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ABSTRACT: Metal fluorides can be spontaneously etched by
ligand-exchange reactions. During these reactions, the exchange of
ligands between the incoming precursor and the metal fluoride
leads to the volatilization of the metal fluoride. These ligand-
exchange reactions are important in many thermal atomic layer
etching (ALE) processes. To test the effectiveness of different
ligands for ligand exchange, the spontaneous etching of metal
fluorides by silane precursors containing different ligands was
investigated using in situ quadrupole mass spectrometry (QMS).
The homoleptic and heteroleptic silane precursors were SiCl ,
SiCl ( C H  )  , SiCl(CH )  H, and Si(CH )  . These silane precursors provide Cl, C H  , or H  ligands for the ligand-exchange reaction. The
metal fluorides were GaF , InF , ZnF , ZrF , HfF , and SnF . The QMS results showed that F/Cl ligand exchange was observed for all
the metal fluorides with chlorine-containing silane precursors. In addition, all the volatile metal etch products were metal chlorides,
namely, GaCl , InCl , ZnCl , ZrCl , HfCl , and SnCl . No metal methyl complexes were detected as volatile metal etch products
indicating no F/CH exchange. For SiCl(CH )  H  as the silane precursor, the observation of SiF ( C H  )  indicated that F/ H  exchange is
also possible in addition to F/Cl exchange. For the various metal fluorides, the dominance of the F/Cl exchange led to nearly equivalent
onset temperatures for ligand exchange and for etching to yield metal chlorides. Thermochemical calculations of the ligand-exchange
reactions also predicted the formation of metal chlorides. All F/Cl exchanges were the most thermodynamically favorable as
demonstrated by their negative changes in Gibbs free energy (ΔG).  These experimental and theoretical results provide guidelines for
designing precursors for thermal ALE processes.

1. INTRODUCTION
Thermal atomic layer etching (ALE) is a gas phase etching
technique that utilizes sequential and self-limiting surface
reactions.1,2 The reactions consist of a surface modification
step followed by volatile release of the modified surface.1,2 For
the thermal ALE of metal oxides such as Al O , HfO , and
ZrO , the modification step typically involves fluorination
using HF.2−11 The volatile release step can then employ a
ligand-exchange reaction that can be characterized as a
transmetalation reaction.12 During the ligand-exchange reac-
tion, the ligands on the precursor are exchanged with the F
ligands in the metal fluoride.

Various precursors have been demonstrated for ligand
exchange in thermal ALE such as Al(CH )  , AlCl(CH )  ,
SiCl , TiCl , BCl , Ga(N(CH )  )  , and Sn(acac) .1−11,13,14

Most of these precursors contain ligands such as Cl and C H  .
These are effective ligands for volatile release if the reaction
can produce stable and volatile metal chlorides or metal methyl
complexes. Out of the various precursors demonstrated for
ligand exchange in thermal ALE, only SiCl     is a silane
precursor.8 Silanes are an important class of precursors for
ligand exchange with metal fluorides because of strong Si−F

covalent bonding.15     The Si−F bond formation can be a
substantial thermochemical driving force for ligand exchange.
In addition, Si can form complexes with a wide variety of
ligands. Consequently, silane precursors containing different
ligands are an excellent testbed for exploring the effectiveness
of various ligands for ligand exchange in thermal ALE.

This work explores the spontaneous etching of metal
fluorides with silane precursors. The spontaneous etching
models the volatile release of the surface fluoride in thermal
ALE. The spontaneous etching reactions were studied using a
reactor equipped with sample heating and in situ quadrupole
mass spectrometry (QMS).16 Six different metal fluorides were
studied including GaF , InF , ZnF , ZrF , HfF , and SnF .
These metal fluorides represent the corresponding metal
oxides after fluorination in the surface modification step during
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thermal ALE. Four different homoleptic and heteroleptic silane
precursors were explored for ligand exchange including SiCl ,
SiCl ( C H  )  , SiCl(CH )  H, and Si(CH )  . These silane
precursors are shown in Figure 1. Only SiCl , together with
HF for fluorination, has been previously employed for ligand
exchange during the thermal ALE of HfO2 and ZrO2.8

Figure 1. Pictures of the silane precursors: (a) SiCl     (silicon
tetrachloride), (b) SiCl ( C H  )  (dichlorodimethyl-silane), (c) SiCl-
(CH )  H  (chlorodimethyl-silane), and (d) Si(CH )  (tetramethyl-
silane).

The various silane precursors allow the F/Cl, F/CH , and F/
H  exchange reactions to be studied by monitoring the ligand-
exchange and metal etch products using in situ QMS
investigations.16     The relative importance of F/Cl, F/CH ,
and F/H exchange reactions can be determined by measuring
the intensity of the ligand-exchange and metal etch products
and their temperature dependence. In addition, the ligand-
exchange reactions must be thermodynamically favorable to
generate stable and volatile products. Thermochemical
calculations were performed to determine the change in
Gibbs free energy (ΔG)  for each combination of the different
silane precursors with the various metal fluorides. These
experimental and theoretical studies help to clarify the
importance of the specific ligand during ligand-exchange
reactions. This understanding is also useful for the design of
effective reactants for thermal ALE.

2. EXPERIMENTAL SECTION
2.1. Quadrupole Mass Spectrometry (QMS) Reactor.

Detection of volatile species during the ligand-exchange reactions
was accomplished using a reactor equipped with in situ QMS (Extrel,
MAX-QMS Flange Mounted System).16 The QMS reactor was also
equipped with a sample housing that could be heated to obtain a
temperature ramp.16 Typical temperature ramps were 3 °C/min and
ranged from room temperature at 20 °C to a limiting temperature of
530 °C. All volatile species were entrained in a N molecular beam
and delivered line-of-sight to the QMS ionizer entrance.16 This
configuration allowed for direct and accurate analysis of the volatile
species.

The metal fluoride powder was placed in the sample housing. N
was flowed through the sample housing together with the silane
precursors.16 The typical operating pressure inside the sample housing

was 2−3 Torr under the N2 viscous flow. The pressure in the
differentially pumped area outside the sample housing was in the low
10−5 Torr range. The differentially pumped QMS chamber was in the
low 10−7 to high 10−8 Torr range. Additional details of the QMS
reactor have been reported previously.16

2.2. Chemicals for Ligand-Exchange Reactions. Metal
fluoride powders used in the ligand-exchange reactions included
GaF3     (anhydrous, 99.85%, Alfa Aesar), InF3     (≥99.9%, Sigma-
Aldrich), ZnF2 (anhydrous, 99%, Strem Chemicals), ZrF4 (99.9%,
Sigma-Aldrich), HfF4 (99.9%, Sigma-Aldrich), and SnF4 (Sigma-
Aldrich). The masses of the metal fluoride powders placed in the
sample housing were between 0.05 and 0.10 g.

The silane precursors for ligand exchange included both
homoleptic and heteroleptic silane precursors. The homoleptic silane
precursors were SiCl4 (99%, Sigma-Aldrich) and Si(CH3)4 (99+%,
Gelest). The heteroleptic silane precursors were SiCl2(CH3)2

(≥99.5%, Sigma-Aldrich) and SiCl(CH3)2H (98%, Sigma-Aldrich).
The silane precursors were employed at room temperature. The
partial pressures of the silane precursors in the sample housing ranged
from 0.05 to 0.20 Torr. These pressures were present continuously
during the temperature ramps.

In addition to their ability to perform ligand-exchange reactions,
the various silane precursors could be employed for chemical vapor
deposition (CVD) at higher temperatures. For example, SiCl
together with H2     can be used for Si CVD at >800 °C.17,18

Chloromethylsilanes like SiCl ( C H  )  can be utilized for SiC CVD
at >1200 °C.19 There have also been reports for thermal pyrolysis of
SiCl2(CH3)2 at >1000 °C.20 These possible reactions are unlikely at
the lower temperatures explored for ligand exchange. The QMS
analysis also observed no evidence for products from CVD or thermal
pyrolysis reactions at the temperatures < 530 °C employed for ligand
exchange.

2.3. Computational Details. The thermodynamics of sequential
ligand exchanges between the silane precursors and the metal
fluorides was calculated using ab initio methods. Geometries and
harmonic vibrational frequencies were calculated at the UB3LYP/
Def2TZVP level of theory.21,22 These calculations were followed by
single-point energy calculations at a higher level of theory, UCCSD/
sdd.23−25

Translational, vibrational, and rotational degrees of freedom, along
with UCCSD single-point energies, were used to calculate the Gibbs
free energies at 350 °C. An in-depth discussion of these
thermochemical methods has been described earlier.26 Gaussian 16
was used for all quantum chemical calculations.27 Optimizations were
performed with Gaussian’s opt = tight, enforcing a root mean squared
force criterion within 10−6 au. All geometries used in this work were
optimized within 100 cycles.

ΔG was computed using ΔG = ΔH −  TΔS .  ΔH was calculated as
the difference between the enthalpy of the product, [H(T)  −
H(0)]prod and the enthalpy of the reactant, [H(T)  −  H(0)]reac. H(0)
is the enthalpy at zero temperature. [H(T)  −  H(0)] is calculated
using the expression

[H(T ) H(0)]reac/prod =  
5

kBT +      
i       exp(kBT ) 1 

+  
3

kBT

(1)

The translational, vibrational, and rotational contributions are
represented by the three terms, respectively, in eq 1. All three
terms include the Boltzmann constant, kB, and temperature, T . The
vibrational term contains contributions from all vibrational
frequencies, vi, that are obtained using UB3LYP/Def2TZVP
calculations, and h is Planck’s constant.

The entropies of the product, Sprod, and the reactant, Sreac, are
similarly calculated using
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Sreac/prod =  

Ä

kB ln
ii 2 mkBT y3/2

V
y
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+
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kB ln
i
1

Ç k
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{Ö 
É       

i     Ç

T(exp(h i/kBT) 1)Ñ

+  
3

kB +  kB ln
i 8 2IikBT y

1/2

Ç k ext        i                             {     Ö

exp 
i  h i yy

k B     { {

(2)

observation of GaCl + in the gas phase indicates complete F/
Cl exchange between SiCl and GaF to produce GaCl as a
volatile etch product. The observation of GaCl indicates that
the thermal ALE of Ga O should be possible using HF for
fluorination and SiCl as the ligand-exchange precursor for
volatile release.

The temperature dependence of the reaction between SiCl
and GaF3 powder is shown in Figure 3. The SiCl3

+ ion signal in

The translational, vibrational, and rotational contributions are
separated as the first, second, and third terms, respectively, in eq 2.
m is the mass of the species in question, V is the volume, σ
represents the molecule’s external symmetry number, and the
principle moments of inertia are given as Ii.

3. RESULTS AND DISCUSSION
3.1. Homoleptic SiCl Precursor with Only Cl Ligands.

SiCl (silicon tetrachloride) is a homoleptic silane precursor
that is ideal for the study of F/Cl ligand exchange between Cl
in SiCl and F in metal fluorides. In addition, SiCl has been
used previously as a ligand-exchange precursor for the thermal
ALE of ZrO and HfO .8

3.1.A. GaF . GaF powder was chosen to model Ga O after
fluorination by HF in the surface modification step during
thermal ALE.13     Ga O     thermal ALE has been previously
reported using HF for fluorination and BCl , Al(CH )  ,
AlCl(CH )  , and Ga(N(CH )  )  as ligand-exchange precur-
sors for volatile release.13 There have been no reports of Ga O
thermal ALE using SiCl as the ligand-exchange precursor.

During SiCl exposure to the GaF powder at 375 °C, QMS
measurements displayed in Figure 2 observed ion intensities

Figure 3. Ion intensities versus powder temperature during reaction
between SiCl and GaF powder. (a) SiCl precursor (SiCl +) and
SiF ligand-exchange product (SiF +) after complete F/Cl exchange.
(b) Various SiF Cl + species from partial F/Cl exchange. (c) GaCl
metal etch product (GaCl +) and its fragment GaCl +. The most
intense isotope peak of each ion species is utilized in the plots.

Figure 2. Mass spectrum showing ion intensities of GaCl + and
GaCl + during the ligand-exchange reaction between SiCl and GaF
powder at 375 °C.

for GaCl + at m/z values of 174, 176, 178, and 180. Under
electron impact ionization, GaCl also fragmented into GaCl +

with ion intensities at m/z values of 139, 141, 143, and 145.28

These species were identified by the isotopic fingerprints of
69Ga, 71Ga, 35Cl, and 37Cl. The isotopic prediction and
experimental mass spectrum are in excellent agreement as
depicted in Figure 2. The full mass spectrum from m/z 80−
190 is given in Figure S1 in the Supporting Information. The

Figure 3a is the largest signal after ionization of the SiCl
precursor.29 As the temperature increased during the temper-
ature ramp, the SiCl + ion intensity was observed to decrease
progressively. Concurrently, the SiF + ion signal increased and
exhibited a complementary behavior to the SiCl + ion signal.
SiF + is the main ion signal after ionization of SiF .30 Total F/
Cl exchange between the SiCl precursor and the GaF surface
produces SiF . Furthermore, the reciprocal relationship
between the SiCl + and SiF + ion signals indicates that the
dominant reaction pathway is complete F/Cl exchange.

Figure 3b shows that partial F/Cl exchange was also
observed between SiCl and the GaF powder. However, the
ion intensities for the various SiF Cl + species are much lower
than for SiF + in Figure 3a. The SiF Cl + ion signals had a
maximum intensity of 35 mV. In contrast, the SiF3

+ ion signal
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had a maximum intensity of 200 mV. In addition, the SiF Cl +

ion signals did not exhibit a strong correlation with the SiCl +

ion signal.
Figure 3c shows the results for the GaCl + and GaCl + ion

intensities at m/z values of 141 and 176, respectively. These
signals are from GaCl , the volatile metal etch product.28 The
presence of GaCl indicates full F/Cl exchange. The GaCl +

and GaCl + ion signals had an onset temperature of 285 °C.
The onset temperature is the lowest temperature where the
correct isotopic fingerprints are first observed for a given etch
species. In comparison, the SiF + ion intensity was observed at
temperatures as low as 55 °C. These results illustrate that
ligand-exchange products can be observed at a much lower
temperature than the metal etch products. Similar observations
for ligand exchange with metal fluorides occurring at lower
temperatures than the volatile metal etch products were
reported earlier.16

These results suggest that F/Cl exchange leads to the
buildup of Cl in the GaF powder. A certain amount of Cl may
be required in the GaF powder before GaCl can be released
to the gas phase. GaCl has a vapor pressure of 0.1 Torr at 25
°C.31 If GaCl was formed earlier during the temperature
ramp, GaCl should be desorbed and observed at temperatures
below its onset temperature at 285 °C. During thermal ALE of
Ga O or GaN, the metal fluoride would only exist on the
surface of Ga O or GaN. The Cl from ligand exchange would
not be diluted in a reservoir of metal fluoride. Consequently,
the GaCl etch products should appear at a lower onset
temperature than in these experiments on metal fluoride
powders.

3.1.B. ZnF . ZnF powder models the fluorinated ZnO
surface during thermal ALE.32 ZnO thermal ALE has been
previously reported using HF for fluorination and Al(CH )  as
the ligand-exchange precursor for volatile release.32 There have
been no reports of ZnO thermal ALE using SiCl as the ligand-
exchange precursor. The reaction between SiCl and ZnF
powder at 475 °C produced ZnCl + ion signals as displayed in
Figure 4. ZnCl + is the parent molecular ion of ZnCl .33 The
appearance of ZnCl + ion signals indicates F/Cl exchange
between the SiCl4     precursor and the ZnF2     surface. The

Figure 4. Mass spectrum showing ion intensities of ZnCl + during the
ligand-exchange reaction between SiCl4 and ZnF2 powder at 475 °C.

isotopic prediction (red lines) shown in Figure 4 has an
excellent match to the experimental mass spectrum of ZnCl at
m/z values of 134−143 amu. The full mass spectrum from m/z
60−150 is given in Figure S2 in the Supporting Information.
The observation of ZnCl + ion intensity suggests that ZnO
thermal ALE using HF for fluorination and SiCl for volatile
release should be feasible.

The temperature dependence of the reaction between SiCl
and ZnF2 powder is shown in Figure 5. As the SiCl3

+ ion

Figure 5. Ion intensities versus powder temperature during the
reaction between SiCl and ZnF powder. (a) SiCl precursor (SiCl +)
and SiF ligand-exchange product (SiF +) after total F/Cl exchange.
(b) ZnCl metal etch product (ZnCl +). The most intense isotope
peak of each ion species is shown in the plots.

intensity decreased progressively with temperature in Figure
5a, the SiF + ion intensity increased in a complementary
fashion with an onset temperature of 250 °C. This behavior
demonstrates F/Cl exchange between SiCl and ZnF . Figure
5b shows that the ZnCl + ion signal, representing the metal
etch product, has an onset temperature at 325 °C. The
observation of ZnCl + ion signal at only a slightly higher
temperature than the onset temperature for ligand exchange
indicates that F/Cl exchange readily forms a volatile ZnCl
etch product.

3.1.C. ZrF . ZrF powder models the fluorinated ZrO
surface in thermal ALE. ZrO thermal ALE has been previously
reported using HF for fluorination and AlCl(CH )  , SiCl , and
TiCl as the ligand-exchange precursors for volatile release.6−8

Various ion signals containing Zr were observed during SiCl
exposure to ZrF powder at 450 °C. Figure 6 shows the most
intense ion signals assigned to ZrFCl +     based on the
characteristic combinations of Zr, Cl, and F isotopes.

The ZrFCl + ion signal is the result of three F/Cl exchanges
between SiCl and ZrF . The observation of ZrFCl + indicates
that complete F/Cl exchange to ZrCl is not necessary for
volatile release of a Zr-containing species. The QMS analysis
also observed smaller ion signals for ZrCl + resulting from four
F/Cl exchanges and ZrF2Cl2

+     resulting from two F/Cl
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Figure 6. Mass spectrum showing ion intensities of ZrFCl + during
the ligand-exchange reaction between SiCl and ZrF powder at 450
°C.

exchanges. The full mass spectrum from m/z 80−230 is given
in Figure S3 in the Supporting Information.

The temperature dependence of the reaction between SiCl
and ZrF4 powder is displayed in Figure 7. The reciprocal

Figure 7. Ion intensities versus powder temperature during the
reaction between SiCl and ZrF powder. (a) SiCl precursor (SiCl +)
and SiF ligand-exchange product (SiF +) after total F/Cl exchange.
(b) ZrFCl3 metal etch product (ZrFCl3

+).

relationship between the SiCl + and SiF + ion intensities is
shown in Figure 7a. The ion intensity for SiCl + decreases as
the ion intensity of SiF + increases from 175 to 275 °C. The
ion intensity for SiCl + then increases as the ion intensity of
SiF + decreases from 275 to 350 °C. Lastly, the ion intensity
for SiCl + decreases as the ion intensity of SiF + increases from
350 to 530 °C. This complementary behavior argues for full F/

Cl exchange for SiCl     in its reaction with ZrF     powder
throughout the entire temperature range.

The correlated increases and decreases in the ion intensities
for SiCl + and SiF + in Figure 7a can be interpreted in terms of
the buildup of chlorine on the ZrF powder. As the chlorine
coverage increases on the metal fluoride surface, less fluorine
species are available for ligand exchange. This chlorine buildup
could explain the decrease of the SiF +     ligand-exchange
product from 275 to 350 °C. The ZrFCl metal chloride
etch products then are desorbed at >400 °C as shown in
Figure 7b. As chlorine is lost from the metal fluoride powder,
more fluorine surface species are available and ligand exchange
can again convert the SiCl precursor to the SiF ligand-
exchange product.

The onset temperature for F/Cl exchange as measured by
the appearance of the SiF + ion signal in Figure 7a is 175 °C. In
contrast, Figure 7b shows that the ion intensity for ZrFCl +,
from the main metal etch product, was not observed until 425
°C. ZrCl can be used as a proxy for ZrFCl . ZrCl exhibits a
high vapor pressure of 0.51 Torr at 175 °C and 1240 Torr at
350 °C.34 Therefore, ZrFCl is expected to desorb if ZrFCl is
formed at the onset for ligand exchange at 175 °C. The
expected ZrFCl     vapor pressure cannot explain the large
temperature difference between the appearance of ligand-
exchange products and metal etching products.

The measured ZrFCl + ion signals were also low. SiF + ion
signals were measured with intensities as high as 400 mV in
Figure 6a. In contrast, the ZrFCl + ion signals observed in
Figure 6b were only around 1% of the SiF + ion signals in
Figure 7a. The low signals of the Zr-containing etch products
may result from lower ionization cross sections. In addition,
the low signals could be due to a dilution effect. As F/Cl
exchange occurs between the SiCl precursor and the ZrF
surface, the Cl ligands initially exchanged with ZrF on the
surface could be diluted in the underlying ZrF     powder.
Because of this dilution, volatile ZrF Cl + species may not be
detected until higher temperatures after enough Cl has built up
in the ZrF powder.

3.1.D. InF , HfF , and SnF . Similar experiments were
conducted using InF , HfF , and SnF     powders. The
temperature dependence of the reaction of SiCl with InF
and HfF powder was reported earlier.16 The temperature
dependence of the reaction of SiCl with SnF powder is
presented in the Supporting Information in Figure S4.

3.2. Heteroleptic SiCl (CH ) Precursor with Cl and
CH     Ligands. SiCl ( C H  )      (dichlorodimethyl-silane) is a
heteroleptic silane precursor that contains both Cl and C H
ligands. SiCl ( C H  )      can be employed to determine the
relative rates between F/Cl and F/CH     ligand exchange.
SiCl ( C H  )  has not been used as a ligand-exchange precursor
for thermal ALE.

3.2.A. GaF . The reaction of SiCl ( C H  )  with GaF powder
resulted in the observation of GaCl + and GaCl + ion signals as
the metal etch products, similar to the reaction of SiCl with
GaF powder displayed in Figure 2. These Cl-containing metal
etch products indicate that F/Cl ligand exchange dominates
over F/CH ligand exchange. Temperature-dependent results
for the reaction between SiCl ( C H  )  and GaF powder are
presented in Figure 8.

Figure 8a shows the ion signals for SiCl ( C H  )+, the main
ion signal from the SiCl ( C H  )  precursor, and SiF ( C H  )+,
the main ion signal from the SiF ( C H  )  ligand-exchange
product.35 The decreases and increases of the SiCl2(CH3)+ and

8645                                                                         https://doi.org/10.1021/acs.chemmater.2c01603
Chem. Mater. 2022, 34, 8641−8653

pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01603/suppl_file/cm2c01603_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01603/suppl_file/cm2c01603_si_001.pdf
https://doi.org/10.1021/acs.chemmater.2c01603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2 3

3

3

2 3

2 3

3

2 2

3

3

2 3 3 3

3

3

2 3

2 3 2

4

2 2 3 2 2

2 2

4 2

2 3 3 2

2 3

2 3

3

3 2

2

3 2 3

2

2 3

2 3 2

2 2

2

4 2 3 2 4

3 3

4 4

2 3 2

4

2 3

2 3

4

4

3

4 4

2 3 3 4

2 3 2 3 2 3 2

2 3 2 3 2

2 3 2 2

3 2 2 3

2 3 2 2 2 3 2

2 3 2 3 2

2 3 2

Chemistry of Materials pubs.acs.org/cm                                                                                           Article

Figure 8. Ion intensities versus powder temperature during the
reaction between SiCl ( C H  )  and GaF powder. (a) SiCl ( C H  )
precursor (SiCl ( C H  )+), SiF ( C H  )      ligand-exchange product
(SiF ( C H  )+), and possible SiCl F ligand-exchange product after
complete F/CH exchange (SiCl F +). (b) GaCl metal etch product
(GaCl3

+) and its fragment GaCl2
+.

SiF ( C H  )+ ion signals are correlated with each other. This
complementary behavior argues that complete F/Cl ligand
exchange is the dominant ligand-exchange reaction throughout
the temperature ramp. The complementary behavior may be
partially explained by the buildup of chlorine on the GaF
surface. When the GaCl desorbs at >275 °C, more fluorine
species are available for ligand exchange and the SiF ( C H  )+

ion signal increases and the SiCl ( C H  )+ ion signal decreases.
There is no evidence for any F/CH ligand exchange from

the ligand-exchange products. For example, the baseline
intensity of SiCl F + in Figure 8a demonstrates the lack of
products from total F/CH exchange. Furthermore, products
indicative of partial F/CH exchange were also not observed
such as SiCl ( C H  )F+ and its possible fragments. Ga(CH )
and its fragments were also not produced resulting from the
lack of F/CH exchange.

The ion signals for the metal etch products are displayed in
Figure 8b. These ion intensities are consistent with the
electron impact ionization of GaCl .28 The results for the
GaCl + and GaCl + ion intensities are also very similar in
Figure 8b and Figure 3c. This similarity between SiCl ( C H  )
in Figure 8b and SiCl in Figure 3c argues that F/Cl is the
main ligand-exchange reaction.

3.2.B. ZnF . The reaction between SiCl ( C H  )  and ZnF
powder produced ZnCl + ion signals from the ZnCl metal
etch product similar to the reaction of SiCl with ZnF powder
displayed in Figure 4. These Cl-containing metal etch products
again indicate that F/Cl exchange is dominant. Figure 9a
shows the temperature dependence of the reaction between
SiCl ( C H  )  and ZnF . The correlation between the decrease
in the SiCl ( C H  )+     ion signal for the precursor and the
increase in the SiF ( C H  )+ ion signal for the ligand-exchange
product in Figure 9a is very complementary and consistent
with total F/Cl exchange over the entire temperature ramp.

Figure 9. Ion intensities versus powder temperature during the
reaction between SiCl ( C H  )  and ZnF powder. (a) SiCl ( C H  )
precursor (SiCl ( C H  )+) and SiF ( C H  )  ligand-exchange product
after total F/Cl exchange (SiF ( C H  )+). (b) ZnCl     metal etch
product (ZnCl2

+).

There is no evidence for any F/CH exchange. The QMS
measurements did monitor minor SiFCl(CH )  + ion signals
that arise from partial F/Cl exchange. However, these ion
signals have intensities < 80 mV and are not shown in Figure
9a.

Figure 9b shows ZnCl , the dominant metal etch product.
No ion signals were observed that were consistent with
Zn(CH )  +, ZnF(CH )+, or any of their possible fragments.
The ZnCl + ion signal was observed with an onset etching
temperature of 280 °C. This onset temperature is similar to the
onset temperature of 250 °C for the SiF ( C H  )+ ion signal
resulting from full F/Cl exchange for SiCl ( C H  )      in its
reaction with ZnF powder. ZnCl can desorb nearly as soon as
ZnCl is formed by ligand exchange.

3.2.C. ZrF . The reaction between SiCl ( C H  )  and ZrF
powder produced ZrFCl + ion signals from the ZrFCl metal
etch product similar to the reaction of SiCl with ZrF powder
displayed in Figure 6. These results again support F/Cl ligand
exchange as the sole ligand-exchange reaction. Temperature-
dependent results for the reaction between SiCl ( C H  )  and
ZrF powder are shown in Figure 10. As expected if F/Cl
exchange is the only ligand-exchange reaction, the SiCl ( C H  )+

and SiF ( C H  )+ ion intensities are highly correlated in Figure
10a. The complementary behavior may be partially explained
by the buildup and desorption of chlorine on the ZrF surface.

The F/Cl exchange was observed with an onset temperature
at 140 °C as displayed in Figure 10a. However, the ZrCl + and
ZrFCl + ion intensities from the Zr-containing etch products
were not observed until 375 °C as shown in Figure 10b. The
large difference in the onset temperatures for ligand-exchange
and metal etch products again suggests that Cl needs to build
up in the ZrF powder before ZrCl can desorb as a metal etch
product. In addition, the large ion signal intensity differences
between SiF ( C H  )+ and ZrFCl + or ZrCl + suggests that
either the Zr-containing etch products have lower ionization
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Figure 10. Ion intensities versus powder temperature during the
reaction between SiCl ( C H  )  and ZrF powder. (a) SiCl ( C H  )
precursor (SiCl ( C H  )+) and SiF ( C H  )  ligand-exchange product
after total F/Cl exchange (SiF ( C H  )+). (b) ZrCl and ZrFCl metal
etch products (ZrCl4

+ and ZrFCl3
+).

cross sections or that the Cl ligands may be diluted in the ZrF
powder.

There was no evidence for F/CH exchange in the ligand-
exchange products for the reaction between SiCl ( C H  )  and
ZrF powder. The lack of F/CH exchange is consistent with a
small Z r−C H      bond energy and the low decomposition
temperature of ≤15 °C for Zr (CH )  .36 The weak Zr-CH
bond also explained the lack of thermal ZrO ALE using HF
and Al(CH )  as the reactants.8,37

3.3. Heteroleptic SiCl(CH ) H Precursor with Cl, CH ,
and H Ligands. SiCl(CH )  H  (chlorodimethyl-silane) is a
heteroleptic precursor. The ligand exchange between SiCl-
(CH )  H  with metal fluorides could occur with F/Cl, F/CH
or F/H exchange. SiCl(CH )  H  has not been used as a ligand-
exchange precursor for thermal ALE.

3.3.A. GaF . The reaction between SiCl(CH )  H  and GaF
powder produced GaCl + and GaCl + ion signals similar to the
reaction of SiCl with GaF powder displayed in Figure 2. Even
though C H  and H  ligands could participate, the Cl-containing
metal etch products indicate that F/Cl ligand exchange is
dominant. Figure 11a shows the temperature dependence of
the reaction between SiCl(CH )  H  and GaF powder. Below
200 °C, there is correlated behavior between the SiCl(CH )  +

ion intensity for the precursor and the SiF(CH )  +     ion
intensity for the main ligand-exchange product.35     The
SiF(CH )  + ion intensity at a m/z value of 93 is attributed
to the ionization of SiF(CH )  H.35     This complementary
behavior argues for dominant F/Cl exchange between
SiCl(CH )  H  and the GaF powder. In addition, the F/Cl
exchange has a low onset temperature of 60 °C.

Figure 11b shows the ion intensities for the species that
result from F/H exchange. The SiF ( C H  )  + ion intensity
indicates both F/H and F/Cl exchange. The SiCl(CH )F+ ion
intensity indicates only F/H exchange. However, the
SiF ( C H  )  +     and SiCl(CH )F+     ion intensities are much
lower than the ion intensity for SiF(CH3)2

+ in Figure 11a.

Figure 11. Ion intensities versus powder temperature during the
reaction between SiCl(CH )  H  and GaF powder. (a) SiCl(CH )  H
precursor (SiCl(CH )  +) and SiF(CH )  H  ligand-exchange product
after F/Cl exchange (SiF(CH )  +). (b) SiCl(CH )  F ligand-exchange
product after F/H exchange (SiCl(CH )  F+) and SiF ( C H  )  ligand-
exchange product after both F/Cl and F/H exchange (SiF ( C H  )  +).
(c) GaCl3 metal etch product (GaCl3

+) and its fragment GaCl2
+.

The onset temperature for the SiF ( C H  )  +     ion intensity
resulting from both F/H and F/Cl exchange is observed at 350
°C. This onset temperature is much higher than the onset
temperature of 60 °C for the SiF(CH )  +     ion intensity
resulting from F/Cl exchange.

Figure 11c shows that the GaCl + ion intensity for the metal
etch product has an onset temperature of 240 °C. This onset
temperature is much higher than the onset temperature of 60
°C for F/Cl exchange in Figure 11a. This difference again
argues that Cl must be building up in the GaF powder prior to
the desorption of GaCl at 240 °C. There is also a similarity
between the onset temperatures for the observation of GaCl +

and GaCl +     ion intensities during the reaction of SiCl ,
SiCl ( C H  )  and SiCl(CH )  H  with GaF powder in Figures
3c, 8b and 11c. Independent of the exact nature of the silane,
the presence of Cl ligands and F/Cl exchange are the most
important factors for the ligand-exchange reaction.

3.3.B. ZnF . For the reaction of the heteroleptic SiCl-
(CH )  H  precursor with ZnF powder, ZnCl + ion signals were
detected as the metal etch products similar to the reaction of
SiCl with ZnF powder shown in Figure 4. The Cl-containing
metal etch products indicate that F/Cl ligand exchange is
dominant. Figure 12a shows the temperature dependence of
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F/Cl exchange is the dominant ligand-exchange pathway for all
the silane precursors.

3.3.C. ZrF . For the reaction of SiCl(CH )  H  with ZrF
powder, ZrFCl + ion signals were detected as the metal etch
products similar to the reaction of SiCl with ZrF powder
shown in Figure 6. The Cl-containing metal etch products
argue that F/Cl ligand exchange is the dominant ligand-
exchange pathway. Ligand exchange with C H  and H  ligands is
not occurring during the reaction of SiCl(CH )  H  with ZrF
powder.

In support of F/Cl ligand exchange, Figure 13a shows
remarkably complementary behavior between the SiCl(CH3)2

+

Figure 12. Ion intensities versus powder temperature during the
reaction between SiCl(CH )  H  and ZnF powder. (a) SiCl(CH )  H
precursor (SiCl(CH )  +) and SiF(CH )  H  ligand-exchange product
after F/Cl exchange (SiF(CH )  +). (b) SiF ( C H  )  ligand-exchange
product after both F/Cl and F/H exchange (SiF ( C H  )  )+. (c) ZnCl
metal etch product (ZnCl2

+).

the reaction between SiCl(CH )  H  and ZnF powder. The
SiCl(CH )  + ion intensity decreases in conjunction with the
increase in the SiF(CH )  + ion intensity. This ligand-exchange
product results from F/Cl exchange as expected from the
observation of ZnCl + as the metal etch product. The onset
temperature for the SiF(CH )  + ion intensity is 180 °C.

The complementary behavior between the SiCl(CH )  + and
SiF(CH )  +     ion intensities is lost at >370 °C when the
SiF(CH )  + ion intensity decreases with no corresponding rise
in the SiCl(CH )  + ion intensity. This change results from the
rise of the SiF ( C H  )  + ion intensity shown in Figure 12b. The
SiF ( C H  )  + ion intensity results from both F/Cl and F/H
exchange between SiCl(CH )  H  and the ZnF powder. This
observation indicates that F/H exchange becomes competitive
with F/Cl exchange at higher temperatures.

Figure 12c shows that ZnCl is observed as the main metal
etch product. The ZnCl +     ion signals have an onset
temperature at 275 °C. This onset temperature is higher
than the onset temperature for F/Cl exchange at 180 °C. The
Cl ligands are building up prior to the desorption of ZnCl at
≥275 °C. In addition, there is a similarity between the onset
temperatures for the ZnCl + ion intensity for the reaction of
SiCl , SiCl ( C H  )  and SiCl(CH )  H  with ZnF powder in
Figures 5b, 9b, and 12c. This behavior again demonstrates that

Figure 13. Ion intensities versus powder temperature during the
reaction between SiCl(CH )  H  and ZrF powder. (a) SiCl(CH )  H
precursor (SiCl(CH )  +) and SiF(CH )  H  ligand-exchange product
after F/Cl exchange (SiF(CH )  +). (b) SiCl(CH )  H  precursor after
F/CH or F/H exchange (many possible species, not observed). (c)
ZrCl4 and ZrFCl3 metal etch products (ZrCl4

+ and ZrFCl3
+).

ion intensity for the precursor and the SiF(CH )  +     ion
intensity for the main ligand-exchange product. The SiCl-
(CH )  + and SiF(CH )  + ion intensities in Figure 13a form
near mirror images of each other. The prominent decrease/
increase of the SiF(CH )  +/SiCl(CH )  + signals from 300 to
325 °C and the subsequent increase/decrease of the
SiF(CH )  +/SiCl(CH )  + signals from 325 to 350 °C correlate
with the onset of ZrFCl and ZrCl desorption at 325 °C. The
buildup of chlorine can decrease the ligand-exchange reaction.
The loss of chlorine by metal chloride desorption can then
increase the ligand-exchange reaction.
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Figure 14. Onset temperatures for ligand exchange and metal etching observed for spontaneous etching of various metal fluorides (GaF , InF ,
ZnF2, ZrF4, HfF4, and SnF4) using different silane precursors (SiCl4, SiCl2(CH3)2, and SiCl(CH3)2H).

There are also no species observed from possible F/CH or
F/H exchange. All of the species that may result from F/CH
or F/H exchange are shown in Figure 13b. All of these species
are negligible. Due to the dominant F/Cl exchange, the metal
etch products produced ZrF Cl + ion species as displayed in
Figure 13c. The ZrCl +     and ZrFCl +     ion signals provide
evidence for both complete and partial F/Cl exchange between
the SiCl(CH )  H  precursor and the ZrF powder. The Zr-
containing etch products have an onset temperature of 340 °C.
This onset temperature is much higher than the onset
temperature of 150 °C for F/Cl exchange. This temperature
difference again indicates that Cl buildup in the ZrF powder
may be required for volatile release of the Zr-containing etch
products.

The low intensities of the Zr-containing etch products
observed in Figure 13c may result from low ionization
eficiencies or a dilution effect as suggested earlier. There is
also a similarity between the onset temperatures for the
ZrFCl + and ZrCl + ion intensities for the reactions of SiCl ,
SiCl ( C H  )  and SiCl(CH )  H  with ZrF powder in Figures
7b, 10b and 13c. This similarity again argues that F/Cl
exchange is the main ligand-exchange pathway.

3.4. Homoleptic Si(CH )     Precursor with Only CH
Ligands. Si(CH )  (tetramethyl-silane) is a homoleptic silane
precursor that only contains C H  ligands. In the absence of Cl
ligands, Si(CH )  can test if F/CH exchange is possible when
F/CH exchange is the only option. In all cases, no ligand-
exchange products or metal etch products were observed for
the reaction of Si(CH3)4 with any of the metal fluorides. These

experiments confirm that F/CH exchange is not favorable
even in the absence of Cl ligands.

3.5. Onset Temperatures for Ligand-Exchange and
Etching Reactions. The onset temperatures for ligand-
exchange and etching reactions for the various silane
precursors with all the metal fluorides are shown in Figure
14. The onset temperatures for the various metal fluorides
include GaF , ZnF and ZrF that have been discussed earlier in
this paper. In addition, the onset temperatures are also given for
InF , HfF and SnF that were examined using similar
experiments. The differences between the metal fluorides
reveal the diverse landscape for the spontaneous etching of
metal fluorides by silane precursors using ligand-exchange
reactions.16 In some cases, the metal etch products can appear at
much higher temperatures than the onset temperature for the
ligand-exchange products. The metal etch products can also
appear at temperatures that are comparable to the onset
temperature for the ligand-exchange products.

GaF in Figure 14a and InF in Figure 14b display similar
trends. Both GaF and InF are Group 13 metal fluorides. The
onset temperatures for ligand exchange are comparable at 50−
60 °C. The onset temperatures for metal etching are also
comparable at 240−285 °C. Both GaF and InF have a large
difference between their onset temperatures for ligand-
exchange and metal etching reactions. The difference between
the two onset temperatures is in the range of 180−230 °C.

Although GaF and InF display comparable behavior in
Figure 14a,b, GaCl and InCl have different vapor pressures.
GaCl3 has a vapor pressure of 1 Torr at 48 °C.31,38 InCl3 does
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not obtain a vapor pressure of 1 Torr until �350 °C.39 GaCl
should have suficient vapor pressure at ≥1 Torr to desorb at
or above the onset temperatures for ligand exchange. In
contrast, InCl will have a much lower pressure at the onset
temperature for ligand-exchange. InCl desorption would not
be anticipated until much higher temperatures.

Given that GaCl     and InCl     have very different vapor
pressures, the similarity between parts a and b of Figure 14
must be explained by a different mechanism. The dilution of
the Cl from F/Cl exchange in the metal fluoride could explain
the large difference between the onset temperatures for ligand-
exchange and metal etch products. Perhaps a critical
concentration of Cl is required in the metal fluoride prior to
desorption of the GaCl or InCl metal etch products.

ZnF in Figure 14c demonstrates the case where the ligand
exchange and metal etch products are observed at similar
temperatures. The onset temperatures for ligand exchange at
between 180 and 250 °C are noticeably higher than for the
other metal fluorides. These higher onset temperatures may
result from less favorable ligand-exchange reactions with ZnF .
In comparison, the onset temperatures for metal etch products
are between 275 and 325 °C. The resulting difference between
the two onset temperatures is only 30−95 °C.

The ZnCl metal etch product resulting from the F/Cl
exchange has the lowest vapor pressure of all the various metal
chloride etch products. ZnCl has a vapor pressure of only
0.025 Torr at 300 °C40 and 1 Torr at 428 °C.38 The similar
onset temperatures may indicate that the Cl from ligand
exchange forms ZnCl on the surface of the ZnF powder.
ZnCl then desorbs only when the temperatures are suficient
to sublime ZnCl .

ZrF and HfF are Group 4 metal fluorides. ZrF in Figure
14d and HfF in Figure 14e both display a difference between
the onset temperatures for ligand-exchange and metal etch
products. The onset temperatures for ligand exchange are
between 140 and 230 °C. The onset temperatures for metal
etching are between 340 and 485 °C. The resulting difference
between the two onset temperatures is in the range of 190−
260 °C. ZrCl and HfCl both have similar vapor pressures at
and above the onset temperatures for ligand exchange. ZrCl
has a vapor pressure of 1 Torr at 180 °C.41 HfCl has a vapor
pressure of 1 Torr at 170 °C.41 Similar onset temperatures for
the metal etch products are expected if the products have
comparable vapor pressures.

The trends for SnF in Figure 14f are different than the other
metal fluorides. For SnF , the onset temperatures for metal
etch products exhibit a dependence on the number of Cl
ligands in the silane precursor. The reaction of SiCl with SnF
displays an onset temperature for metal etch products at 130
°C. The reaction of SiCl ( C H  )  with SnF displays a higher
onset temperature for metal etch products at 220 °C. The
reaction of SiCl(CH )  H  with SnF has an even higher onset
temperature for metal etch products at 365 °C. In all cases, F/
Cl exchange is the ligand-exchange pathway and SnCl is the
exclusive metal etch product.

The very high volatility of SnCl may explain the
dependence between the onset temperature for metal etch
products and the number of Cl ligands in the silane precursor
in Figure 14f. The vapor pressure of SnCl is 26 Torr at room
temperature.42 With such a high SnCl volatility, SnCl can
desorb as a metal etch product as soon as there is suficient F/
Cl exchange between the silane precursor and the SnF
powder. Although the SnF4 onset temperatures scale inversely

with the number of Cl ligands in the silicon precursor in Figure
14f, a longer exposure time with a silane with fewer Cl ligands
may be expected to display a lower onset temperature. Future
experiments at different heating rates should be conducted to
test this proposition.

3.6. Thermochemical Calculations of Ligand-Ex-
change Reactions. Successful thermal ALE requires
favorable thermodynamics for the modification and volatile
release reactions. The favorability of the ligand-exchange
reaction can be measured by the change in Gibbs free energy
(ΔG). Figure 15 shows the ΔG values for the ligand-exchange

Figure 15. Thermochemical calculations for change in Gibbs free
energy (ΔG)  at 350 °C for sequential F/Cl exchange between SiCl
with GaF3, ZnF2, and ZrF4.

reaction between SiCl and GaF , ZnF , and ZrF at 350 °C.
The ligand exchange is examined for all the possible F/Cl
exchanges between the SiCl precursor and the metal fluoride.
Figure 15 shows that GaF , ZnF , and ZrF all exhibit negative
ΔG values for ligand exchange with SiCl . These negative ΔG
values support the QMS observation of metal chlorides as the
metal etch products using SiCl as the precursor for ligand
exchange.

Figure 16 displays the ΔG values for ligand exchange
between SiCl ( C H  )  and GaF , ZnF , and ZrF at 350 °C. For
the F/Cl exchange in Figure 16a, the ΔG values are negative
for all three metal fluorides. The ΔG values are also similar to
the ΔG values for SiCl4 in Figure 15. The total F/Cl exchange

Figure 16. Thermochemical calculations of change in Gibbs free
energy (ΔG)  at 350 °C for sequential (a) F/Cl exchange and (b) F/
CH3  exchange between SiCl2(CH3)2 with GaF3, ZnF2, and ZrF4.

8650                                                                         https://doi.org/10.1021/acs.chemmater.2c01603
Chem. Mater. 2022, 34, 8641−8653

pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c01603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2 3 2

3 3 2 4

4 4

3

3

3 3

2 3

3

4 3

3 2 3 2 4

3 2

3

3 2 3

3

3 2

3 2

3 2 3 2

3 2

4

3 2 4

3 3

2 4 4 4

4 2 3 2 3 2

3 4

3

4

3 3

4 4

2

2

3

3

3 2 3

2

Chemistry of Materials pubs.acs.org/cm                                                                                           Article

Figure 17. Thermochemical calculations of change in Gibbs free energy (ΔG)  at 350 °C for sequential (a) F/Cl exchange, (b) F/CH exchange,
and (c) F/H exchange between SiCl(CH3)2H with GaF3, ZnF2, and ZrF4.

between SiCl ( C H  ) and the three metal fluorides is
thermochemically favorable. These results support the
observation of metal chlorides as metal etch products.

In contrast, Figure 16b reveals that the F/CH exchange is
only favorable for the first F/CH exchange with GaF and
ZnF . The subsequent F/CH exchanges have positive ΔG
values for all the metal fluorides. For F/CH exchange with
ZrF , none of the F/CH exchanges are favorable. These
results agree with the lack of any observed methylated metal
etch products during the QMS experiments.

Figure 17 shows the ΔG values for ligand exchange between
SiCl(CH )  H  and GaF , ZnF , and ZrF at 350 °C. Figure 17a
indicates that F/Cl exchange is thermochemically favorable for
all three metal fluorides. These results are consistent with the
observation of metal chlorides as the metal etch products when
using SiCl(CH )  H  as the ligand-exchange precursor. In
addition, Figure 17b reveals that F/CH exchange is favorable
with GaF and ZnF only for the first F/CH exchange. The
second F/CH     exchange is thermochemically unfavorable.
These results support the absence of any methylated metal
etch products observed as volatile etch products during the
QMS experiments.

Lastly, Figure 17c shows that F/H exchange has negative
ΔG values and is favorable only between SiCl(CH )  H  and
GaF or ZnF . These negative ΔG values are consistent with
the observation of F/H exchange for the reaction of
SiCl(CH )  H  with GaF in Figure 11b and with ZnF in
Figure 12b. The positive ΔG for the reaction of SiCl(CH )  H
with ZrF in Figure 17c is also in agreement with the lack of
any F/H exchange between SiCl(CH )  with ZrF in Figure
13b.

The thermochemical calculations for the ligand-exchange
reactions agree well with the QMS observations. The
calculations determined that F/Cl exchange is favorable
between all the Cl-containing silane precursors and the various
metal fluorides. These results are consistent with metal
chlorides as the dominant metal etch product.

4. CONCLUSIONS
The spontaneous etching of various metal fluorides with silane
precursors containing different ligands was examined using in
situ QMS investigations. The metal fluorides were GaF , InF ,
ZnF , ZrF , HfF , and SnF . The silane precursors for ligand
exchange were SiCl , SiCl ( C H  )  , SiCl(CH )  H, and Si-
(CH )  . These homoleptic and heteroleptic silane precursors
provided an evaluation of the effectiveness of F/Cl, F/CH ,
and F/H ligand exchange with the metal fluorides. Even
though all the different ligands could participate in the ligand-

exchange reaction, the QMS studies revealed that F/Cl
exchange was the dominant mechanism for ligand exchange.
In addition, the metal chlorides GaCl , InCl , ZnCl , ZrCl ,
HfCl , and SnCl were the only metal etch products resulting
from the ligand-exchange reactions.

The QMS studies performed versus temperature revealed
complementary behavior between the silane precursors and the
silane products after the ligand-exchange reaction. During the
temperature ramps, decreases/increases in the silane precursor
were correlated with increases/decreases in the silane ligand-
exchange product. This strong correspondence argued that
there was one main ligand-exchange mechanism and the
dominant pathway was F/Cl exchange. Many of the
correlations were also consistent with chlorine buildup that
lowers the available fluorine species and reduces the ligand-
exchange reaction. Subsequently, metal chloride desorption
exposes more fluorine species and increases the ligand-
exchange reaction. For a given metal fluoride, the onset
temperatures for the silane ligand-exchange products were
similar for all the various silane precursors. Likewise, except for
SnF , the onset temperatures for the metal chloride etch
products from a given metal fluoride were similar for all the
silane precursors.

The onset temperatures for the silane ligand-exchange
products were always lower than the onset temperatures for
the metal chloride etch products. The differences between the
onset temperatures varied between the metal fluorides. The
difference was the largest for GaF and InF , the Group 13
metal fluorides, and ZrF     and HfF , the Group 4 metal
fluorides. This large difference was attributed to the dilution of
Cl and the slow buildup of Cl in the metal fluoride before the
metal chlorides can form and volatilize. In contrast, the
difference was small for ZnF . This small difference may be
related to the less favorable ligand-exchange reactions and
higher onset temperatures for ligand exchange with ZnF .

Thermochemical calculations were also consistent with the
experimental observations. ΔG calculations for F/Cl exchange
yielded the most negative ΔG values compared with F/CH or
F/H exchange. These results support the observation of metal
chlorides as the metal etch products. In contrast, F/CH
exchange was either not favorable or could not occur more
than once with a given metal fluoride. These results support
the observation that metal methyl complexes do not form as
volatile metal etch products. In addition, F/H exchange is
predicted for the reaction of SiCl(CH )  H  with GaF and
ZnF in agreement with the experimental observations. The
experimental and theoretical results are all consistent with
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dominant F/Cl exchange and metal chlorides as the volatile
metal etch products.
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