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ABSTRACT: NiCl,, PdCl,, and PtCl, can be spontaneously
etched by ligand addition with P(CH;); (P(Me)s, trimethylphos-
phine). Ligand addition of P(Me); to these group 10 metal
chlorides can form stable and volatile complexes. These ligand-
addition reactions are suggested by the covalent bond classification
(CBC) method. The CBC method provides guidelines for
determining probable transition metal complexes based upon the
stoichiometry of the metal (M), one-electron donor ligands (X),
and electron-pair donor ligands (L). The CBC model predicts that
a complex with a stoichiometry of MX,L, is most frequently
observed for Ni, Pd, and Pt. This prediction suggests that
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MCL(P(Me);), is a likely stable product after exposing Ni, Pd, and Pt to chlorination and then ligand-addition reactions with
P(Me);. In accordance with these expectations, in situ QMS studies revealed that NiCl,(P(Me);),", PACL(P(Me);),", and
PtCL,(P(Me);)," were observed as volatile metal complexes resulting from P(Me); exposure to NiCl,, PdCl, and PtCL,
Thermochemical calculations also indicated that addition of P(Me); to MCl, and MCL,(P(Me),) was favorable where M = Ni, Pd,
and Pt. The identification of these volatile products and the theoretical verification of their stability suggest that pathways for Ni, Pd,
and Pt thermal atomic layer etching (ALE) are possible based on sequential chlorination and ligand-exchange reactions.

1. INTRODUCTION

Dry etching plays an important role in semiconductor
processing to fabricate three-dimensional structures. This
dry etching is usually performed using reactive species from
plasmas.” Tonic species from plasmas are particularly important
because they can provide the anisotropy needed for directional
etching.” The use of plasmas for etching is so common that the
prevailing view is that dry etching usually requires a plasma.
However, there are also many examples of dry etching based
on spontaneous thermal etching. The most familiar examples
involve silicon etching by the formation of volatile fluorides
after exposure to fluorination reactants such as XeF,.”> Other
examples include the etching of metals such as tungsten,
copper, and aluminum by halogenation reactants such as XeF,
or CL.57*

Spontaneous thermal etching is also imoportant in thermal
atomic layer etching (ALE) processes.”'’ Thermal ALE is
defined by sequential surface modification and volatile release
reactions that remove material with atomic layer control.”"
To obtain atomic layer control, at least one of the reactions
must be self-limiting.'"'> For the known thermal ALE
processes, the surface modification reaction is the self-limiting
reaction.”” The volatile release reaction in thermal ALE can be
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non-self-limiting, i.e., continuous or spontaneous, if the surface
modification reaction is self-limiting."' ™" Many thermal ALE
reactions have been developed recently for a variety of
materials.” Thermal ALE has been defined for metal oxides
including ALO;,'*™'° HfO,,'”'® Zn0,"” and Ga,0,.*’
Procedures for thermal ALE have been described for metal
nitrides such as AIN,”" TiN,** and GaN.>* Thermal ALE has
been established for silicon-based materials including Si,**
SiOZ,25 Si3N4,26 and SiGe.”” In addition, thermal ALE has been
developed for metals such as W,*® Cu,” and Co.*°

One of the main mechanisms for these thermal ALE
processes is based on fluorination for surface modification and
ligand exchange for volatile release.'”'*! The fluorination
reaction is often performed using HF.'”'*'® Ligand exchange
is a transmetalation reaction where a ligand from the incoming
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precursor is transferred to the metal fluoride and a fluoride
ligand from the metal fluoride is transferred to the incoming
precursor.'”*'~** The ligand-exchange mechanism leads to a
ligand substitution. Prominent ligands from ligand-exchange
precursors undergoing ligand exchange, such as Al(CHj;); and
TiCl,, have been CH; and Cl, respectively.''” The reaction
between the ligand-exchange precursor and the metal fluoride
has been observed to be a spontaneous reaction.’**®

Other volatile release mechanisms for thermal ALE may
exist in addition to ligand exchange. One important
mechanism that has not been explored thoroughly for thermal
ALE is ligand addition. The ligand-addition mechanism
involves adding a new ligand to an existing complex to enable
the volatilization of the complex. Ligand-addition processes
such as oxidative addition are well-known in organometallic
solution chemistry.”® However, few reports exist for ligand
addition leading to a volatile complex. One example is the
ligand addition of pyridine (py) to CoCl, to yield the volatile
CoCl,py, complex.””*® The CoCl,py, complex has been
studied in the gas phase using UV—visible absorption
spectroscopy.”” Another example is the ligand addition of
P(CH,CH;); to CuCl to yield the volatile CuCI(P-
(CH,CH;);), complex.””~*" The CuCI(P(CH,CHj,);), com-
plex has been identified by mass spectrometry studies.””*’

Other examples related to ligand addition involve the
addition of acetylacetone (Hacac) or hexafluoroacetylacetone
(Hhfac) to metal oxides to yield volatile metal acetylacetone
complexes.””** In this case, hydrogen from the Hacac or Hhfac
is believed to combine with oxygen from the metal oxide to
form H,0.”” Hacac or Hhfac can also be exposed to metal
chlorides to yield volatile metal acetylacetone complexes.*>**
These reactions have been interpreted as substitution reactions
where hydrogen from Hacac combines with chlorine to form
HCL® Attempts to observe volatile Cl-containing metal
acetylacetone complexes have been inconclusive.”

Possible stable and potentially volatile metal complexes
during metal thermal ALE are suggested by the covalent bond
classification (CBC) method.”* The CBC method reports the
probable stable complexes for a given metal resulting from
bonding to various ligands. The complexes can be expressed as
MX,L, where M is the metal center, X is a one-electron donor
ligand, and L is an electron-pair donor ligand.44 To form a
stable metal complex, X and L ligands are added to the metal
center. Generally, the most stable complexes will satisfy the 16
or 18 electron rule.*® The MLX plots report the probability for
occurrence of the various MX,L, complexes based on metal
species documented in the Dictionary of Organometallic
Compounds.” The MLX plot for Ni is shown in Figure 1.*°
The MLX plots provide guidance to define the sequential
surface reactions for metal thermal ALE.

This paper reports the volatile products from the
spontaneous etching of NiCl,, PdCl,, and PtCl, by ligand
addition with P(Me);. Metal chloride powders are used to
represent chlorinated metal surfaces that would be present
following chlorination of the elemental metal surface in a metal
thermal ALE process defined by chlorination and ligand-
addition reactions. P(Me); is flowed through the metal
chloride powder to determine if the metal chloride can be
volatilized by ligand addition. The metal chloride powder
provides a nearly infinite reservoir of metal chloride that
supplies much more volatile etch product for the quadrupole
mass spectrometry (QMS) studies.
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Figure 1. MLX plot of possible Ni complexes. M is metal center, X is
one-electron donor ligand, and L is electron pair donor ligand.
Percentages report probability of occurrence of metal complexes are
based on the Dictionary of Organometallic Compounds.*’

The stable volatile metal complexes identified by QMS are
then compared with the expectations from the CBC method.
The stability of these volatile metal products is also confirmed
using quantum chemical calculations. We note that recent
results have been reported for thermal Ni ALE defined by
sequential chlorination and ligand-addition reactions where
SO,Cl, was the chlorine reactant and P(Me); was the ligand-
addition reactant.”” In addition, recent QMS studies have
monitored the volatile gas products from the ligand addition of
P(Me); to NiCl, powder.”’

2. EXPERIMENTAL SECTION

2.A. QMS Detection of Volatile Etch Species. Detection
of the volatile etch species produced during the ligand-addition
reactions was accomplished using a quadrupole mass
spectrometer (QMS; Extrel MAX-QMS flange mounted
system). Details of the QMS and reactor setup have been
reported elsewhere.”* Metal chloride powders utilized in the
QMS experiments included NiCl, (99.99+%, Strem Chem-
icals), PdCl, (99.9%, Strem Chemicals), and PtCl, (99.9%,
Strem Chemicals). P(Me); (trimethylphosphine, 97%, Sigma-
Aldrich) was used as the precursor for ligand addition. P(Me),
is toxic and pyrophoric. P(Me), should not be exposed to air
or moisture. Precautions should be taken when handling
P(Me);. For example, P(Me); was transferred in a glovebox
under inert atmosphere to protect the operator and the
chemical integrity of the P(Me);.

During the experiments, a N, carrier gas flowed through the
metal chloride powders at a pressure of ~1.8 Torr. In addition,
the partial pressure of P(Me); flowing through the metal
chloride powders was ~0.5 Torr. For the temperature ramp
studies, a linear heating rate of 3 °C/min was used to survey
the volatile products. During the temperature ramp, the
pressures of the P(Me); and N, carrier gas were constant.
They were continuously flowed through the metal chloride
powders unless stated otherwise.

All volatile species were entrained in a molecular beam.
Details about the molecular beam generation in this reactor
have been reported elsewhere.”* This molecular beam exited
the sample holder, traveled through a differentially pumped
volume, passed through a skimmer, and then entered a
differentially pumped region around the ionizer of the mass
spectrometer. The molecular beam was categorized as
intermediate or partially hydrodynamic based on the Knudsen

https://doi.org/10.1021/acs.jpcc.1c10690
J. Phys. Chem. C 2022, 126, 8287—8295


https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10690?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10690?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10690?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10690?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

number (Kn) of Kn = 0.05—0.08."° The molecular beam was
positioned with line-of-sight to the QMS ionizer entrance for
direct and accurate detection. The molecular beam increased
the intensity of the volatile species.

Isotopic distributions of the volatile etch products were
calculated based on the naturally occurring isotopic abundan-
ces of a compound. For example, for PtCL(P(Me),),, all five
isotopes of Pt (192pt, 19*pt, 5Py, 196pt, 18Pt), all isotopes of Cl
(*Cl, ¥Cl), and all isotopes of P, C, and H were utilized to
generate the expected isotopic patterns. The isotopes of Ni, Pd,
and Pt are distinct and characteristic of the corresponding mass
spectra of the etch products. The CI isotopes are also
distinguishing and help to identify the number of Cl atoms
in the etch products.

2.B. Computational Details. Sequential additions of
P(Me); precursor to MCl, (M = Ni, Pd, Pt) were studied
with a combination of ab initio and thermodynamic
calculations. All quantum chemical calculations were per-
formed using Gaussian 16.*” The optimization of all geo-
metries was completed at the UB3LYP/Def2TZVP level of
theory.”””" These geometries were used to calculate single
point energies with UCCSD(T)/sdd.”* >

Gibbs free energies were calculated using translational,
vibrational, and rotational degrees of freedom at 100 °C along
with UCCSD(T) energies. Harmonic vibrational frequencies
were obtained from UB3LYP/Def2TZVP geometries. The
thermochemical methods have been discussed in depth.*® The
RMACC Summit Supercomputer was used for all calcu-
lations.”’

3. RESULTS AND DISCUSSION

3.A. Ligand Addition of P(Me); to NiCl,. Exposure of
P(Me); to NiCl, yielded NiClL,(P(Me);)," as a volatile
product. The QMS results at 92 °C are shown in Figure 2.
The isotopic fingerprints are consistent with the presence of
S¥Ni and “Ni isotopes, as well as **Cl and *’Cl isotopes. The
peak at m/z 280 agrees with **Ni**CL,(P(Me),),*. The peak at
m/z 282 can be attributed to **Ni**CI*’CI(P(Me),)," and/or
ONi*Cl,(P(Me)),". The peak at m/z 284 is assigned to
$Ni*’CL(P(Me);)," and/or “Ni*CI¥’CI(P(Me);),". These
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Figure 2. Mass spectrum of NiClL,(P(Me),)," from P(Me); exposure
to NiCl, powder at 92 °C.
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peaks are consistent with the ligand-addition reaction of
P(Me), to the Ni metal center in NiCl,.

The NiCL(P(Me);)," product agrees with Ni organo-
metallic complexes with a stoichiometry of MX,L,, where the
X ligand (one electron donor) is Cl, and the L ligand (electron
pair donor) is P(Me);. This product was expected based on
the MLX plot for Ni from the CBC method shown in Figure
1.*° The two ClI ligands and two P(Me); ligands in
NiCl,(P(Me);), satisfy the 16-electron rule where there are
16 electrons in the outer shell of Ni for stabilization.**

The intensity of the NiCL,(P(Me);)," product as a function
of the sample temperature is shown in Figure 3. The
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Figure 3. Ion intensity of NiCL,(P(Me);)," as a function of powder
temperature during P(Me), exposure to NiCl, powder during a linear
heating rate of 3 °C/min.

NiClL,(P(Me);)," product has a peak intensity at 92 °C.
There are onset product intensities as low as 65 °C. The
product appearance may be either desorption or reaction
limited. For desorption-limited product appearance, the
product may form at lower temperatures but requires more
thermal energy for desorption. For reaction-limited product
appearance, the product may not desorb until the temperature
where the product is formed on the surface.

Above 92 °C, the product intensity decreases with
temperature. This decrease could result from the decreasing
residence time of the P(Me); precursor. This P(Me),
precursor may precede the formation of the volatile NiCl,(P-
(Me),), product. The decreasing intensity of NiCL,(P(Me);),
at higher temperatures could be fit using a precursor-mediated
adsorption model.>® NiCl,(P(Me),), is stable at these
temperatures. NiCl,(P(Me),), has been reported to have a
melting point in the range of 194—199 °C.>”

3.B. Cold or Hot Exposures of P(Me); to NiCl,.
Additional experiments were performed to explore whether
the appearance of the NiCl,(P(Me);), product was
desorption-limited or reaction-limited. In these experiments,
P(Me); was exposed to the NiCl, powder either below or
above the appearance of the NiCl,(P(Me);), product in Figure
3. Subsequently, the sample was either ramped up or ramped
down in temperature in the presence of only N, carrier gas.
The details of the cold and hot exposure experiments are
illustrated in Figure 4.
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Figure 4. Cold exposure procedure: (a) P(Me), exposure to NiCl, powder at 40 °C followed by (b) N, purging and (c) heat ramp during N,
purging. Hot exposure procedure: (d) P(Me), exposure to NiCl, powder at 130 °C followed by (e) N, purging and (f) cool down during N,

purging.

Figure 4a—c shows schematics of the cold exposure
experiment. The NiCl, sample was held around room
temperature and exposed to 0.45 Torr of P(Me); for 15 min
(Figure 4a). No N, carrier gas was used during the cold
exposure. After 15 min, the P(Me); exposure was ended and
the NiCl, sample was purged by N, to remove any residual
P(Me), inside the sample holder (Figure 4b). The purge was
stopped when no more P(Me); was observed by the QMS.
Subsequently, the NiCl, sample was ramped up in temperature
in the presence of only N, carrier gas (Figure 4c). No P(Me),
was exposed to the NiCl, powder during this temperature
ramp.

The blue data points in Figure S show the results of the
temperature ramp after the cold exposure. NiCL (P(Me);),"
was observed with a peak intensity at approximately 82 °C.
The appearance of NiClL,(P(Me);)," indicates that this
complex must have formed at room temperature. However,
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Figure S. Ion intensity of NiCL,(P(Me);)," as a function of NiCl,
powder temperature during (a) cold exposure procedure (blue
points) and (b) hot exposure procedure (red points).
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NiCl,(P(Me);)," was not observed at room temperature
during the temperature ramp experiment shown in Figure 3.
The product volatilization must be thermally driven and only
occurs at higher temperatures.

There is also a large difference in signal intensities between
the two linear temperature ramp experiments. The peak
product intensity was ~18 mV at 92 °C for the temperature
ramp experiment conducted with continuous P(Me), exposure
shown in Figure 3. The product intensity was ~3.5 mV at 82
°C for the linear temperature ramp experiment performed after
the cold exposure followed by only N, carrier gas displayed in
Figure S. This difference in signal intensities indicates that
much more volatile NiCl,(P(Me);), product can form at 92
°C at the peak intensity compared with the NiCL,(P(Me);),
product that is stored on the NiCl, powder after P(Me),
exposures at room temperature and then desorbs with a peak
intensity at 82 °C.

The results are very different for the hot exposure
experiment. Figure 4d—f shows schematics of the hot exposure
experiment. In these experiments, the NiCl, sample was held at
130 °C and exposed to 0.45 Torr of P(Me); for 1S min
(Figure 4d). No N, carrier gas was used during the hot
exposure. After 15 min, the P(Me); exposure was ended and
the NiCl, sample was purged by N, to remove any residual
P(Me), inside the sample holder (Figure 4e). The purge was
stopped when no more P(Me); was observed by the QMS.
Subsequently, the NiCl, sample was ramped down in
temperature in the presence of only N, carrier gas (Figure
4f). No P(Me); was exposed to the NiCl, powder during this
cooling temperature ramp.

The results of the hot exposure experiment are shown by the
red data points in Figure 5. With the NiCl, powder held at 130
°C, the P(Me); exposure did not lead to the formation of
NiCL(P(Me);),. These results are in agreement with the
results in Figure 3. The lack of NiCl,(P(Me);), formation at
130 °C suggests that the residence time of P(Me)j; is too short
to add to NiCl, and form NiCl,(P(Me);),. In addition, the
subsequent temperature ramp from 130 °C down to 40 °C in
the absence of P(Me); exposure also did also not yield any
NiCl,(P(Me);), product as shown in Figure S.
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3.C. Ligand Addition of P(Me); to PdCl,. The strategy of
ligand addition can be extended to other group 10 metal
chlorides. On the basis of the MLX plot for Pd from the CBC
method, MX,L, is a stable complex with a probability of
occurrence of 81%."° MX,L, has the same stoichiometry as the
Ni complex, NiCL,(P(Me);),, described above. In similarity
with the Ni MX,L, complex, this Pd MX,L, complex also
obeys the 16-electron rule.

An equivalent approach to the methods employed for NiCl,
was utilized to study the spontaneous etching of PdCl, using
P(Me); for the ligand-addition reaction. The results for these
experiments at 150 °C are shown in Figure 6. The QMS
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Figure 6. Mass spectrum of PdCL(P(Me);)," from P(Me); exposure
to PdCl, powder at 150 °C.

analysis observed a cluster of ion intensities with the highest
intensity peak at m/z 330. On the basis of the distribution of
isotopic fingerprints, this cluster is assigned to PdCl,(P-
(Me);),*. The experimental ion intensities and the calculated
ion intensities based on the isotopic abundances are in
excellent agreement as shown in Figure 6. This PdCL,(P-
(Me);)," ion is the parent of the MX,L, complex that was
expected from the Pd MLX plot.

The intensity of the PACL,(P(Me);)," product as a function
of the sample temperature is shown in Figure 7. For this linear
temperature ramp experiment, the PdCL(P(Me);)," signals
have an onset at 85 °C. The peak ion intensity is observed at
150 °C. Ion intensities are also observed at temperatures as
high as 275 °C. The temperature ramp results for NiCl, in
Figure 3 and PdCl, in Figure 7 are different. These
temperature differences could reflect variations in the (i)
vapor pressures of the complexes, (ii) residence times of
P(Me), on the surface (PdCl, versus NiCl,), or (iii) overall
reaction kinetics. The vapor pressure of PACL,(P(Me),), is not
reported in the literature to the best of our knowledge.

3.D. Ligand Addition of P(Me); to PtCl,. The
spontaneous etching of NiCl, and PdCl, reported above
suggests that PtCl, may also be spontaneously etched by ligand
addition with P(Me);. The spontaneous etching of PtCl, was
explored using QMS analysis with the same experimental
conditions as for the spontaneous etching of NiCl, and PdCl,.
The CBC method can also be used to predict the probable
release of volatile Pt complexes. On the basis of the MLX plot

8291

80

~ 60+ PdCI,(P(CH,),),*
>

E

P
=401
)

c

]

]

c

= 20 =+

100 150 200 250 300
Powder Temperature (°C)

Figure 7. lon intensity of PACL(P(Me);)," as a function of powder
temperature during P(Me); exposure to PdCl, powder.

for Pt from the CBC method, MX,L, is a stable complex with a
probability of occurrence of 69%."° This Pt MX,L, complex
has the same stoichiometry as the Ni and Pd complexes
described above. This Pt MX,L, complex also obeys the 16-
electron rule.

By exposure of P(Me), to PtCl, PtCL(P(Me),;)," was
observed by QMS analysis as shown in Figure 8. This

200
200°C == Experiment
== Calculated
;150 R o /CH_‘ e
E ke
~— H \Pt/ \cus
35100 | L a” ea
i)
5 |
[
<
= 50 - J
0 T T T T T T T T T T T T T T 1 T T T T
405 410 415 420 425 430
m/z

Figure 8. Mass spectrum of PtCL,(P(Me);)," from P(Me), exposure
to PtCl, powder at 200 °C.

PtCL,(P(Me),)," ion signal has a characteristic signature that
reflects the natural abundances of the Pt and Cl isotopes. The
experimental ion intensities and the calculated ion intensities
based on the isotopic abundances are in excellent agreement as
shown in Figure 8. This PtCl,(P(Me))," ion is the parent of
the MX,L, complex that was expected from the Pt MLX plot.

The intensity of the PtCl,(P(Me);)," product as a function
of the sample temperature is shown in Figure 9. For this linear
temperature ramp experiment, the PtCL(P(Me),)," signals
have an onset at 90 °C. This onset temperature is similar to the
onset temperature for PdCL(P(Me);)," at 85 °C as shown in
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Figure 9. Ion intensity of PtCL,(P(Me);)," as a function of powder
temperature during P(Me), exposure to PtCl, powder.

Figure 7. The peak ion intensity for PtCL(P(Me),)," is
observed at 200 °C. This peak ion intensity is higher than the
peak ion intensity observed at 150 °C for PdCL,(P(Me);)," in
Figure 7. Ion intensities for PtCL(P(Me);)," are observed at
temperatures as high as 280 °C.

In addition to the MX,L, complexes observed for Ni, Pd,
and Pt, a new complex was also observed by exposing P(Me),
to PtCl, powder. This new complex has a stoichiometry of
MX,L,. Figure 10a shows the ion intensities for this MX,L,
complex that was assigned to PtCl,(P(Me),),. This assignment
was confirmed by the characteristic Pt and Cl isotopic
abundances. The experimental ion intensities and the
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Figure 10. (a) Mass spectra of PtCl,(P(Me);),* from P(Me),
exposure to PtCl, powder at 180 °C and (b) ion intensity of
PtCl,(P(Me),), as a function of powder temperature during P(Me),
exposure to PtCl, powder.
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calculated ion intensities based on the isotopic abundances
are in excellent agreement as shown in Figure 10a.

The PtX,L, complex has the second highest abundance
probability of occurrence of 11% on the Pt MLX plot from the
CBC method.*® To the best of our knowledge, PtCl,(P-
(Me);), has not been reported in the literature. However, a
close analogy to this complex is PtCl,(P(Et);), where Et =
ethyl group, CH,CH;. The crystal structure of PtCl,(P(Et);),
has been reported previously.”” The possible chemical
structure of PtCl,(P(Me),), is proposed in Figure 10a.

The intensity of the PtCl,(P(Me);)," product as a function
of the sample temperature is shown in Figure 10b. The
PtCL,(P(Me),)," signals have an onset at 165 °C. The peak ion
intensity for PtClL,(P(Me);)," is observed at 180 °C. This
temperature for the peak ion intensity is higher than the
temperature for the peak ion intensities of NiCl,(P(Me);),"
and PdCL(P(Me);)," and similar to PtCl,(P(Me);),". Ion
intensities for PtCl,(P(Me);)," are observed at temperatures
as high as 230 °C.

3.E. Computational Results of Ligand Addition of
P(Me); to MCl,. Computational results for the ligand addition
of P(Me); to NiCl,, PdCl, and PtCl, support the experimental
observations. Calculations show that the addition of P(Me); to
the metal chlorides is thermodynamically favorable for both
the first and second P(Me), ligand-addition reactions. Figure
11 displays the changes in Gibbs free energy for the stepwise
P(Me), ligand addition to NiCl,, PdCl,, and PtCl, calculated
at 100 °C.
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Figure 11. Thermochemistry of ligand addition of P(Me); to MCL,
and MCL(P(Me);) where M = Ni, Pd, Pt. Change in Gibbs free
energy is calculated at 100 °C.

The first ligand addition of P(Me); is favorable as indicated
by the negative change in free energy. The free energy change
for the first ligand addition is largest for PtCl, at —306 kJ/mol.
The free energy changes for the first ligand addition are —218
and —186 kJ/mol for NiCl, and PdCl,, respectively. The total
free energy change after the second ligand addition is largest
for PtCl, at —463 kJ/mol. The total free energy changes after
the second ligand addition are —383 and —357 kJ/mol for
NiCl, and PdCl,, respectively. These theoretical calculations
support ligand addition of P(Me); to MCl, as an effective
pathway to produce stable MCL,(P(Me);), complexes.

3.F. Recent Results for Ni Thermal ALE and
Predictions for Pd and Pt Thermal ALE. The identification
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of volatile products from spontaneous etching of NiCl,, PdCl,,
and PtCl, by ligand addition with P(Me); are predictive for Ni,
Pd, and Pt thermal ALE using chlorination and ligand-addition
reactions. The NiCl,, PdCl, and PtCl, metal chlorides
represent Ni, Pd, and Pt after chlorination reactions. The
QMS studies of the reaction of P(Me); with NiCl,, PdCl,, and
PtCl, powders model the ligand-addition reaction for volatile
release. The observation of the NiClL,(P(Me);),, PdCL(P-
(Me);),, and PtCL(P(Me),), volatile etch products indicates
that Ni, Pd, and Pt thermal ALE should be possible.

Recent studies of Ni thermal ALE have been reported using
SO,Cl, for chlorination and P(Me); for ligand addition.”” A
number of experiments including quartz crystal microbalance
(QCM) and X-ray reflectivity (XRR) measurements obtained
Ni ALE etch rates versus temperature. The etch rates obtained
from the QCM measurements were 0.14, 0.57, 0.67, 1.30, and
3.07 A/cycle at 75, 100, 125, 150, and 175 °C, respectively.
These results indicate that the observation of NiCl,(P(Me),),
from P(Me); exposures on NiCl, powders in the current study
is consistent with the feasibility of Ni thermal ALE using
SO,Cl, and P(Me); as the reactants.

The Ni ALE etch rates increased with temperature, and the
largest Ni ALE etch rate of 3.07 A/cycle was observed at the
highest temperature of 175 °C.*’ In contrast, Figure 3 shows
that the NiCl,(P(Me)s), volatile etch products from P(Me),
exposures on NiCl, powders peaked at 92 °C during the
temperature ramp and then decreased to a negligible QMS
signal intensity at 175 °C. This contrast may be related to the
different nature of the nickel chloride produced by SO,Cl,
chlorination of nickel and the NiCl, powder. The NiCl,
powder is crystalline, whereas the thin nickel chloride layer
on the Ni substrate after chlorination by SO,Cl, during Ni
thermal ALE may be more amorphous. These structural
differences may lead to varying rates of ligand addition with
P(Me);.

The good agreement between the observation of NiCl,(P-
(Me);), from P(Me); exposures on NiCl, and the
demonstration of Ni thermal ALE using SO,Cl, and P(Me),
as the reactants can also lead to predictions for Pd and Pt
thermal ALE. The detection of PdCL,(P(Me),), and PtCl,(P-
(Me),), from P(Me); exposures on PdCl, and PtCl,,
respectively, suggests that Pd and Pt thermal ALE should be
possible using SO,Cl, and P(Me); as the reactants. Additional
thermal ALE experiments are needed to verify these
predictions.

4. CONCLUSIONS

The group 10 metal chlorides, NiCl,, PdCl,, and PtCl,, were
spontaneously etched by ligand addition with P(Me);. Ligand
addition of P(Me); to these metal chlorides was able to form
stable and volatile complexes. These ligand-addition reactions
were suggested by the CBC method. The CBC method
predicts that a complex with a stoichiometry of MX,L, is most
frequently observed for Ni, Pd, and Pt. Using chlorination and
ligand addition with P(Me); for these group 10 metals, the
expected volatile product is MCL(P(Me);),.

In agreement with these expectations, in situ QMS studies
revealed that NiClL(P(Me);),", PdCl,(P(Me);),*, and
PtClL,(P(Me),)," were observed as volatile metal complexes
resulting from P(Me); exposure to the group 10 metal
chlorides. The assignment of these complexes was aided by the
natural isotopic abundance of Ni, Pd, Pt, and Cl that led to
distinct ion intensity fingerprints. Thermochemical calculations
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also confirmed that addition of P(Me); to MCI, and
MCL(P(Me);) was favorable where M = Ni, Pd, and Pt.

The identification of the MCL,(P(Me);), volatile products
suggests that Ni, Pd, and Pt can be etched by thermal atomic
layer etching (ALE) methods. In agreement with this
suggestion, results have been reported recently for thermal
Ni ALE using SO,Cl, for chlorination and P(Me); for ligand
addition. The etching of Pd, Pt, and other metals should be
possible employing similar strategies using the CBC method
for guidance on the necessary X and L ligands to form stable
and volatile etch products.
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