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The vapor pressure of MoO,Cl, and its initial chemical reaction on a SiO; surface were evaluated and analyzed
using ab initio thermodynamics. The vapor pressure of MoO2Cly was calculated using the Gibbs free energy, while
considering the zero-point energy, temperature-dependent enthalpy change, and entropy. The initial surface
reaction was also studied as functions of temperature and partial pressure. The calculated sublimation temper-
ature of MoO2Cl, was 410 K, and its vapor pressure at 350 K was 8.2 torr. The partial pressure calculated for
MoO2Cl; agreed reasonably well with the experimentally measured value. The surface reaction energy barrier

between MoO,Cl; and SiO, was 0.8 eV.

1. Introduction

Three-dimensional (3D) NAND flash is a key technology in modern
storage devices because of its higher memory density and lower cost
compared with planar NAND [1,2]. W, with its reasonable electrical
resistivity and high thermal stability, is frequently used as the word line
(WL) for NAND flashes [3-5]. WFg is used to deposit the W WL by
chemical vapor deposition (CVD); however, its byproduct, HF, etches
the surrounding SiO3 dielectric. This etching problem is alleviated using
WClg [6,7]. However, the structural stress caused by the increase in the
number of stacks imposes a physical limit on the total stack height [8].
To overcome this, the thicknesses of the dielectric and WL must be
reduced. However, the W precursors for CVD show a degraded filling
performance with a decrease in thickness. WF¢ and WCls have been used
to improve the filling performance via atomic layer deposition (ALD) [9,
10]. Additionally, the electrical resistance of the W WL increases owing
to electron scattering from the surfaces and interfaces at a narrow
linewidth because of its high electron mean free path (MFP) [11]. Thus,
W should be replaced with other metals that have a lower bulk resistance
and good filling performance.

Mo, Co, and Ru are all suitable alternatives to W, and Mo is partic-
ularly attractive because of its low cost. Mo has lower bulk resistivity
and MFP than W (Mo vs W; 5.2 vs 5.6 pQcm; 11.2 vs 15.5 nm) [12-14].
MoO:Cl; is a promising precursor for the deposition of Mo thin films via
CVD and ALD. It has a faster deposition rate than MoCls, a commonly
used Mo precursor [15-18]. MoOyCl, shows better filling performance,
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forms a thin film with lower resistivity, and is less aggressive toward the
barrier material TiN than other Mo precursors. In addition, MoO5Cl,
shows a higher vapor pressure than other Mo precursors [19], which
makes it easier to transport into the reaction chamber [17]. Although
experimental studies have provided valuable insights into the deposition
properties of Mo precursors and the characterization of thin films, they
are not only time-consuming but also resource-intensive. Simulations
can be employed to reduce the effort required to identify appropriate
precursors for ALD.

Yang et al. predicted the sublimation temperature and vapor pres-
sure of various solid materials using the chemical potentials of the gas
and solid phases [20], and Goel et al. calculated vapor pressure using a
first-principles Monte Carlo method by predicting structural properties
such as the density of liquid-state materials [21]. The chemical reaction
of the precursors on the surface is also an important factor in the ALD
process. The physisorption of the precursor to the surface from the
gas-phase, transition from physisorption to chemisorption, chemisorp-
tion, and desorption of the byproduct were simulated by calculating the
DFT electron energies for each state [22-29]. However, this method
does not consider the energy variation due to experimental conditions,
such as the temperature and partial pressures of the precursor and
byproduct. Recently, Kang employed the Gibbs free energy for two re-
action pathways between tetrakis(dimethylamino) silane (TDMAS) and
a SiOy surface by calculating the enthalpy and entropy of the precursor
and surface at P =1 atm [30]. Yu et al. compared the reactions between
several silicon tetrahalide precursors and the Si surface using the Gibbs

Received 6 November 2023; Received in revised form 16 February 2024; Accepted 29 February 2024

Available online 1 March 2024

1567-1739/© 2024 Korean Physical Society. Published by Elsevier B.V. All rights reserved.


mailto:yckim@koreatech.ac.kr
www.sciencedirect.com/science/journal/15671739
https://www.elsevier.com/locate/cap
https://doi.org/10.1016/j.cap.2024.02.016
https://doi.org/10.1016/j.cap.2024.02.016
https://doi.org/10.1016/j.cap.2024.02.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cap.2024.02.016&domain=pdf

H.-K. Kim et al.

free energy at T =623 K and P = 1.5 torr [31]. Weckman et al. analyzed
the Gibbs free energy and rate constant for the reaction between tri-
methylaluminum (TMA) and an Al,Og3 surface at T = 298 and 450 K and
P = 0.015 torr [32]. However, to the best of our knowledge, there have
been few ALD simulation studies on evaluation of vapor pressure of Mo
precursors and their surface reactions [33].

In this report, we studied the vapor pressure of MoO,Cl, using the
Gibbs free energy of the solid and gas phases, and its initial chemical
reaction on a H-terminated f-SiO; (111) surface. The reaction process
was divided into gas-phase, physisorption, transition from physisorption
to chemisorption, chemisorption, and desorption states. The evaluation
of vapor pressure and surface reaction can be applied to screen many
potential precursors in a very cost-efficient manner.
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Fig. 1. (a) MoO.Cl, (precursor), HCl (byproduct), and crystal structure of
Mo0O,Cl; in the solid phase (space group Cc). (b) Top and side views of H-
terminated S-cristobalite SiO (111) surface. The area of the constructed surface
was 18.3 x 21.1 A2 The atoms in the gray region of side view are fixed to
simulate bulk g-cristobalite SiO,. A vacuum of 15 A is added on the surface to
reduce the interaction between the top and bottom of the surface slab.
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2. Computational methods

Fig. 1 (a) shows MoOsCly, HC, and solid MoOCl, [34,35]. MoO,Cl,y
and HCl are shown as the precursor and byproduct, respectively,
because MoOCl; reacts with the H-terminated SiO surface to produce
HCIL. The HCI production will be discussed in the following section. A
volume of 15 x 15 x 15 A% was used to optimize the precursor and
byproduct molecules to balance the calculation time and accuracy due to
the periodic boundary conditions in DFT. The lattice parameters of the
solid MoO4Cl; (space group Cc) were a = 14.3,b =4.0 and c = 7.8 A
with f =105.4°. A model of a SiO surface slab was constructed from the
p-cristobalite SiO structure. When the structure is cut along the (111)
plane, the Si-O-Si layer and the O layer on top become the basic
repeating units along the [111] direction. Two units were stacked in the
surface-slab model. fg-cristobalite SiO, with similar density and band
structure to amorphous SiO was used to construct the surface model
[36]. Fig. 1 (b) shows the top and side views of the surface shown along
the [001] and [010] directions, respectively. The area of the constructed
surface was 18.3 x 21.1 A2 The H atoms were attached to the surface O
atoms to simulate the carrier gas Hy used in the ALD process. To avoid
the formation of dangling bonds when simulating the bulk structure, H
atoms were attached to the bottom Si atoms [22]. In addition, a vacuum
of 15 A was added to reduce the interaction between the slab surface and
the slab bottom, and the slab bottom in the gray area of the figure was
fixed to simulate bulk [22-29].

Table 1 lists the equations used to calculate the Gibbs free energy (G)
of each surface reaction state. G was calculated using the equation G = H
— TS, where H is the enthalpy, T is the temperature, and S is the entropy.
H is represented by the sum of the DFT electron energy (E), the zero-
point energy (ZPE), and the temperature-dependent enthalpy change
( f CpdT). The entropies due to translation, rotation, and vibration of
molecules were calculated using the Sackur-Tetrode equation, rigid-
rotor model, and harmonic oscillation, respectively [30-32,37-39].
For the surface slab and bulk crystal, the entropy due to vibration was
calculated. The degrees of freedom (DOF) for the vibration frequencies
were 3N-6 and 3N-5 for the nonlinear and linear molecules, respec-
tively, where N = number of atoms [37-39]. The solid phase and surface
reaction states both limit translational and rotational freedom, so all
degrees of freedom were considered except for the virtual frequencies of
the atoms considered in the calculations. All vibration frequencies below
50 cm ! were also set to 50 em ™! to compensate for the abnormal
correction in the results due to the small vibration frequencies [40]. The
equation for entropy due to translation was used to consider the partial

Table 1

Equations for the free energy calculations [30-32,37,39].
Equation Notation
H=E + ZPE + [C,dT H: enthalpy

E: DFT electron energy
ZPE: zero-point energy
[ CpdT: temperature-dependent
enthalpy change
G: free energy
S: entropy
S=85+8+S8y S¢: translational S
.- rotational S
. vibrational S
5 kg: Boltzmann constant
5] m: mass of molecule
h: Planck’s constant
P: partial pressure of molecule
Ia, I, Ic: principal moments of
inertia
o: symmetry number of molecule
DOF: degree of freedom
w;: ith angular frequency
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pressures of the precursor and byproduct. ¢ represents the symmetry
number of the molecules (2 and 1 for MoOyCl, (Cay) and HCl (Cuy),
respectively) [38]. The symbol in parentheses is the point group of each
molecule.

The vapor pressure was calculated using G in the solid and gas
structures of the precursor. The sublimation temperature (Tsyp) of the
precursor was obtained when Ggas = Golig at P = 1 atm, where Gg,s and
Gsolid are the G values for the gas and solid phases of the precursor,
respectively. The vapor pressure at a given temperature was calculated
under the same conditions. The surface reaction calculations were
divided into five surface reaction states based on weak bonds in the
precursor and surface. Bond dissociation energy (BDE) was calculated to
find out the weak bonds in the precursor and surface. In the case of
Mo-Cl in MoO4Cly, its BDE is the energy difference between two radicals
(MoOCl and Cl) and MoOyCl,. The following surface reaction states
were calculated: gas-phase (gas), physisorption (phys), transition (tran),
chemisorption (chem), and desorption (des).

gas-phase (gas): (Si02)-O-H + MoO,Cl,
physisorption (phys): (SiO,)-O-H --- MoO,Cl,
transition (tran): (SiO;)-O --- H --- CI --- M0oO,Cl
chemisorption (chem): (Si0;)-O-Mo0O,Cl --- HCI
desorption (des): (SiO7)-0-Mo0O,Cl + HCI,

where “+” in (Si02)-O-H + MoOyCl, represents OH-terminated SiOy
surface with a distant MoO4Cly, and “ ...” represents the physisorbed or
half-chemisorbed state of precursor or byproduct to surface.

All the DFT calculations were performed using the Vienna ab initio
simulation package (VASP) [42,43], and the projector-augmented wave
method was employed to handle the electron wave function [44,45].
The exchange-correlation energy was calculated using the
Perdew-Burke-Ernzerhof (PBE) method [46]. The K-point mesh was
sampledonl x 4 x 2,2 x 2 x 2,and 1 x 1 x 1 Monkhorst-Pack grids for
the solid MoO,Cly, the surface slab, and molecules, respectively [47].
The van der Waals dispersion energy correction was considered using
the DFT-D3 method presented by Grimme et al. [48]. Both the electrons
and structures were optimized until the total energy difference was less
than 1073 eV and 1072 eV, respectively. The ZPE and
temperature-dependent enthalpy change (C,dT) were calculated using
vibrational frequency [37-39]. The vibration frequencies of each
structure were calculated using the finite displacement method. The
results of the H, S, and G calculations were compared to those obtained
using VASPKIT software [40].

3. Results and discussion

Table 2 shows the bond length and BDE of Mo-O, Mo-Cl, Si-O, and
O-H bonds in MoO>Cl; and the H-terminated SiO5 surface. From BDE,
Mo-Cl is weaker than Mo-O in MoO5Cl,, and O-H is weaker than Si-O in
the surface. Therefore, the surface reaction between MoO-Cl; and H-
terminated SiO surface is predicted to occur by breaking Mo-Cl and
O-H to produce HCI. This prediction was confirmed by the experiment,
which showed an increase in the partial pressure of HCl during the re-
action between MoO5Cl, and the surface [41].

Table 2

Bond length and bond dissociation energy (BDE) of Mo-Cl, Mo-O, Si-O, and
O-H bonds in MoO4Cl, and the SiO, surface. The surface reaction is predicted to
form HCI by the dissociation of Cl in the precursor and H in the SiO, surface.

MoO,Cl, H-terminated $-SiO, (001) surface
Mo-Cl Mo-O Si-O O-H

Bond length (A) 2.26 1.69 1.64 0.97

BDE (eV) 4.5 7.3 5.8 5.3
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Table 3 shows the thermodynamic correction factors, such as ZPE,
JCpdT, and TS for MoO,Cl; (solid and gas), HCI (gas), and the surface
slabs calculated at T = 800 K, which is a typical experimental temper-
ature [14-17,19], and P = 1 atm. The changes in S; and S; were negli-
gible in the solid precursor and surface slabs. ZPE, [C,dT, and TS,
increased with the number of atoms for vibrational calculation,
implying that MoO,Cl, has larger ZPE, [C,dT, and TS, because it is
composed of more atoms than HCl. MoO,Cly (solid) demonstrated
higher degrees of freedom than MoOCl; (gas); that is, more frequencies
were considered in vibration calculation for ZPE, [ CydT, and TSy
[36-38]. TS; increased proportionally to molecular mass, owing to
which MoOyCl, demonstrated a higher value of TS; than HCL. TS, was
determined by the moment of inertia and the symmetry number of the
molecule; therefore, simple linear HCI showed a lower value of TS; than
nonlinear MoO,Cl,. The effect of the pressure on TS, is discussed further
in the following paragraphs.

Fig. 2 (a) shows the relative G of MoO4Cl; as a function T, with the G
of solid MoOyCl, at T = 0 K used as a reference. The vertical dashed line
represents the sublimation temperature (Tsyp) of MoO2Cly (410 K). The
experimental Ty, was 430 K with an error of approximately 5 % [19].
Fig. 2 (b) shows the calculated vapor pressure (Pyap) as a function of T.
The canister containing the MoOyCl, source was typically heated to
approximately 350 K during the deposition [41]. The Py,; at 350 K was
calculated to be 8.2 torr, and experimentally measured value was 3.3
torr. This vapor pressure evaluation procedure can be applied to screen
many potential precursors in a very cost-efficient manner. This finite
displacement supercell approach offers a relatively simple and widely
accessible method for phonon calculations, but a large supercell should
be used to sample as many phonon modes at I as possible to improve its
accuracy as mentioned in Ref. [49].

Fig. 3 shows the DFT electron energy (AEges = Eqes — Egas) and Gibbs
free energy (AGges = Gdes — Ggas) for desorption relative to the gas-phase
state. Ggas Was obtained at T = 800 K and Py0,c1, = 1 torr. The blue and
light red bars and the dark red bar represent AE and AG for Py = 1
(AGées) and 107° torr (AGges), respectively. The negative AE indicates
that the initial reaction of MoOyCl, with H-terminated $-SiO5 (111)
surface is exothermic, whereas the positive AG}, indicates that the re-
action is endergonic. This is because the entropy of MoOCl; increases
more than that of HCl with increasing temperature, as reported by
Kang’s paper [30]; see gas-phase and desorption states in Table 3.
However, the partial pressure of the byproduct after the reaction may be
significantly lower than that of the precursor delivered from the
canister. Pyc) = 107 torr was used to account for the low consumption
of the precursor in the reaction. AG},, became lower than AG), because
S; of HCl increased with the decrease in Pyc). These results indicate that
Mo0O,Cl, spontaneously reacts with the SiO, surface when the gas-phase
and desorption states are considered among the five states. The five
states are discussed in the following paragraph.

Fig. 4 shows the DFT electron energy (AE) and Gibbs free energy
(AG) for five states relative to the gas-phase state. Ggas was obtained
again at T = 800 K and Pyo0,c, = 1 torr. The relative DFT electron
energy for physisorption (E, = Ephys — Egas) of MoO2Cl2 was —0.75 eV,
whereas the relative Gibbs free energy for physisorption (Gp = Gphys —
Ggas) was 1.53 eV. When a molecule physisorbs onto a surface, TS; and
TS, become negligible, causing an abrupt Gppys increase. This increase in
G, has also been observed in other studies [30,31]. The DFT electron
energy for activation (Ea = Etran — Ephys) was 0.91 eV, while the Gibbs
free energy for activation (Ga = Giran — Gphys) Was 0.80 eV. Unlike the
previous trend between E, and Gp, G, varied insignificantly from E,
because G increased at a similar rate in both the physisorption and
transition states (see Table 3). Therefore, the evaluation of the activation
energy using the DFT electron energy is preferable because of its low
computational cost. MoO>Cl, showed a reverse activation DFT electron
energy (E; = Egan — Echem) Of 0.69 eV, which was smaller than E,. The
reverse activation Gibbs free energy (G; = Giran — Gchem) Was 0.79 eV
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Table 3

Calculated thermodynamic correction factors (ZPE, f C,dT, and TS) at T = 800 K and P = 1 atm. The units are eV.
System H-E TS

ZPE prdT TS, TS TS,

Mo0,Cl, (solid) 0.27 0.80 - - 2.29
MoO-Cl; (gas) 0.24 0.70 1.62 1.04 0.96
HCI (gas) 0.18 0.24 1.44 0.34 0.00
(8i02)-0-H 0.37 0.23 - - 0.52
(Si03)-0-Mo0,Cl 0.32 0.64 - - 1.58
(Si02)-O-H + Mo0-Cl, (gas-phase) 0.61 0.93 1.62 1.04 1.48
(8i05)-0-H---M00,Cl, (physisorption) 0.63 0.91 - - 2.31
(Si03)-0---H---M00,Cl---Cl (transition) 0.52 0.91 - - 2.30
(8i05)-0-Mo00,Cl---HCl (chemisorption) 0.52 0.90 - - 2.38
(Si05)-0-Mo0,Cl + HCl (desorption) 0.50 0.88 1.44 0.34 1.58
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Fig. 2. (a) Relative Gibbs free energy (G) of solid (blue) and gas (red) MoOCl; at Pye0,c1, = 1 atm. G of solid MoO,Cl; at T = 0 K is used as a reference. The vertical
dashed line indicates the sublimation temperature (T, = 410 K). (b) Vapor pressure as a function of T. The solid and dashed curves show linear and logarithmic
scales of the vapor pressure, respectively. The red and blue curves indicate calculated and experimental vapor pressures, respectively [19]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Relative desorption energy (AEges = Eqes — Egas and AGges = Gdes — Ggas)
of the reaction between precursor and SiO, surface. The blue, light red, and
dark red bars indicate AEqes, AGges for Pugi = 1 (AGY,,), and 107° torr (AGY,),
respectively. The value of Py = 107° torr accounts for the fact that only a
small fraction (one per million) of the delivered precursor from the canister is
consumed for reaction. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

which was similar to G,. This difference was the same as the [C,dT and
TS, difference between chemisorption and transition states (see transi-
tion and chemisorption states in Table 3). The DFT electron energy for
desorption (Eq = Eges — Echem) Was 0.31 eV, whereas the Gibbs free en-
ergy for desorption (Gq = Gdes — Gehem) Was —2.02 eV. This large dif-
ference occurs because the TS; and TS, values of the desorbed HCI are
generally non-zero, but become zero when HCI is adsorbed in the
chemisorption state. Therefore, the desorption process was facilitated by
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the decrease in Gq resulting from the increase in TS;. The increase of TS,
is mainly due to the desorption of HCl and decrease in Pyq).

4. Conclusion

This study focused on evaluating the vapor pressure of the MoOyCl,
precursor and its initial chemical reaction on the SiOy surface. The
partial pressure calculated for MoO4Cl, agreed reasonably well with the
experimentally measured value. The relative Gibbs free energy was
positive when the partial pressures of MoO»Cl, and HCI were the same,
whereas the relative Gibbs free energy became negative when a low
partial pressure of HCl was considered. The physisorption of MoO2Cl, on
the surface from the Gibbs free energy was not favorable because of the
decrease in entropy, whereas the activation energies from both the DFT
energy and Gibbs free energy were almost the same. The desorption of
HCI occurred easily because of the increase in entropy. Evaluation of the
activation energy using the DFT electron energy alone is still feasible
because of its acceptable accuracy and low computational cost.
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