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ABSTRACT: The mechanism of hafnium zirconium oxide (HZO), HfO, and HF

ZrO, thermal atomic layer etching (ALE) was explored using sequential hydrogen HZO

fluoride (HF) and acetylacetone (Hacac) exposures. HF modifies the metal oxide HZO
surface by forming a metal fluoride layer. Hacac then removes the metal fluoride H,0

layer by forming volatile metal acac products. Initial in situ spectroscopic Hacac | proerorse ey
ellipsometry investigations revealed that amorphous and crystalline HZO, HfO, ]
and ZrO, films were etched by sequential HF and Hacac exposures. Amorphous HZO

HZO was etched at a rate of 0.80 A/cycle at 230 °C. Crystalline HZO was etched Hf(acac),F,

at rates of 0.50 and 0.74 A/cycle at 250 and 270 °C, respectively. Amorphous Zr(a;aFc)ze

HfO, and ZrO, were etched at rates of 0.20 and 0.36 A/cycle at 250 °C,
respectively. The crystalline HfO, and ZrO, films were etched at 250 °C at rates of 0.02 and 0.18 A/cycle, respectively. To
understand the etching mechanism, the volatile etch products during HfO, and ZrO, thermal ALE at 250 °C were identified with
high sensitivity quadrupole mass spectrometry (QMS) techniques using HfO, and ZrO, powder samples. The QMS studies
determined that HF exposures yielded H,O during fluorination of the metal oxide at 250 °C. After fluorination of HfO, and ZrO,,
QMS analysis identified Hf(acac),F, and Zr(acac),F, etch products, respectively. These mixed ligand fluoro(acetylacetonate)
compounds of Hf and Zr have not been reported earlier in the literature. The volatile fluoro(acetylacetonate) compounds appeared
immediately with the onset of Hacac exposures. The main Hf(acac)F," and Zr(acac)F," ion intensities from Hf(acac),F, and
Zr(acac),F,, respectively, also decreased with time during the Hacac exposures. This decrease was consistent with a self-limiting
surface reaction. In addition, Hacac exposures on the fluorinated metal oxide surfaces were observed to produce volatile HF at the
onset of Hacac exposures at 250 °C. Some of the HF reaction product from the Hacac reaction can potentially return to refluorinate
the metal oxide surface and minimize the amount of HF required for additional etching. Experiments with multiple Hacac exposures
after the HF fluorination reaction revealed that the Hf(acac)F," and Zr(acac)F," ion intensities decreased progressively with each
Hacac exposure after the initial HF exposure. These results confirm that the Hacac reaction is self-limiting even though some HF
etch product can remain and refluorinate the HfO, and ZrO, surfaces.

1. INTRODUCTION and ligand-exchange mechanism has been used to etch metal
Atomic layer etching (ALE) is an etch process involving two oxides such as ALO;,"”" Hfoz)s,9,.13 Zrlol’g’m and Ga%o3'.ls
sequential, self-limiting surface reactions that provides atomic Another thermal ALE mechanism involves chlorination
level control of material removal.! ™ The first reaction involves followed by a ligand addition reaction to volatilize the
the modification of the surface of the material. The second step chlorinated surface layer. This mechanism is effective for
then volatilizes the modified surface layer.l_3 There are two etching elemental metals. For example, SO,Cl, can be

primary types of ALE: plasma ALE and thermal ALE.”” Plasma employed for the chlorination of Ni, Co or Au.'°"'*
ALE usually employs high energy ions to remove the modified

surface layer.” In contrast, thermal ALE uses thermal reactions
to modify the surface layer and remove the surface layer."’
Multiple mechanisms have been identified for thermal ALE.’

Subsequently, electron-pair donating ligands, such as P(CHj,),
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Ligand exchange reactions can then be performed using
halogen or methyl exchange reactions.”~"" This fluorination
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(trimethylphosphine) or N(CHj;),-CH,CH,N(CHj,), (tetra-
methylenediamine), can undergo ligand addition with the
metal chloride to form volatile products.'®"”

Other etching mechanisms for thermal ALE involve the
conversion of the top layer of the material to a different
material."” Subsequently, this conversion reaction is followed
by the volatilization of the converted layers.”*° Conversion has
been reported for WO; ALE where the WO; is initially
converted to B,O; by reaction with BCl,.*° The B,O; layer can
then be spontaneously removed by HF exposure.”””" Another
example is Al,O; ALE where BCl; exposure converts the top
layers of Al,O; to B,O,.”* The B,0j is subsequently volatilized
by HF exposure.”””> Conversion can also be used together
with the fluorination and li§and—exchange mechanism for SiO,
and ZnO thermal ALE."”***

Acetylacetone (Hacac) and hexafluoroacetylacetone (Hhfac)
are effective reactants for etching. Some metal oxides, such as
copper oxide, iron oxide, Mn,0O; and ZnO, can be
spontaneously etched using Hacac or Hhfac.”>™*° Conse-
quently, pathways for the ALE of metals can be designed using
oxidation and exposure to organics such as formic acid, Hacac
or Hhfac.>”*" The ALE of many elemental metals has been
achieved using this strategy.””*” Chlorination can also be used
together with Hacac or Hhfac for volatilization to etch
elemental Co and Fe.>**

The thermal reaction between Hacac and a variety of metal
oxides such as Cr,03, ZnO, V,0;, VO,, Mn,0;, and Cu,O can
form volatile M(acac), compounds. This chemical process
involves ligand substitution and hydrogen transfer reactions.”
The acac ligand substitutes for oxygen in the metal oxide. The
hydrogen on Hacac transfers to oxygen in the metal oxide to
form H,0. The reaction between Hacac and metal oxides can
be continuous and produce spontaneous etching. The Hacac
reaction can also be limited and used to define ALE strategies.
In this case, the Hacac reaction is paired with a surface
cleaning reaction using O; or O, plasma,>>*%%

Hhfac has also been used together with a H, plasma or O
radical exposure to define ALE processes for various metal
oxides.’”® Because Hhfac contains fluorine, these ALE
processes may be fluorinating the metal oxide by decom-
position of the adsorbed Hhfac species by the H, plasma or O
radical exposures.‘?’7 Consequently, the volatilization reaction
may be between Hhfac and the metal fluoride rather than the
metal oxide.

In this paper, we report a ligand substitution and hydrogen
transfer mechanism between Hacac and metal fluorides based
on a thermal ALE mechanism. The metal fluorides are formed
directly in a thermal fluorination reaction of the metal oxide by
HE. In the Hacac volatilization reaction, the acac ligand
substitutes for fluorine in the metal fluoride. The hydrogen on
Hacac transfers to fluorine in the metal fluoride to form HF.
The proposed mechanism for HZO thermal ALE using HF
and Hacac is shown in Figure 1.

Earlier studies of HfO, and ZrO, thermal ALE have utilized
other reactions to volatilize the modified fluorinated HfO, or
ZrO, surface using ligand-exchange reactions. The first report
of HfO, thermal ALE employed HF for fluorination and
Sn(acac), for ligand exchange.13 Other demonstrations of
HfO, and ZrO, thermal ALE used HF for fluorination and
TiCl, or AICI(CHj), for ligand exchange.*”'**” SF, and XeF,
have also been used for fluorination together with TiCl, or
AICI(CHj), for ligand exchange.”
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Figure 1. Proposed mechanism for HZO thermal ALE using
sequential HF and Hacac exposures.

The thermal ALE of HZO, HfO, and ZrO, films is
important for semiconductor processing. High-k ferroelectric
materials such as HZO have applications for low power
nonvolatile memory devices such as ferroelectric random
access memory (FeRAM), ferroelectric field effect transistors
(FeFET) and ferroelectric tunnel junctions (FTJ).*"*
Controlling the ferroelectric film thickness and structure in
the sub 10 nm thickness regime is critical for ferroelectric
properties.43

High-k dielectric materials such as HZO, HfO, and ZrO, are
also useful to fabricate capacitors for DRAM.*** For higher
capacitance, these capacitors are usually formed on trench or
via structures with a high aspect ratio.** Thicker films are easier
to crystallize than ultrathin films.””*" Using the deposition and
etch-back process,* ultrathin crystalline films can be obtained
by annealing thicker amorphous films and then reducing the
crystalline film thickness using ALE.*”*° Thermal ALE
processes are preferred because plasma or radical methods
are restricted to small aspect ratio structures resulting from
recombination processes.’”** In addition, the development of
different chemistries for thermal ALE will be useful to obtain
selective ALE between HZO, HfO, and ZrO, and other
materials.”’

2. EXPERIMENTAL METHODS

2.A. In Situ Spectroscopic Ellipsometry (SE) Experiments.
The in situ SE experiments were conducted in a warm-wall, hot-stage
type reactor as described previously.”” The sample stage temperature
was varied between 230 and 270 °C. The walls of the reactor were
maintained at 160 °C. The reaction temperature was controlled by the
heating of the sample stage using a cartridge heater.

One cycle of HZO thermal ALE consisted of a S s dose of HF at
0.5 Torr followed by a 5 s dose of Hacac at 0.4 Torr. Between each
dose, there was a 30 s purge using the N, carrier gas. The N, carrier
gas was flowed at 100 sccm at a base pressure of ~ 1 Torr. HZO
experiments were performed under static conditions. The correspond-
ing HfO, and ZrO, experiments were performed under viscous flow
conditions. Static and viscous flow conditions should yield the same
etch rates when the HF and Hacac reactions are in saturation.

These studies utilized a spectroscopic ellipsometer (J. A. Woollam,
model M-2000UI) to monitor changes in film thicknesses. ¥ and A
were measured from 240 to 1000 nm at an incidence angle of 70°.
CompleteEASE software (J. A. Woollam) was used to model the
results to determine the thickness and optical constants. Thickness
measurements using in situ SE were recorded during the second purge
of each cycle to monitor the change in film thickness.

The following fitting layers from J. A. Woollam (JAW) were used to
model the film thickness changes. For HZO: HfO2 (TaucLor),
TiN_3 (Lorentz), NTVE_JAW (Native Silicon Oxide), and
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Si_Temp_ JAW(—2S5_500C). For HfO,: HfO2(TaucLor) on
NTVE_JAW (204, fixed) on Si_Temp JAW(—25_500C). For
ZrO,: ZrO2(Cauchy) on NTVE_JAW (204, fixed) on
Si_Temp JAW(—2S5_S500C).

2.B. Grazing Incidence X-ray Diffraction (GI-XRD) Analysis.
Film crystallinity and crystal phases were determined using grazing
incidence X-ray diffraction (GI-XRD). The GI-XRD scans were
obtained using an X-ray diffractometer (Bede D1, Jordan Valley
Semiconductors) with radiation from the Cu Ka line at 4 = 1.540 A.
The voltage of the X-ray tube filament was 40 kV and the current was
38 mA. The incident angle during GI-XRD was 0.5°.

The amorphous HZO film had a thickness of 10 nm on a TiN film
at a thickness of 20 nm deposited on a silicon substrate with a native
oxide. The amorphous HZO film was deposited using atomic layer
deposition (ALD). The crystalline HZO films were deposited by ALD
and then annealed at 400 °C for crystallization. The crystalline HZO
films had a thickness of 10 nm. The GI-XRD analysis of the
amorphous and crystalline HZO films is displayed in Figure 2a. The
majority of the annealed HZO film was in the orthorhombic/
tetragonal phase with a small fraction of monoclinic phase.

The XRD analysis of the amorphous and crystalline HfO, and ZrO,
films is displayed in Figure 2b,c, respectively. The amorphous HfO,
and ZrO, films with a thickness of 10 nm were deposited using ALD.
The crystalline HfO, and ZrO, films were deposited using ALD and
then annealed for crystallization. The crystalline HfO, films had a
thickness of 18 nm and were monoclinic. The crystalline ZrO, films
were annealed at 800 °C using rapid thermal annealing. These
crystalline ZrO, films had a thickness of 26 nm and were tetragonal/
monoclinic.

2.C. Quadrupole Mass Spectrometry (QMS) Studies. QMS
studies of HZO thermal ALE were performed in a chemical reactor as
described previously.'*® The reactor contained dual reactant
manifolds for alternating doses of the ALE precursors.’® This design
keeps the precursors segregated until they reach the powder bed to
prevent cross-contamination of the precursors and minimize potential
side reactions. After passing through the nanopowders, the gas phase
precursors and etch products were directed via molecular beam
expansion through a series of line-of-sight apertures and skimmer
toward the ionizer of the mass spectrometer.'' The gas phase
precursors and etch products were then detected by the quadrupole
mass spectrometer (Extrel MAX-QMS flange-mounted system).

Nanopowders were used to maximize the surface area. The
experiments used HfO, powders (99.99%, high purity, 61—80 nm,
Cubic, US Research Nanomaterials) and ZrO, powders (99+%, 40
nm, US Research Nanomaterials). Particle sizes ranged from 40 to 80
nm. An average of 29 mg of nanopowder was loaded into the reactor
for each experiment.

In each QMS experiment, the combined flow rate of the ultrahigh
purity N, carrier gas through the nested inlet lines was 1.6 sccm. The
N, gas flow produced an average pressure of ~ 2.8 Torr in the sample
holder. This constant N, flow acts as both a carrier gas for the etch
precursors and a purge gas between precursor doses. The HF (70%
HF, 30% pyridine, Millipore-Sigma) was dosed at an average partial
pressure of ~ 4.4 Torr for all experiments. The Hacac (>99%,
Millipore-Sigma) was dosed at an average partial pressure of ~ 3.2
Torr. The experiments were conducted using precursor exposures for
120 s. The precursor exposures were followed by a 300 s purge time
to remove excess precursor and etch products from the powder bed
by the N, carrier gas. The temperature of the powder bed was held at
250 °C for all QMS experiments.

The isotopic distributions of each etch product were used to
identify the etch products. These isotopic distributions were
calculated from the naturally occurring isotopic abundances of each
element present in the compounds. For example, Zr has five naturally
occurring isotopes: N7z, *1Zr, %Zr, °*Zr, and *°Zr. Fluorine, carbon,
and oxygen also have significant stable isotopes. Using the known
abundances of these isotopes, a simulated mass spectrum was
calculated for each etch product. The etch products were confirmed
by comparing this simulated spectrum to the observed spectrum.
Some m/z values contained signal contributions from more than one
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Figure 2. GI-XRD analysis of: (a) as deposited and annealed HZO
films; (b) as deposited and annealed HfO, films; and (c) as deposited
and annealed ZrO, films.

32 34

chemical species. Deconvolution of the mass peaks in the areas of
overlap was needed to properly identify these species.

2.D. X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) was performed on the HZO thin films. The X-ray
photoelectron spectrometer (PHI 5600) was equipped with a
monochromatic Al Ka X-ray source. The resulting XPS data were
analyzed using CASA XPS (Casa Software Ltd.) software.

Figure 3 shows the composition of the crystalline HZO film with a
film thickness of 10 nm deposited on TiN with a thickness of 20 nm.
After sputtering to remove the adventitious carbon, the HZO film
contained approximately 54 atom % O, 22 atom % Hf and 22 atom %
Zr after a sputter time of 175 s. These percentages are consistent with
equal amounts of Hf and Zr and a slightly oxygen-rich stoichiometry.

https://doi.org/10.1021/acs.chemmater.5c01228
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Figure 3. XPS analysis of HZO film using sputter depth-profiling.
HZO film is approximately 1:1 Hf/Zr deposited on a TiN substrate.

The film was completely removed by sputtering to reveal the
underlying TiN substrate. The XPS results for amorphous HZO films
were very similar.

3. RESULTS AND DISCUSSION

3.A. HZO Thermal ALE Studied Using In Situ SE. In situ
SE was used to study HZO thermal ALE using HF and Hacac
as the reactants. Initial experiments first confirmed that
negligible etching occurred using only Hacac and ozone as
the reactants.”” Alternating doses of Hacac and ozone were
performed from 210 to 250 °C. No etching was recorded
during 60 ALE cycles. Hacac will not spontaneously etch the
HZO films. These investigations demonstrated that the
fluorination reaction with HF is needed for HZO ALE.

Figure 4 shows the in situ SE results for the change in HZO
film thickness versus number of ALE cycles using sequential
HF and Hacac exposures. These experiments were performed
using S s static exposures. The HF exposure was at 0.5 Torr.
The Hacac exposure was at 0.4 Torr. There was no observed
delay for the etching. The change in film thickness was also
linear with number of ALE cycles. The amorphous HZO film
etched at a rate of 0.80 A/cycle at 230 °C. The crystalline
HZO films etched at rates of 0.50 and 0.74 A/ cycle at 250 and
270 °C, respectively.

These results are consistent with earlier results for HZO
thermal ALE that observed faster etching for amorphous HZO
films compared with crystalline HZO films at 250 °C with a
variety of fluorination and ligand-exchange precursors.”’ Using
HF/TiCl,, HF/AICI(CH;), (dimethylaluminum chloride
(DMAC)), SF,/TiCl, and XeF,/TiCl, as the reactants, the
amorphous HZO films etched at 0.35, 0.69, 0.62, and 2.07 A/
cycle, respectively. In comparison, using HF/TiCl,, HEF/
DMAC, SF,/TiCl, and XeF,/TiCl, as the reactants, the
crystalline HZO films etched at slower rates of 0.04, 0.16, 0.25,
and 1.71 A/cycle, respectively.*’

Additional experiments explored the etching of amorphous
and crystalline HfO, films using in situ SE. Figure 5 shows the
change in film thickness versus number of ALE cycles for as-
deposited HfO, ALD and annealed HfO, films at 250 °C.
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Figure 4. Change in HZO film thickness during sequential HF and
Hacac exposures on an amorphous HZO film at 230 °C and a
crystalline HZO film at 250 and 270 °C. Etch rates were 0.80, 0.50,
and 0.74 A/cycle, respectively.
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Figure 5. Change in HfO, film thickness during sequential HF and
Hacac exposures on amorphous and crystalline HfO, films at 250 °C.
Etch rates were 0.20 and 0.02 A/cycle, respectively.

These experiments were performed under viscous flow
conditions. The HF exposure was 1 s at 0.15 Torr. The
Hacac exposure was 1.5 s at 0.23 Torr. There was no delay for
the etching. The change in film thickness was also linear with
the number of ALE cycles. The amorphous HfO, ALD film
etched at a rate of 0.20 A/cycle at 250 °C. The annealed
crystalline HfO, film etched at a rate of 0.02 A/cycle at 250 °C.

These results are in agreement with earlier results for HfO,
thermal ALE that monitored faster etching for amorphous
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HfO, films compared with crystalline HfO, films at 250 °C.*
Using HF/TiCl,, HF/DMAC, SF,/TiCl, and XeF,/TiCl, as
the reactants, the amorphous HfO, films etched at 0.36, 0.68,
0.70, and 1.96 A/cycle, respectively. In comparison, using HF/
TiCl, HF/DMAC, SF,/TiCl, and XeF,/TiCl, as the
reactants, the crystalline HfO, films etched at slower rates of
0.02, 0.08, 0.08, and 1.26 A/cycle, respectively.40
Experiments also examined the etching of amorphous and
crystalline ZrO, films using in situ SE. Figure 6 shows the
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Figure 6. Change in ZrO, film thickness during sequential HF and

Hacac exposures on amorphous and crystalline ZrO, films at 250 °C.
Etch rates were 0.36 and 0.18 A/cycle, respectively.

change in film thickness versus number of ALE cycles for as-
deposited ZrO, ALD and annealed ZrO, films at 250 °C. Like
the experiments for HfO, thermal ALE shown in Figure §,
these experiments were performed under viscous flow
conditions. The HF exposure was 1 s at 0.15 Torr and the
Hacac exposure was 1.5 s at 0.23 Torr. The change in film
thickness was again linear with the number of ALE cycles. The
amorphous ZrO, ALD film etched at a rate of 0.36 A/cycle at
250 °C. The annealed crystalline ZrO, film etched at a rate of
0.18 A/cycle at 250 °C.

These results are also consistent with earlier results for ZrO,
thermal ALE that measured faster etching for amorphous ZrO,
films compared with crystalline ZrO, films.*° Using HF/TiCl,,
HF/DMAC, SE,/TiCl, and XeF,/TiCl, as the reactants, the
amorphous ZrO, films etched at 0.61, 1.11, 1.08, and 2.69 A/
cycle, respectively. In comparison, using HF/TiCl,, HF/
DMAC, SF,/TiCl, and XeF,/TiCl, as the reactants, the
crystalline ZrO, films etched at slower rates of 0.26, 0.82, 0.36,
and 1.75 A/cycle, respectively.*’

The amorphous films may etch faster than the crystalline
films because they have lower density.*”>" This lower density
may be able to better accommodate the large volume
expansion that occurs during fluorination. For example, the
molar volume of crystalline HfO, is 21.75 cm?/mol.*" In
contrast, the molar volume of crystalline HfF, is 35.84 cm?/
mol.*” The volume expansion occurring during fluorination of
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HfO, to HfF, is 1.65."" The thickness of the fluoride layer may
be larger for the lower density amorphous films. These larger
fluoride layer thicknesses may then produce higher etch rates.”
In addition, amorphous materials are generally more reactive
than crystalline materials because they have a greater degree of
disorder and a larger variation in coordination numbers.

3.B. HfO, Thermal ALE Studied Using QMS. The in situ
SE experiments confirm that HZO, HfO, and ZrO, films can
be etched using fluorination with HF and volatilization with
Hacac. QMS was subsequently employed to determine the
volatile etch products to verify the etching mechanism shown
in Figure 1. In the absence of high surface area HZO powders,
these experiments were conducted using HfO, and ZrO,
powders at 250 °C.

Sequential exposures of HF and Hacac were performed on
HfO, powder at 250 °C. Figure 7 shows the QMS ion signal
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Figure 7. Mass spectrum during Hacac exposure on fluorinated HfO,
powder at 250 °C compared with the simulated mass spectrum of
Hf(acac),F,.

intensity of the etch product, Hf(acac),F,, observed during
Hacac exposure on fluorinated HfO, powder. The calculated
spectrum of Hf(acac),F, based on natural isotopic abundances
is also shown for comparison. The excellent agreement
between the experimental and calculated intensities versus
m/z confirms Hf(acac),F, as the etch product.

There was no detection of Hf(acac), etch product or any
other possible Hf(acac)xFy etch product. No mass signals were
observed at m/z 576 or m/z 496, corresponding to Hf(acac),"
or Hf(acac);F", respectively. Furthermore, no mass signals
were observed at m/z 477 corresponding to Hf(acac);". Mass
signal at m/z 477 for Hf(acac)," is expected to be a major mass
fragment for both Hf(acac)," and Hf(acac),F".

The most intense ion intensity at m/z 416 in Figure 7 can be
assigned to '"Hf(acac),F,. The moderately intense peaks at
m/z 413, 414, and 415 can be attributed to '"’Hf(acac),F,,
7Hf(acac),F,, and '"’Hf(acac),F,, respectively. The small
m/z 412 peak can be identified as '7*Hf(acac),F,. The
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additional small peak at m/z 417 can be attributed to the
presence of *C in "*Hf(acac),F,.

Hf(acac), is a well.known homoleptic hafnium acetyl-
acetonate. Other mixed ligand hafnium halo(acetylacetonates)
have also been reported such as Hf(acac),Cl,, Hf(acac),Br,,
Hf(acac),Cl, and Hf(acac);Br.”>~>* However, there have been
no previous reports of hafnium fluoro(acetylacetonates) such
as Hf(acac),F, to our knowledge. This observation of
Hf(acac),F, as the hafnium-containing etch product from
HfO, ALE using HF and Hacac as the reactants is the first
known identification of Hf(acac),F,. Reports of fluoro-
(acetylacetonate) metal complexes are much less common
than chloro(acetylacetonate) and bromo(acetylacetonate)
metal complexes.

Based on the proposed etch mechanism shown in Figure 1,
the reaction of Hacac with fluorinated HfO, could form
Hf(acac),F, according to

HfE, + 2Hacac(g) — Hf(acac),E(g) + 2HF(g) (1)

This reaction pathway is based on ligand substitution and
hydrogen transfer by Hacac. Acac substitutes for fluorine on
HfF,. The hydrogen from Hacac transfers to fluorine to form
HF. The appearance of HF as an etch product is unusual
because HF is also the fluorination reactant in the surface
modification reaction. This HF etch product could refluorinate
the underlying HfO, substrate.

QMS studies can also confirm the fluorination of HfO, by
HEF. Figure 8a reveals that H,O is produced during the HF

-200
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(Aw) 81 z7w .O0%H
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Figure 8. (a) H,0O" and HF" ion intensities versus time during HF
exposure on initial HfO, powder prior to any Hacac exposure at 250
°C. (b) HF" and Hacac’ ion intensities versus time during Hacac
exposure on fluorinated HfO, powder at 250 °C. Vertical dashed lines
indicate the beginning and end of the reactant exposures.

exposure on initial HfO, powder prior to any Hacac exposure.
This reaction is expected because fluorination of HfO, by HF
is thermochemically favorable.>

HfO, + 4HE(g) — HfE, + 2H,0(g)
AG°(250 °C) = —16.4 keal 2)

The H,0" ion intensity is observed at the beginning of the
HF exposure. In addition, H,O is evolved before the
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appearance of the HF reactant. This observation indicates
that most of the HF precursor is consumed by the fluorination
reaction as HF fluorinates the HfO, surface. As the fluorination
reaction reaches saturation, the H,O" ion intensity decreases
and the HF" ion intensity rises. This behavior is consistent
with a self-limiting fluorination reaction.

The QMS investigations can also determine if Hacac
exposure on the fluorinated HfO, surface yields volatile HF
as an etch product. Figure 8b shows that HF" ion intensity is
observed at the beginning of the Hacac exposure on the
fluorinated HfO, powder. This volatile HF etch product is
consistent with hydrogen transfer from Hacac to fluorine on
the fluorinated HfO, powder. In addition to the volatile HF
etch product, additional HF etch product could remain and
refluorinate the underlying HfO, surface. Figure 8b reveals that
the Hacac" ion intensity increases as the HF' ion intensity
decreases. The Hacac® ion intensity is then constant
throughout the remainder of the Hacac exposure.

QMS experiments can also monitor the evolution of the
Hf(acac),F, etch product versus the Hacac exposure. These
studies can determine if the volatilization reaction displays self-
limiting behavior. Figure 9 displays the Hf(acac)F," ion
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Figure 9. Hf(acac)F," and Hacac’ ion intensities versus time during
Hacac exposure on fluorinated HfO, powder at 250 °C. Vertical
dashed lines indicate the beginning and end of the reactant exposures.

intensity during an Hacac exposure on the fluorinated HfO,
powder. The Hf(acac)F," ion intensity was selected to monitor
the parent Hf(acac),F," ion intensity because this fragment has
a signal intensity about 6 times higher than the parent
Hf(acac),F," ion intensity. The Hf(acac)F," ion signal was
also observed to scale with the Hf(acac),F,* parent ion signal
over the course of the experiments.

Figure 9 shows that the Hf(acac)F," signal has its highest
intensity at the beginning of the Hacac exposure. The
Hf(acac)F," ion intensity then decreases while the Hacac*
ion intensity remains constant. This behavior indicates that the
Hacac can spontaneously etch the fluorinated HfO, surface.
However, as the fluorinated layer is removed by the reaction,
the Hf(acac),F, etch product progressively decreases. These
results are consistent with a self-limiting reaction between
Hacac and the fluorinated layer on the HfO, surface.

The evolution of HfO, thermal ALE during HF and Hacac
exposures can also be monitored with QMS studies. Figure 10
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Figure 10. Ion intensities for Hf(acac)F,", H,O", HF" and Hacac"
versus time for single HF exposures followed by five successive Hacac
exposures on HfO, powders at 250 °C.

shows time-resolved QMS results during an HF exposure and
multiple Hacac exposures. Initially, the first HF exposure on
fresh HfO, powder yields H,O as anticipated from Figure 8a.
The subsequent five successive Hacac exposures all produce
Hf(acac)F," ion intensity. However, the size of the Hf(acac)-
F," ion intensity decreases with each Hacac exposure as
expected for a self-limiting reaction. The next HF exposure
again produces H,O. The following five successive Hacac
exposures again produce Hf(acac)F," ion intensity that
decreases progressively with each Hacac exposure.

Following fluorination by HF, there are small HF' ion
intensities that are monitored in Figure 10 on the rising edge of
the Hacac exposures in agreement with Figure 8b. However,
these HF" ion intensities are weak in comparison with the HF*
reactant ion intensities. The HF" ion intensities also decrease
progressively with each Hacac exposure. The decrease is
similar to the decrease in the Hf(acac)F," ion intensity with
each Hacac exposure. This progressive decrease is consistent
with a self-limiting reaction between Hacac and the fluorinated
HfO, surface and the decreasing refluorination of the
underlying HfO, surface by the HF etch productt. Pro-
gressively smaller amounts of HF etch product would be
available to refluorinate the HfO, surface during each Hacac
exposure because HF etch product is also lost to the gas phase.

Figure 10 also shows a large H,O" ion signal that coincides
with the first HF reactant exposure on fresh HfO, powder.
Subsequently, the second HF reactant exposure produces a
smaller H,O" ion signal. This behavior is explained by the
more complete consumption of HF during fluorination of the
fresh HfO, powder. This initial fluorination produces a large
H,O" ion signal. The second HF reactant exposure is then not
consumed as much by the previously fluorinated HfO, powder.
This smaller consumption of HF leads to a larger HF" ion
signal and a correspondingly smaller H,O" ion signal.
However, the second HF reactant exposure may lead to a
higher degree of fluorination of the HfO, powder. This more
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complete fluorination of the HfO, powder may explain the
higher Hf(acac)F," ion signal observed during the next Hacac
exposure.

3.C. ZrO, Thermal ALE Studied Using QMS. Sequential
exposures of HF and Hacac were also conducted on ZrO,
powder at 250 °C. Figure 11 displays the QMS ion signal
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Figure 11. Mass spectrum during Hacac exposure on fluorinated

ZrO, powder at 250 °C compared with the simulated mass spectrum
of Zr(acac),F,.

intensity of the etch product, Zr(acac),F,, monitored during
Hacac exposure on fluorinated ZrO, powder. The calculated
spectrum of Zr(acac),F, based on natural isotopic abundances
is also shown for comparison. In similarity with the results for
Hf(acac),F, in Figure 7, there is agreement between the
experimental and calculated intensities that confirms
Zr(acac),F, as the etch product.

The primary ion intensity at m/z 326 in Figure 11 is
attributed to **Zr(acac),F,. The three smaller signals at m/z
327, 328, and 330 are attributed to ?'Zr(acac),F, **Zr-
(acac),F,, and **Zr(acac),F,, respectively. The very low signal
at m/z 332 is attributed to **Zr(acac),F,. The small signals at
m/z 329 and 331 are from the presence of 3C in the
acetylacetonate ligands. There was no detection of the possible
Zr(acac), etch product or any other Zr(acac),F, etch product.
No mass signals were observed at m/z 486 or m/z 416,
corresponding to Zr(acac),” or Zr(acac);F*, respectively.
Furthermore, no mass signals were observed at m/z 387
corresponding to Zr(acac);". Mass signal at m/z 387 for
Zr(acac)," is expected to be a major mass fragment for both
Zr(acac)," and Zr(acac);F".

The most common zirconium acetylacetonate is Zr(acac),.
Other mixed ligand zirconium halo(acetylacetonates) have also
been documented such as Zr(acac),Cl,, Zr(acac),Br,,
Zr(acac)Cl,, Zr(acac);Br, and Zr(acac);1.>">* Zr(acac),Cl,
is reported frequently in the literature because of its role in
olefin polymerization as a Ziegler—Natta catalyst.””*’ How-
ever, no previous reports of Zr(acac)ZF2 exist to our
knowledge. The detection of Zr(acac),F, as an etch product

https://doi.org/10.1021/acs.chemmater.5c01228
Chem. Mater. 2025, 37, 5935—5945


https://pubs.acs.org/doi/10.1021/acs.chemmater.5c01228?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c01228?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c01228?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c01228?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c01228?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c01228?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c01228?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c01228?fig=fig11&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.5c01228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

from ZrO, ALE using HF and Hacac as the reactants is the first
known identification of Zr(acac),F,. In similarity with the
reaction of Hacac with fluorinated HfO,, the reaction of Hacac
with fluorinated ZrO, could form Zr(acac),F, based on ligand
substitution and hydrogen transfer:

ZrE, + 2Hacac(g) — Zr(acac),E(g) + 2HF(g) (3)

Additional QMS studies were performed to confirm the
reactions occurring during ZrO, ALE. In similarity with Figure
8a, Figure 12a reveals that H,O is produced during HF
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Figure 12. (a) H,O" and HF" ion intensities versus time during HF
exposure on initial ZrO, powder prior to any Hacac exposure at 250
°C. (b) HF* and Hacac® ion intensities versus time during Hacac
exposure on fluorinated ZrO, powder at 250 °C. Vertical dashed lines
indicate the beginning and end of the reactant exposures.

exposure on initial ZrO, powder prior to any Hacac exposure.
This reaction is anticipated because fluorination of ZrO, by
HF is thermochemically favorable.”

ZrO, + 4HF(g) — ZrF, + 2H,0(g)
AG°(250 °C) = —15.2 keal (4)

The H,O" ion intensity is observed at the beginning of the HF
exposure. As the H,O" ion intensity decreases, the HF" ion
intensity rises. This observation is consistent with a self-
limiting fluorination reaction.

QMS investigations also determined if Hacac exposure on
the fluorinated ZrO, surface yielded HF as an etch product. In
similarity with Figure 8b, Figure 12b shows that HF" ion
intensity is observed at the beginning of the Hacac exposure on
the fluorinated ZrO, powder. In addition to this volatile HF
etch product, additional HF etch product could remain and
refluorinate the underlying ZrO, surface. Figure 12b also
reveals that the Hacac™ ion intensity increases as the HF" ion
intensity decreases.

QMS experiments also monitored the evolution of the
Zr(acac),F, etch product versus the Hacac exposure. Figure 13
shows the Zr(acac)F," ion intensity during an Hacac exposure
on the fluorinated ZrO, powder. The Zr(acac)F," ion intensity
was used to monitor the parent Zr(acac),F," ion intensity
because this fragment has a signal intensity about 10 times
higher than the parent Zr(acac),F," ion intensity. The
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Figure 13. Hf(acac)F," and Hacac" ion intensities versus time during
Hacac exposure on fluorinated ZrO, powder at 250 °C. Vertical
dashed lines indicate the beginning and end of the reactant exposures.

Zr(acac)F," ion intensity decreases while the Hacac® ion
intensity remains fairly constant. This behavior suggests that
the Zr(acac),F, etch product decreases as the fluorinated layer
is removed by the Hacac reaction. However, the results in
Figure 13 do not argue as strongly for a self-limiting reaction as
the results in Figure 9 for Hacac reacting with the fluorinated
HfO, powder.

Although the results in Figure 13 did not clearly support a
self-limiting reaction, the QMS results during an HF exposure
and multiple Hacac exposures on ZrO, powders are more
definite. Figure 14 shows that the first HF exposure on fresh
HfO, powder yields H,O as expected from Figure 12a. The
next five successive Hacac exposures all produce Zr(acac)F,"

HF/Hacac on ZrO,

Powder, 250°C Zr(acac)F,*
0
£ H,O0*
£
<
> +
= HF
c
()
£

Hacac*
0 ' 40 ' 80

Time (min)

Figure 14. Ion intensities for Zr(acac)F,", H,0*, HF* and Hacac"
versus time for single HF exposures followed by five successive Hacac
exposures on ZrO, powders at 250 °C.
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ion intensity. However, the size of the Zr(acac)F," ion
intensity decreases with each Hacac exposure. This behavior is
expected for a self-limiting reaction.

The subsequent HF exposure in Figure 14 again produces
H,0. The following five successive Hacac exposures then
produce Zr(acac)F," ion intensity that decreases progressively
with each Hacac exposure. These decreasing Zr(acac)F," ion
intensities confirm self-limiting behavior. In similarity with the
results for the HF* ion intensities in Figure 10, there are also
small HF* jon intensities that are monitored in Figure 14 on
the rising edge of the Hacac exposures in agreement with
Figure 12b. This gaseous HF etch product observed during
Hacac exposures may indicate that other HF etch products
that are not volatilized can return and refluorinate the ZrO,
surface. The progressive reduction of the Zr(acac)F," ion
intensities may occur because volatile HF is also lost during
each Hacac exposure. Less refluorination by HF etch products
is possible with each successive Hacac exposure.

4. CONCLUSIONS

Sequential HF and Hacac exposures were utilized for HZO,
HfO, and ZrO, thermal ALE. HF modifies the metal oxide
surface by forming a metal fluoride layer. Hacac then reacts
with the metal fluoride layer to form volatile products by a
ligand substitution and hydrogen transfer reaction. The ligand
substitution reaction produces volatile metal acac complexes.
The hydrogen transfer reaction produces an HF etch product.
This HF etch product could be lost as volatile HF or could
remain and refluorinate the underlying metal oxide

High sensitivity QMS experiments on HfO, and ZrO,
powder samples showed that the HF exposures yielded H,O
during fluorination of the metal oxide at 250 °C. After
fluorination, QMS analysis revealed that Hacac exposures
produced Hf(acac),F, and Zr(acac),F, etch products. This is
the first known report of these mixed ligand fluoro-
(acetylacetonate) Hf and Zr compounds. These volatile
mixed ligand fluoro(acetylacetonate) compounds appeared
immediately with the Hacac exposures on fluorinated HfO,
and ZrO, powder samples. The decrease of these mixed ligand
fluoro(acetylacetonate) compounds with time during the
Hacac exposure was also consistent with a self-limiting surface
reaction.

QMS analysis also revealed that the Hacac exposures on
fluorinated metal oxide surfaces produced HF at the beginning
of the Hacac exposures at 250 °C. This HF etch product is
unusual because this etch product is also the reactant during
the fluorination reaction. In addition to the volatile HF that is
detected by the QMS measurements, there also could be
product HF that returns to refluorinate the metal oxide surface.
This refluorination could recycle some of the original HF used
to fluorinate the metal oxides. QMS experiments with multiple
successive Hacac exposures after an initial HF exposure
revealed that the Hf(acac)F," and Zr(acac)F," ion intensities
decreased with each Hacac exposure. These results argue for
self-limiting reactions between Hacac and the fluorinated metal
oxide surfaces.

In situ spectroscopic ellipsometry investigations confirmed
the etching of amorphous and crystalline HZO, HfO, and
ZrO, films by sequential HF and Hacac exposures. The etch
rates of the amorphous films were larger than the etch rates of
the crystalline films. Amorphous HZO etched at a rate of 0.80
A/cycle at 230 °C. In contrast, crystalline HZO was etched at
rates of 0.50 and 0.74 A/cycle at 250 and 270 °C, respectively.
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Amorphous HfO, and ZrO, films were etched at rates of 0.20
and 0.36 A/cycle at 250 °C, respectively. In comparison, the
crystalline HfO, and ZrO, ALD films were etched at 250 °C at
rates of 0.02 and 0.18 A/cycle, respectively.
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