule passes through a

Sakarya University Journal of Science 26(2), 283-291, 2022

second transition state by releasing an H:
molecule (Figure 2I,m). Subsequently, the
resulting W(CO)2(HSe)4 molecule, loses the last
two CO groups and degrades into W(HSe)s
(Figure 2n). This molecule releases further an Hy
molecule (Figure 20), finally evolving to the
thermodynamically stable end product of
W(HSe).Se> (Figure 2p). Figure 3a illustrates the
proposed MOCVD reaction pathway starting
from the gas-phase precursors W(CO)e and HoSe
and leading to the thermodynamically stable end
product of W(SeH).Se; at the DFT level. Then,
depending on the temperature, W(HSe)2Se, goes
through a last uphill reaction by releasing H.Se
into the chamber and evolves into the WSes
molecule with a net additional energy of 0.52 eV
by following the reaction pathway shown in
Figure 3b.
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Figure 3 (a) DFT-based reaction pathways for MOCVD growth of WSe;, starting from the gas precursors W(CO)s
and H,Se and leading to the thermodynamically stable end-product of W(H2Se)Se.. (b) Chemical evolution of
WSes and H,Se from W(SeH),Se, with an entalphy energy of 0.52 eV, where dark red, gray and gold atoms are W,
Se and H, respectively.

Additionally, as seen from Figure 3a, the H>
elimination is an exothermic chemical event - in
case that at least two H.Se or HSe bind to a W
metal, three key transition states are expected for
H> release in the thermodynamically proposed
MOCVD reaction pathway illustrated in Figures
2 and 3:

W(CO)s (H2Se)2 — W(CO)a(HSe)2 + Ha
AH =-0.33 eV, Ea=0.68 eV 1)
W(CO)2(H2X)2(HX)2 — W(CO)2(HSe)s + Ha
AH = -0.45 eV, Ea=0.62 eV )
W(HSe)s — W(HSe)2Sez + H2

AH=-1.32 eV, E.=0.27 eV 3)

Sakarya University Journal of Science 26(2), 283-291, 2022

where AH and E. are enthalpy and activation
energies of the reactions above. These transition
reactions result in thermodynamically more stable
products of W(CO)a(HSe)2, W(CO)2(HSe)s and
W(HSe)2Se>  than  the  reactants  of
W(CO)4(H2Se)2, W(CO)2(H2Se)2(HSe).  and
W(HSe)s, suggesting that 2D-WSe; growth is
thermodynamically favored. However, the results
also show that dehydrogenation of organic
molecule is Kkinetically hindered, requiring
activation energy of 0.6 — 0.7 eV (Egs. 1-2) to
overcome the kinetic barrier for the H>
elimination, indicating that the MOCVD growth
of WSe, requires external energy (e.g.,
temperature and/or pressure) to accelerate the
chemical reactions. Additionally, the reaction of

W(CO)2(HSe)2(H2Se)—
W(CO)2(HSe)2(Se—H)(H-Se) "™
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is considered as a rate-limiting reaction governing
the MOCVD growth kinetics since the W-organic
molecule encounters the highest energy barrier of
0.68 eV during the H. release. The willingness of
the Se atom to lose the H atom decreases with the
decrease of the number of CO ligands bound to a
W atom. In case of losing all CO groups from the
W atom, the H> release from the W-compund
becomes nearly barrierless (0.27 eV in Eq. 3).

The combustion of W(CO)s with H2Se molecules
increase the CO concentration in the environment.
Therefore, the CO methanation by H>Se and

(a) .
% P

ste & 0
) W(CO)s
3 »

»

t=0 ps

potential intermediates are also expected to form
during the MOCVD growth of WSe;, and other
transition metal diselenides such as MoSe,
CrSe». Table 1 summarizes the proposed reactions
for adduct formation and corresponding energies.
Additionally, the proposed thermodynamically
favored reaction pathway for CO methanation by
H>Se is as follows:

SeCO — H3CSeH — CHs — CSe> 4)

CSe, formation from the CO selenization is
expected to realize in four stages:

b) & . T=1500 K ~d

WSej3 =0
f(‘\) © ﬁCH4
®
P o HaSe |

t=990 ps

Figure 4 MOCVD gas-phase kinetic at 1500 K obtained from CVHD implemented ReaxFF-MD simulations. ()
The initial configuration of the simulation box which includes the gas-phase precursors W(CQO)s and H,Se and (b)
the end- and by-products formed at 1500 K.

1) The pathway in Eq. 4 is expected to initiate with
the attack by Se radical present on CO to form
SeCO, which is thermodynamically favored.

CO + Se — SeCO AH =-3.62 eV

Note that the HSe formation is catalyzed by
organometal with vacancies, then two HSe
molecules come together and form H.Se and Se
radical as seen below:

Sakarya University Journal of Science 26(2), 283-291, 2022

—W=Se + H2Se — —W—-SeH + HSe
HSe + HSe — H2Se + Se

The SeCO formation by Se> and HSe manifest
endothermic behavior. Additionally, even though
the selenization reaction of CO by H2Se exhibits
a slightly exothermic character (-0.07 eV), this is
also kinetically hindered which requires
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activation energy of 1.96 eV to release an H>
molecule.

CO + Sez — SeCO + Se AH =1.14 eV

Table 1 Reaction and associated energies in eV.

CO + HSe — SeCO + H AH=1.18 eV
CO + HzSe — OC—HaSe (TS) — SeCO + Ha

AH=-0.07 eV, Ea=1.96 eV

Reaction Energy (eV) Reaction Energy (eV)
SeCO + HySe — SeCSeHOH 0.66 CO+H,Se — OCH,Se (TS) 1.96
SeCO + 3H; — HaCSeH + H,0 -1.27 OCH,Se (TS) — SeCO + Hy -2.03
CO + Se; — SeCO + Se 1.14 SeCOH + HSe — SeCO + H,S -3.22
CO + Se — SeCO -3.62 CH4 + Sez + CSe; + 2H» 4.01
SeCO + HxSe + CSe; + H20 0.54 CO + H,Se + SeCO + H» -0.07
SeCSeHOH — CSe; + H.0 2.90 SeCO + HySe — SeCOH + HSe 3.22
CO + HSe — SeCOH 0.90 CO + H2Se — OCH + HSe 2.42
H3CSeH + H, — CH4 + HySe -0.90 CO+HSe — SeCO + 1/2H; 1.18
SeCOH + HSe — SeCSeHOH -2.56 CH; + HaSe — CH3+HSe -1.58
CH33 + HSe — H3CSeH -2.65 CHs+ H,Se — CH4+HSe -1.30
CH4 + 2H2Se — CSez+ 4H, 6.34 CH4 + 2Se; — CSey + 2H,Se 3.24

Il) Then, SeCO interacts with H, gases and
converts to

SeCO + 3H2 — H3CSeH + H2

I11) Then H3CSeH degrades to CH4 by releasing
water and H> gases to the environment.

H3CSeH + H, — CHa+ H»2Se

V) At elevated temperatures, CSe: is expected to
form in the presence of CH4 and Se;.

CHs + 2Se2 — CSe2 + 2H2Se

In the case of the methane interaction with Se
radical, the two consecutive insertion reactions of
Se in the H-C bond, followed by two H> releases
(Egs. 5-6) can also lead to the CSe, formation but
this pathway is kinetically hindered because of a
fairly high energy barrier:

CH4 + Se — HSe-CHz — Se=CH> + H> (5)
Se=CH; + Se—Se=CH(SeH)—CSe>+H> (6)

Lastly, H> molecules released during the CO
methanation can hydrogenate Se-atoms to form
H»Se.

2H2 + 2Se — 2 H2Se

Sakarya University Journal of Science 26(2), 283-291, 2022

As a result, all these DFT results together suggest
the formation of the stable byproducts of CSe,
Hz, H2Se, HSe, H20, CH4 during the MOCVD
reactions

3.2. By-products derived from chemical
reactions of the precursors W(CO)s and H2Se
using ReaxFF simulations

In this section CVHD method is combined with
ReaxFF-MD simulations to shed a light on the
elementary reaction pathways and the kinetics of
the byproducts formed during the MOCVD
growth from the gas precursors W(CO)s and
H>Se. Molecular dynamics (MD) simulations are
highly effective in capturing detailed chemical
events, reaction pathways, and product formation
during gas-phase simulations. However, the MD
timescale is usually restricted to nanoseconds, but
the occurrence of meaningful reactions
encountered during experiments usually require a
timescale of about seconds to minutes [22].
Therefore, the traditional MD method employs
high temperature to accelerate molecular
collisions and successful reaction events. To
address this discrepancy between the temperature
used in MD simulations and experimental
conditions, several accelerated molecular
dynamics methods have been developed [23].
Collective Variable-driven Hyperdynamics or
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CVHD [24, 25] is one of these methods which
combines hyperdynamics and metadynamics to
accelerate reactive events. Using this method, the
MD simulation is performed by adding a bias
potential AV(n) to the true potential energy
surface to overcome the energy barrier in low-
temperature simulations. The bias is constructed
dynamically and is a function of collective
variables (CVs) based on a distortion function
described as y; = (r; — r/™™) /(" — ™)
where 7; is the length of every pair of bonds and
r{™Mand r™** denotes the bond length of pair iat
the beginning and end of a reaction event. The
effective simulation time which is referred to as
‘hypertime’, is the multiplication of boost factor
with the MD simulation time: tpyper = typ X
Boost = typ x (ePAV) where B = 1/kyT and
kg is the Boltzmann constant.

The simulation box consisted of 1 W(CO)es and 20
H.Se with the dimensions of 30x30x30 A 2 (Figure
4a). The system energy was minimized and heated
up to the target temperature of 1500 K with a
heating rate of 50K/ps and an increment of 100 K
with a time step of 0.1 fs. Each temperature
increment was followed by an equilibration of
100ps. CVs are based on the distortion of local
bond lengths and this study included three types
of bonds for constructing CVs. The first one is W-
Se bond with parameters ™" = 2.10A and

r"%* = 3,054 and the second pair is the H-Se
bond with /"™ = 1.50Aand /"% = 2.804 and
C—O bond with r/™" =1.204and ™% =
2.50A. The r/™™and r/"** values are based on the
potential energy versus bond scan data available
in Ref.17. Gaussian hills of width 6=0.025 and
height @ = 0.25 kcal/mol were deposited at an
interval of 1000 iterations (ti = 0.1ps) and the
waiting time to check if a reaction occurred is 1ps
as suggested in the reference.

As shown in Figure 4b, the chain reactions of the
volatile W(CO)e and H2Se precursors lead to the
formation of the end product of WSez at 1500 K.
Additionally, based on the ReaxFF results, the
stable by-products of CHas, H.Se, CO, H.0, Se,
and H> are expected to form during the MOCVD
growth process (Figure 4b). It is noteworthy that
the current ReaxFF potential does not completely

Sakarya University Journal of Science 26(2), 283-291, 2022

capture the interaction between C and Se for the
CSe, formation because this potential is not
trained against the associated DFT data [17].

4. CONCLUSIONS

DFT and ReaxFF simulations have been
conducted to explore details of the atomistic
mechanism of W(CO)e and CcoO
hydroselenization. The DFT results propose a
thermodynamically favorable MOCVD reaction
pathway which initiates from W(CO)s and H2Se,
and leads to the WSes end product. Furthermore,
both DFT and ReaxFF results show that the
conversion of W(SeH).Se2to WSes is entropy
driven, meaning that such conversion needs
elevated temperatures (e.g. heating system at
elevated temperature) to eliminate H,Se from the
energetically more stable W(SeH)2Se>. Ha release
reactions are also expected to play a crucial role
in the MOCVD growth of WSe,. The results
presented here indicate that H2 elimination from
W(CO)4(H2Se)2 requires the highest activation
energy, and as such is considered as a rate-
limiting reaction governing the MOCVD growth
kinetics. Both ReaxFF and DFT results suggest
the formation of stable byproducts of CSe», Ho>,
H>Se, HSe, H20, CHj4 besides the end product of
WSes during the MOCVD chemical reactions at
elevated temperatures. Since understanding the
MOCVD gas-phase kinetics is critical to fabricate
large-area single crystal transition metal
diselenide thin film, this work can provide
valuable thermodynamic and kinetic insight into
the W(CO)s and CO hydroselenization in
chalcogen rich environment.
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