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ABSTRACT: The atomic layer etching (ALE) of AlF3 was demonstrated
using sequential thermal reactions with Sn(acac)2 and hydrogen ﬂuoride
(HF) as the reactants. AlF3 ALE is the ﬁrst example of the thermal ALE of a
metal ﬂuoride. AlF3 ALE was investigated using in situ quartz crystal
microbalance (QCM) and Fourier transform infrared (FTIR) measurements at temperatures from 150 to 250 °C. The QCM studies observed
that AlF3 was etched linearly with atomic level precision versus number of
sequential reactant cycles. QCM investigations also revealed that the
sequential Sn(acac)2 and HF reactions were self-limiting versus reactant
exposure. The FTIR spectroscopic analysis observed AlF3 etching by
monitoring the loss of absorbance of Al−F stretching vibrations in the AlF3
ﬁlm. The FTIR studies also suggested that the Sn(acac)2 reaction is selflimiting because of the buildup of acac-containing species on the AlF3
surface. The QCM measurements determined that the mass change per
cycle (MCPC) increased with temperature from −2.0 ng/(cm2 cycle) at 150 °C to −18.2 ng/(cm2 cycle) at 250 °C. These
MCPC values are equivalent to etch rates from 0.069 Å/cycle at 150 °C to 0.63 Å/cycle at 250 °C. In the proposed reaction
mechanism for AlF3 ALE, the Sn(acac)2 reactant accepts ﬂuorine from AlF3 and donates acac to the surface. This reaction is
believed to yield SnF(acac) and AlF(acac)2 as volatile reaction products. The QCM and FTIR results suggest that the HF
reaction converts AlF2(acac)* surface intermediates to AlF3* and volatile acacH reaction products. The ALE of other metal
ﬂuorides using Sn(acac)2 and HF should be possible by a similar mechanism.
the proposed reaction mechanism, the metal ﬂuorides donate
ﬂuorine to Sn(acac)2 to form a volatile SnF(acac) reaction
product. Concurrently, Sn(acac)2 releases acac ligand to the
metal in the metal ﬂuoride to form volatile metal acac reaction
products.22−24 This ligand-exchange process is a type of
transmetalation reaction.25
Because AlF3* plays a key role as a surface reaction
intermediate during Al2O3 ALE,22 AlF3 ALE may also be
possible using the same reactants. In this study, the thermal
ALE of AlF3 was performed using Sn(acac)2 and HF as the
reactants. Based on the previous mechanism for Al2O3
ALE,22,23 the ﬂuorination reaction during AlF3 ALE may not
be expected to be needed because AlF3 is already the starting
material. However, the experiments reveal that the HF reactant
is necessary for AlF3 ALE. The Sn(acac)2 reactant is believed to
accept ﬂuorine from the AlF3 to form a volatile SnF(acac)
reaction product. The acac ligands donated to the AlF3 surface
from Sn(acac)2 also lead to the removal of volatile acaccontaining aluminum species. In addition, the donated acac
ligands produce AlF2(acac) and other acac-containing surface
species that are thought to limit the Sn(acac)2 etching reaction.

I. INTRODUCTION
Atomic layer etching (ALE) is a thin ﬁlm removal process
based on sequential, self-limiting surface reactions.1−3 ALE can
be viewed as the reverse of atomic layer deposition (ALD).3−5
Most previous ALE processes have used halogenation of the
surface together with ion-enhanced or energetic neutral atom
beam-enhanced surface reactions to etch the material. This ALE
approach can achieve anisotropic etching and has been used for
the ALE of Si,6−9 Ge,10 compounds semiconductors,11−14 metal
oxides,15−18 and various carbon substrates.19−21 In contrast to
the large number of ALE processes accomplished using ionenhanced or energetic neutral atom beams, there are very few
ALE processes based on spontaneous thermal chemistry. These
thermal ALE processes could be valuable for the conformal and
isotropic removal of thin ﬁlms with atomic layer control.2
Recently, thermal ALE has been reported for two metal
oxides. Al2O3 ALE22,23 and HfO2 ALE24 were demonstrated
using sequential, self-limiting thermal reactions with Sn(acac)2
and hydrogen ﬂuoride (HF) as the reactants. The overall Al2O3
ALE reaction was believed to be Al2O3 + 6Sn(acac)2 + 6HF→
2Al(acac)3 + 6SnF(acac) + 3H2O.22,23 The overall HfO2 ALE
reaction was suggested to be HfO2 + 4Sn(acac)2 + 4HF→
Hf(acac)4 + 4SnF(acac) + 2H2O.24 For Al2O3 and HfO2 ALE,
metal ﬂuorides in the form of AlF3* and HfF4*, respectively,
were the proposed surface reaction intermediates after the HF
exposures.22−24 The asterisks designate the surface species. In
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cooled mercury cadmium telluride (MCT-B) detector. The
spectrometer, mirror, and detector setup were purged using
dry, CO2-free air. A total of 100 scans at 4 cm−1 resolution were
recorded for each spectrum from 400 to 4000 cm−1.
The transmission FTIR measurements were conducted using
high surface area SiO2 nanoparticles (99.5%, U.S. Research
Nanomaterials). These SiO2 nanoparticles had an average
diameter of 15−20 nm. The high surface area of the SiO2
nanoparticles enhanced the concentration of surface species in
the infrared beam.29,30 The SiO2 nanoparticles absorb in the
infrared region between 400−650 cm−1, 700−875 cm−1, and
925−1400 cm−1. These absorptions leave open windows to
monitor absorbance from the AlF3 ALD ﬁlm.26 Samples were
prepared by pressing the SiO2 nanoparticles into a tungsten
grid support (Tech-Etch). The dimensions of tungsten grids
were 2 cm × 3 cm. The thickness of the grid was 50 μm thick,
and the grid had 100 lines per inch.
A dc power supply (6268B, 20 V/20A, Hewlett-Packard) was
used to resistively heat the tungsten grid. A PID temperature
controller (Love Controls 16B, Dwyer Instruments) deﬁned
the voltage output of the power supply. A type K thermocouple
was ﬁxed to the bottom of the tungsten grid with epoxy
(Ceramabond 571, Aremco). The epoxy also electrically
isolated the thermocouple from the tungsten grid.
The AlF3 ﬁlms were grown with AlF3 ALD using TMA (97%,
Sigma-Aldrich) and HF from HF-pyridine (70 wt % HF, SigmaAldrich) at 150 °C.26 The AlF3 ALE reactions were conducted
using sequential exposures of tin(II) acetylacetonate (Sn(acac)2, 37−38% Sn, Gelest) and HF from HF-pyridine at 250
°C. Self-limiting reactions were obtained using two consecutive
Sn(acac)2 doses with exposure times of 2.0 s and two
consecutive HF doses with exposure times of 2.0 s. Pressure
transients for Sn(acac)2 and HF of ∼350 and ∼400 mTorr,
respectively, above the base pressure were observed using these
exposure times. A 180 s purge time was employed after each
reactant exposure.
Reactants were dosed into a ﬂowing N2 carrier gas stream.
The constant N2 carrier gas ﬂow rate of 50 sccm was supplied
by a mass ﬂow controller. This N2 gas ﬂow produced a base
pressure of ∼0.650 Torr in the reactor. The TMA, HF-pyridine,
and H2O precursors were maintained at room temperature.
The Sn(acac)2 precursor was held at 100 °C.

The HF reactant then facilitates the removal or conversion of
the acac-containing species on the AlF3 surface.
In this paper, thermal AlF3 ALE is demonstrated using in situ
quartz crystal microbalance (QCM) and Fourier transform
infrared (FTIR) experiments. QCM analysis is used to study
the etching of AlF3 versus the number of Sn(acac)2 and HF
reaction cycles. The self-limiting behavior of AlF3 ALE is
explored versus the Sn(acac)2 and HF exposure times. In
addition, the temperature dependence of AlF3 ALE is examined
from 150 to 250 °C. FTIR vibrational spectroscopy analysis is
also able to monitor the AlF3 etching and characterize the
surface species after the Sn(acac)2 and HF exposures. These
results for AlF3 ALE expand the possibilities for thermal ALE
reactions beyond metal oxides to metal ﬂuorides.

II. EXPERIMENTAL SECTION
A. Viscous Flow Reactor Equipped for in Situ QCM
Measurements. The ALE reactions were conducted in a
viscous ﬂow ALD reactor.22−24 The reaction temperatures
varied from 150 to 250 °C. A proportional-integral-derivative
(PID) temperature controller (2604, Eurotherm) held the
temperature constant to within ±0.04 °C. The reactor pressure
was measured using a capacitance manometer (Baratron 121A,
MKS).
The ALD reactor was outﬁtted with an in situ QCM.22−24 An
RC-cut quartz crystal (gold coated and polished, 6 MHz,
Colnatec) was positioned in a sensor head (BSH-150, Inﬁcon).
The sensor head was then sealed with a high-temperature epoxy
(Epo-Tek H21D, Epoxy technology). A thin ﬁlm deposition
monitor (Maxtek TM-400, Inﬁcon) was employed to record
the QCM measurements.
Sequential exposures of tin(II) acetylacetonate (Sn(acac)2,
37−38% Sn, Gelest) and HF-pyridine (70 wt % HF, SigmaAldrich) were employed for the AlF3 ALE reactions. Gaseous
HF from HF-pyridine is a much safer source of anhydrous HF
than HF from a gas cylinder. HF-pyridine exists as a liquid at
room temperature and is in equilibrium with gaseous HF. At
room temperature, the HF pressure above HF-pyridine is 90−
100 Torr.24
HF-pyridine and Sn(acac)2 were both transferred to stainless
steel bubblers using a dry N2-ﬁlled glovebag.22−24 The
Sn(acac)2 precursor was held at 100 °C and produced a
pressure transient of 20 mTorr during Sn(acac)2 exposures.
The HF-pyridine precursor was maintained at room temperature and produced a pressure transient of 80 mTorr during HF
exposures. The AlF3 ﬁlms were grown by AlF3 ALD using TMA
(97%, Sigma-Aldrich) and HF derived from HF-pyridine.26 The
TMA precursor was held at room temperature.
A mechanical pump (Pascal 2015SD, Alcatel) was employed
to pump the reactor. A constant total ﬂow of 150 sccm of
ultrahigh-purity (UHP) N2 carrier gas into the reactor was
delivered by three separate mass ﬂow controllers (Type 1179A,
MKS). Additional N2 gas ﬂow of 20 sccm was provided using a
metering bellows-sealed valve (SS-4BMG, Swagelok) to
prevent deposition on the backside of the QCM crystal.27 A
base pressure of ∼1 Torr in the reactor was produced by the
total N2 gas ﬂow of 170 sccm.
B. Reactor for in Situ FTIR Spectroscopy Measurements. The in situ FTIR studies were conducted in a reactor
interfaced to an FTIR spectrometer.22,24,28 The reactor was
pumped with a mechanical pump (TRIVAC D8B, Oerlikon
Leybold Vacuum). The FTIR spectrometer (Nicolet 6700
FTIR, Thermo Scientiﬁc) was equipped with a liquid-N2-

III. RESULTS AND DISCUSSION
A. Quartz Crystal Microbalance (QCM) Studies. Figure
1 shows the mass change during 100 ALE cycles of sequential
Sn(acac)2 and HF reactions on an AlF3 ﬁlm at 200 °C. One
ALE cycle was deﬁned by a Sn(acac)2 dose of 1 s, a N2 purge of
30 s, a HF dose of 1.0 s, and a second N2 purge of 30 s. This
reaction sequence is denoted as 1−30−1−30. The initial AlF3
ﬁlm on the QCM surface was grown by 100 cycles of AlF3 ALD
using TMA and HF.26
The etching of the AlF3 ﬁlm is very linear and displays a mass
change per cycle (MCPC) = −6.1 ng/(cm2 cycle) at 200 °C.
This MCPC corresponds to an etch rate of 0.21 Å/cycle at 200
°C based on the AlF3 ALD ﬁlm density of 2.9 g/cm3 that was
measured by X-ray reﬂectivity (XRR).26 All ALE cycles show
mass losses due to etching of the AlF3 ﬁlm except for the ﬁrst
cycle.
Figure 2 displays a magniﬁcation of the mass changes during
the ﬁrst three AlF3 ALE cycles at 200 °C in Figure 1. The ﬁrst
AlF3 ALE cycle shows a mass gain of ΔMSn = 28 ng/cm2 and a
mass loss of ΔMHF = −8 ng/cm2. The subsequent AlF3 ALE
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measured on Al2O3 during the ﬁrst Sn(acac)2 exposure during
Al2O3 ALE.22 The normalized coverage of Sn(acac)2* species
relative to AlF3 units on the surface is (5.32 × 1013 Sn(acac)2/
cm2)/(7.56 × 1014 (AlF3 units)/cm2) = 0.07 Sn(acac)2/(AlF3
unit).
The relatively low coverage of Sn(acac)2* or other acaccontaining species may be explained by the bulky acetylacetonate ligand that is expected to occupy more than one AlF3 unit
on the AlF3 surface. In comparison, the Sn(acac)2* coverage on
Al2O3 after the ﬁrst Sn(acac)2 exposure during Al2O3 ALE was
0.17 Sn(acac)2/(Al2O3 unit).22 Another explanation for the low
coverage is that there is etching during the ﬁrst Sn(acac)2
exposure on AlF3 that releases volatile reaction products and
decreases the mass gain. The lower mass gain would decrease
the coverage calculated for the acac-containing species from the
ﬁrst Sn(acac)2 exposure.
Figure 2 also displays distinct mass losses that coincide with
HF exposures during AlF3 ALE. These mass losses are
explained by the removal of acac-containing species from the
AlF3 surface remaining after the Sn(acac)2 exposure. Acaccontaining surface species such as AlF2(acac)* could be
ﬂuorinated by HF to produce AlF3* and volatile acacH
reaction product. Other acac-containing species such as acac*
could also be protonated to produce a volatile acacH reaction
product. The boiling point of acetylacetone (acacH) is 138 °C
at 760 Torr.31 In comparison, mass gains are observed during
HF exposures in Al2O3 ALE.22,23 A mass gain is observed
during HF exposures in Al2O3 ALE because of the conversion
of Al2O3 to AlF3.22,23 A mass gain during HF exposures in AlF3
ALE is not expected because AlF3 is already a stable ﬂuoride.
Figure 2 also reveals mass gains at 200 °C during the
Sn(acac)2 exposures after the ﬁrst cycle. These mass gains may
be surprising because they occur during the removal of ﬂuorine
and aluminum from the surface by ligand-exchange reactions.
Fluorine can be donated to Sn(acac)2 to produce volatile
SnF(acac) reaction products. Sn(acac)2 has a vapor pressure of
0.5 Torr at 102−105 °C.32 There are no reports for the vapor
pressure of SnF(acac). However, the analogous compound
SnCl(acac) is known to sublime at 100−115 °C at 0.5 Torr.32
The acac ligands donated to the AlF3 surface can also lead to
the production of volatile Al(acac)3 or AlF(acac)2 reaction
products. Al(acac)3 has a vapor pressure of ∼3−4 Torr at 150
°C.33,34 There are no reports for the vapor pressure of
AlF(acac)2.
The mass gains at 200 °C that coincide with Sn(acac)2
exposures during AlF3 ALE indicate that there are mass
additions during the Sn(acac)2 exposures that oﬀset the mass
losses resulting from the removal of ﬂuorine and aluminum.
Possible mass additions are the massive acac groups in adsorbed
species such as AlF2(acac)* or AlF(acac)2* on the AlF3 surface
after the ligand-exchange reaction. The addition of these acaccontaining adsorbed species after the Sn(acac)2 exposures then
leads to mass losses that are observed during the HF exposures.
The exact reactions that explain the mass losses during the
HF exposure and mass gains during the Sn(acac)2 exposures at
200 °C are not known. One of the biggest unknowns is the gas
phase reaction products. These reaction products have not yet
been conﬁrmed using quadrupole mass spectrometry. These
measurements require mass spectrometers that can detect
signals at higher masses than are typical for mass spectrometers
used for residual gas analysis. These studies will be a goal of
future investigations.

Figure 1. Mass change versus time for AlF3 ALE using sequential
Sn(acac)2 and HF exposures at 200 °C.

Figure 2. Expansion of the ﬁrst three cycles in Figure 1 showing the
mass changes during the Sn(acac)2 and HF exposures at 200 °C.

cycles then produce overall mass losses as illustrated in Figures
1 and 2. The mass gain for ΔMSn on the ﬁrst cycle is assigned to
the adsorption of Sn(acac)2 reaction products on the AlF3
surface. The Sn(acac)2 could either adsorb associatively as
Sn(acac)2* or dissociatively as Sn(acac)* and (acac)*. The
Sn(acac)2 could also react to form AlF2(acac)* surface
intermediates.
To estimate the coverage of acac-containing species on the
AlF3 surface, the sites on the AlF3 surface can be approximated
using the density of 2.9 g/cm3 for AlF3 ALD ﬁlms.26 This mass
density is equivalent to a number density of ρ = 2.08 × 1022
(AlF3 units)/cm3. This number density yields an estimate for
the number of AlF3 units on the AlF3 surface of ρ2/3 = 7.56 ×
1014 (AlF3 units)/cm2 assuming a square lattice. This coverage
of AlF3 units represents an AlF3 mass of 105.5 ng/cm2.
The coverage of acac-containing species can then be
estimated based on the mass gain of 28 ng/cm2 and assuming
that Sn(acac)2 does not form volatile etch products during the
ﬁrst cycle. This mass gain is equivalent to 5.32 × 1013
Sn(acac)2/cm2. This coverage of Sn(acac)2 is about one-half
the Sn(acac)2* coverage of 1.16 × 1014 Sn(acac) 2/cm2
25387
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Figure 3 shows a magniﬁcation of the mass changes versus
time for three cycles at 200 °C in the linear loss regime shown

Figure 3. Expansion of the linear loss regime in Figure 1 showing the
mass changes during three cycles of Sn(acac)2 and HF exposures at
200 °C.

Figure 4. (a) Mass change after the Sn(acac)2 exposure (ΔMSn), mass
change after the HF exposure (ΔMHF), and mass change per cycle
(MCPC) versus number of ALE cycles at 200 °C. (b) ΔMSn/MCPC
ratio versus number of ALE cycles.

in Figure 1. In agreement with the results in Figure 2, mass
gains are observed during the Sn(acac)2 exposures and mass
losses are observed during the HF exposures. A progressive
mass loss after the Sn(acac)2 exposures suggests that the acaccontaining species have a mild interaction with the AlF3 surface
and may slowly desorb versus time. Following the Sn(acac)2
adsorption and proposed desorption of reaction products,
Figure 3 shows that a mass gain of ΔMSn = 0.8 ng/cm2 is
observed prior to the HF exposure. The HF exposure then
leads to a sharp mass decrease of ΔMHF = −6.9 ng/cm2 that
may be consistent with the conversion of AlF2(acac)* surface
intermediates to AlF3* and volatile acacH.
Figure 4 shows the MCPC and the ΔMSn/MCPC ratio
during 100 cycles of AlF3 ALE at 200 °C. The MCPC is deﬁned
by MCPC = ΔMSn + ΔMHF. Figure 4a displays ΔMSn, ΔMHF,
and MCPC for the same 100 cycles of AlF3 ALE at 200 °C as
shown in Figure 1. The MCPC reaches a steady-state value of
−6.1 ng/(cm2 cycle) after a nucleation period of ﬁve cycles.
Figure 4b displays the ΔMSn/MCPC ratio during the same 100
cycles. The ΔMSn/MCPC ratio reaches a steady-state value of
−0.13 after ﬁve cycles of nucleation. The ΔMSn/MCPC ratio
will be employed to deﬁne the stoichiometry of the AlF3 ALE
reactions.
Figure 5 reveals the self-limiting nature of the AlF3 ALE
reactions at 200 °C studied by measuring the MCPC for
diﬀerent reactant exposures. Figure 5a examines the selflimiting behavior of the Sn(acac)2 reaction using diﬀerent
Sn(acac)2 exposure times with a single 1.0 s dose of HF. A
constant N2 purge of 30 s was used after each exposure. This
reaction sequence can be denoted as x−30−1−30. The MCPC
versus Sn(acac)2 exposure time decreases and levels oﬀ at a
MCPC of approximately −6 ng/(cm2 cycle). The solid line is
an exponential ﬁt to the data that is intended to guide the eye.
The approximately self-limiting behavior for Sn(acac)2 is
somewhat unexpected because the continuous etching of AlF3
by Sn(acac)2 could occur if the SnF(acac), AlF(acac)2, or
Al(acac)3 reaction products can desorb from the surface. The
self-limiting behavior suggests that acac-containing surface

Figure 5. Mass change per cycle (MCPC) for AlF3 ALE versus
exposure time at 200 °C for (a) Sn(acac)2 and (b) HF.

species must remain on the AlF3 surface and impede the
etching reaction.
Figure 5b examines the self-limiting behavior of the HF
reaction using diﬀerent HF exposure times with a single 1.0 s
dose of Sn(acac)2. This reaction sequence can be denoted as
1−30−x−30. The MCPC versus HF exposure time decreases
and levels oﬀ at a MCPC of approximately −6 ng/(cm2 cycle).
The solid line is again an exponential ﬁt to the data that is
25388
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included to guide the eye. A slight increase in the MCPC is also
observed at longer HF exposures. This additional mass loss is
attributed to chemical vapor etching (CVE) resulting from HF
partial pressure in the reactor during the Sn(acac)2 exposures.24
CVE will occur if both HF and Sn(acac)2 are present in the
reactor at the same time. CVE may result at the larger HF
exposures because of the diﬃculty removing all the HF prior to
the Sn(acac)2 exposure.
Figure 6 shows the mass changes during three ALE cycles in
the linear loss regime of Sn(acac)2 and HF reactions on an AlF3

Figure 7. Individual mass changes during three cycles of sequential
Sn(acac)2 and HF exposures in the linear loss regime for AlF3 ALE at
250 °C.

exposures of ΔMSn = 5.5 ng/cm2 and 0.8 ng/cm2 were
obtained at 150 and 200 °C, respectively. The mass loss for
ΔMSn at 250 °C is attributed to more etching and possibly less
adsorption of acac-containing species on the AlF3 surface at
higher temperatures.
Similar to the behavior observed in Figures 2, 3, and 6, Figure
7 also shows a progressive mass loss after the Sn(acac)2
exposures. This mass loss suggests that the acac-containing
species slowly desorb from the AlF3 surface versus time. Figure
7 also observes a mass decrease of ΔMHF = −6.2 ng/cm2 after
the HF exposures at 250 °C. This mass decrease is similar to
the mass decreases observed after the HF exposures at 150 and
200 °C. The dependences of ΔMSn, ΔMHF, and MCPC on the
reaction temperature are all summarized in Table 1.

Figure 6. Individual mass changes during three cycles of sequential
Sn(acac)2 and HF exposures in the linear loss regime for AlF3 ALE at
150 °C.

surface at a lower temperature of 150 °C using a reaction
sequence of 1−30−1−30. The initial AlF3 ﬁlm was again
prepared by 100 cycles of AlF3 ALD using TMA and HF.26 The
etching of the AlF3 ﬁlm is linear and displays a MCPC of −2.0
ng/(cm2 cycle). This MCPC corresponds to an etch rate of
0.069 Å/cycle based on the AlF3 ALD ﬁlm density of 2.9 g/cm3
measured by XRR.26
There is a distinct diﬀerence between the mass changes
during the AlF3 ALE reactions at 200 and 150 °C. A mass gain
of ΔMSn = 5.5 ng/cm2 was observed after 1.0 s of Sn(acac)2
exposure at 150 °C. In comparison, a smaller mass gain of
ΔMSn = 0.8 ng/cm2 was obtained at 200 °C. This diﬀerence
may be attributed to less etching and possibly more adsorption
of acac-containing species on the AlF3 surface at lower
temperatures. The mass decrease of ΔMHF = −7.5 ng/cm2
observed after the HF exposures at 150 °C is similar to the
mass decrease of ΔMHF = −6.9 ng/cm2 observed after the HF
exposures at 200 °C.
Figure 7 shows the mass changes during three ALE cycles of
Sn(acac)2 and HF reactions on an AlF3 surface at a higher
temperature of 250 °C. These results were also recorded in the
linear loss regime using a reaction sequence of 1−30−1−30
after depositing the initial AlF3 ﬁlm using 100 cycles of AlF3
ALD.26 The etching of the AlF3 ﬁlm is linear and displays a
MCPC of −18.2 ng/(cm2 cycle). This MCPC corresponds to
an etch rate of 0.63 Å/cycle.
The mass changes in Figure 7 at 250 °C are very diﬀerent
than the mass changes during the AlF3 ALE reactions at 150
and 200 °C. At the higher temperature of 250 °C, a mass loss of
ΔMSn = −12.0 ng/cm2 is observed after the Sn(acac)2
exposures. In comparison, mass gains after the Sn(acac)2

Table 1. ΔMSn, ΔMHF, MCPC, ΔMSn/MCPC, y, and
y(MCPC) for AlF3 ALE at Diﬀerent Temperaturesa
temp (°C)

MCPC

ΔMSn

ΔMHF

ΔMSn/MCPC

y

y(MCPC)

150
200
250

−2.0
−6.1
−18.2

5.5
0.8
−12.0

−7.5
−6.9
−6.2

−2.8
−0.13
0.66

4.0
1.2
0.4

−7.9
−7.2
−6.5

ΔMSn, ΔMHF, MCPC, and y(MCPC) are expressed in units of ng/
(cm2 cycle).
a

B. Fourier Transform Infrared (FTIR) Studies. Figure 8
shows the growth of absorbance from 500 to 900 cm−1 after
various numbers of AlF3 ALD cycles on SiO2 nanoparticles at
150 °C. Similar results were reported earlier during the study of
AlF3 ALD.26 These FTIR spectra were referenced to the FTIR
spectrum for the initial SiO2 nanoparticles. The absorbance
increased progressively versus number of AlF3 ALD cycles. The
growth of absorbance from 500 to 900 cm−1 is assigned to the
Al−F stretching vibrations in AlF3.26 Previous vibrational
studies have monitored the absorption of Al−F stretching
vibrations in AlF3 at 500−900 cm−1.35−38
Figure 8 also displays a broad shoulder at ∼800−950 cm−1
on the absorbance peak for the Al−F stretching vibrations that
may be partially assigned to the libration of HF molecules on
the AlF3 surface.26,39 Absorbance features for the H−F
stretching vibration in isolated and hydrogen-bonded HF on
the AlF3 surface were also observed at higher frequencies of
25389
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Sn(acac)2 exposures and are also referenced to the FTIR
spectrum for the SiO2 nanoparticles. Decreasing absorbance for
the Al−F stretching vibrations between 500 and 900 cm−1
versus ALE cycles is consistent with AlF3 etching. Infrared
absorbance for the Sn(acac)2 adsorption products is also
observed between 1250 and 1650 cm−1. These vibrational
features are consistent with acac-containing species such as
AlF2(acac)*, Sn(acac)2*, or SnF(acac)* adsorbed on the AlF3
substrate.42,43
Figure 10 displays the FTIR spectra after consecutive
Sn(acac)2 and HF exposures at 250 °C. These FTIR spectra

Figure 8. Absolute infrared absorbance showing the growth of Al−F
stretching vibrations in AlF3 versus number of AlF3 ALD cycles at 150
°C. These FTIR spectra were referenced to the initial SiO2
nanoparticles.

∼3000−3675 cm−1 during AlF3 ALD.26 There also is
absorbance at 930 cm−1 that may be assigned to the formation
of Si−F bonds on the SiO2 nanoparticles during AlF3 growth.40
The absorbance losses at 975 and 1010 cm−1 are attributed to
the loss of Si−OH and Si−O−Si species on the initial SiO2
substrate, respectively.41 There is no evidence for any pyridine
features in the FTIR spectrum. This observation is consistent
with no measurable pyridine in the gas phase above HFpyridine.24,26
Figure 9 shows the FTIR spectra after 4, 6, 8, 10, and 12 AlF3
ALE cycles at 250 °C. These FTIR spectra were recorded after

Figure 10. FTIR spectra for consecutive Sn(acac)2 and HF exposures
at 250 °C referenced to the FTIR spectrum for the SiO2 nanoparticles.
(a) Spectrum after Sn(acac)2 exposure. (b) Spectrum after HF
exposure.

were referenced to the FTIR spectrum for the SiO 2
nanoparticles. Over the frequency region from 1250 to 1650
cm−1, the absorbance change indicates that the HF exposure
removes only ∼20% of the total acac-containing species on the
surface at 250 °C. These results demonstrate that the HF
exposure is only aﬀecting a small fraction of the total acaccontaining species. A large number of acac-containing species
reside on the AlF3 surface without changing as a result of the
Sn(acac)2 and HF exposures.
Figure 11 shows the FTIR diﬀerence spectra for the same
consecutive Sn(acac)2 and HF exposures at 250 °C that are
displayed in Figure 10. These diﬀerence spectra are deﬁned by
referencing to the spectra after the previous reactant exposure.
Figure 11a shows the diﬀerence spectrum after the Sn(acac)2
exposure that has been referenced to the spectrum after the
previous HF exposure. Figure 11a shows absorbance gains for
the vibrational features between 1250 and 1650 cm−1 and
absorbance loss for the vibrational feature between 500 and 900
cm−1. The absorbance loss between 500 and 900 cm−1 is
consistent with the removal of Al−F stretching vibrations as
Sn(acac)2 reacts with the AlF3 surface layer and removes
ﬂuorine and aluminum by the formation of volatile SnF(acac),
AlF2(acac), or AlF(acac)2 reaction products. The absorbance
gain between 1250 and 1650 cm−1 is consistent with the
addition of acac-containing reaction products on the AlF3
substrate.

Figure 9. Absolute infrared absorbance showing the loss of Al−F
stretching vibrations in AlF3 versus number of AlF3 ALE cycles at 250
°C. The Sn(acac)2 exposures also lead to the appearance of acac
surface species. These FTIR spectra were referenced to the initial SiO2
nanoparticles.
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Figure 12 shows a schematic of the AlF3 ALE reaction
mechanism based on an AlF2(acac)* surface intermediate. This

Figure 12. Schematic of proposed reaction mechanism for AlF3 ALE
based on AlF2(acac)* intermediate showing (A) Sn(acac)2 reaction
and (B) HF reaction.

Figure 11. FTIR diﬀerence spectra for the same consecutive Sn(acac)2
and HF exposures at 250 °C shown in Figure 10. (a) Diﬀerence
spectrum after Sn(acac)2 exposure deﬁned by referencing to the
spectrum after the previous HF exposure. (b) Diﬀerence spectrum
after the HF exposure deﬁned by referencing to the spectrum after the
previous Sn(acac)2 exposure.

schematic shows only the species that change during the
reactions. The dashed lines in the AlF3 adlayer are intended to
represent the distorted octahedral structure in the AlF3 solid. In
reaction (A), Sn(acac)2 is exposed to the AlF3 surface and
forms SnF(acac) and AlF(acac)2 as volatile reaction products.
Reaction (A) also leads to AlF2(acac)* intermediates on the
AlF3 surface. In reaction (B), HF converts the AlF2(acac)*
intermediates into AlF3* surface species and volatile acacH.
This overall reaction can be expressed as

Figure 11b displays the diﬀerence spectrum after the HF
exposure that has been referenced to the spectrum after the
previous Sn(acac)2 exposure. The absorbance features for acaccontaining species that were added between 1250 and 1650
cm−1 as a result of the Sn(acac)2 exposure are taken away by
the subsequent HF exposure. There is also a small increase in
absorbance between 500 and 900 cm−1. This small absorbance
increase is in the region corresponding to the Al−F stretching
vibrations.35−38 This absorbance increase may result from the
HF exposure converting some AlF2(acac)* surface species back
to AlF3* species by the reaction AlF2(acac)* + HF → AlF3* +
acacH.
Figures 10 and 11 indicate that HF is necessary for AlF3 ALE
because the HF exposures remove or convert some acaccontaining surface species. The removal of these acaccontaining species allows Sn(acac)2 to etch the underlying
AlF3 substrate. These FTIR results also suggest that Sn(acac)2
cannot spontaneously etch AlF3 because the etching is selflimited by the buildup of acac-containing species on the AlF3
surface. These acac-containing surface species, such as
AlF2(acac)*, AlF(acac)2*, or SnF(acac)*, may block the AlF3
etching.
C. AlF3 ALE Reaction Mechanisms. The results from the
in situ QCM and FTIR measurements can be used to propose a
reaction mechanism for AlF3 ALE. The reaction mechanism
depends on the identity of the surface intermediate. The most
likely surface intermediates are AlF2(acac)* and SnF(acac)*.
The QCM analysis cannot easily discriminate between the
AlF2(acac)* and SnF(acac)* surface intermediates. Although
SnF(acac)* is heavier than AlF2(acac)*, there could be more
AlF2(acac)* on the surface to yield the observed mass changes.
In contrast, the FTIR analysis provides support for an
AlF2(acac)* surface intermediate based on the gain in
absorbance for the Al−F stretching vibration during HF
exposures observed in Figure 11b.

AlF3 + (2 + y)Sn(acac)2 + y HF
→ AlF(acac)2 + (2 + y)SnF(acac) + yacacH

(1)

This overall reaction can be divided into the Sn(acac)2 and HF
reactions:
(A) AlF3|AlF3* + (2 + y)Sn(acac)2
→ (1 − y)AlF3|y AlF2 (acac)* + AlF(acac)2
+ (2 + y)SnF(acac)

(2)

(B) (1 − y)AlF3|y AlF2 (acac)* + y HF → AlF3 * + yacacH
(3)

AlF2(acac)* is the key reaction intermediate. In reaction (B),
HF reacts with AlF2(acac)* to produce AlF3* surface species
and volatile acacH.
The AlF3* species shown in eq 2 is the amount of AlF3 that is
etched during one cycle of AlF3 ALE. y quantiﬁes the
AlF2(acac)* intermediate species that are produced by the
Sn(acac)2 exposure relative to the amount of AlF3 that is etched
in one AlF3 ALE cycle. The parameter y in eqs 2 and 3 is
determined by the ΔMSn, ΔMHF, and MCPC values determined
by the QCM analysis.
y can be obtained from the ΔMSn/MCPC ratio using the
equation
y = (84.0 − 84.0(ΔMSn /MCPC))/(164.1 − 84.0)

(4)

where 84.0 and 164.1 are the molecular weights for AlF3 and
AlF2(acac)*, respectively. The temperature dependence of the y
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values is y = 4.0, 1.2, and 0.40 at 150, 200, and 250 °C,
respectively. These y values are included in Table 1.
The product y(MCPC) is a measure of the absolute
AlF2(acac)* intermediate surface coverage that is formed by
the Sn(acac)2 exposure. The y(MCPC) values are summarized
in Table 1. The y(MCPC) values are fairly constant at the
various temperatures. This trend indicates that the AlF2(acac)*
intermediate coverage is nearly equal at the diﬀerent temperatures.
The absolute AlF2(acac)* coverage after the Sn(acac)2
exposures can be obtained from the amount of AlF3 that is
etched in one AlF3 ALE cycle. The MCPC of −6.1 ng/cm2 at
200 °C represents a coverage of 4.4 × 1013 (AlF3 units)/cm2.
This coverage of (AlF3 units) multiplied by the y value of 1.20
at 200 °C yields an absolute AlF2(acac)* coverage of 5.28 ×
1013 AlF2(acac)*/cm2. The MCPC and y values at other
temperatures also yield similar absolute AlF2(acac)* coverages
that vary from 5.24 to 5.76 × 1013 AlF2(acac)*/cm2.
The nearly constant absolute AlF2(acac)* coverage of ∼5.5 ×
1013 AlF2(acac)*cm2 can be compared with the number of
(AlF3 units) on the AlF3 surface. The normalized coverage of
AlF2(acac)* relative to (AlF3 units) on the surface is (∼5.5 ×
1013 AlF2(acac)*/cm2)/(4.76 × 1014 (AlF3 unit)/cm2) = ∼
0.116 AlF2(acac)*/(AlF3 unit). This normalized coverage is
∼11.6% of an (AlF3 unit) monolayer.
The proposed reactions for AlF3 ALE are also very similar to
the reactions suggested earlier for Al2O3 and HfO2 ALE.22−24
The main diﬀerence is the lack of a ﬂuorination step during
AlF3 ALE. However, the HF exposure is still required to
remove acac-containing surface species that limit etching during
the Sn(acac)2 exposure. Al2O3 ALE displays etching rates that
increase at higher temperatures.22,23 Based on the previous
Al2O3 ALE studies,22 these temperature-dependent etching
rates are thought to be correlated inversely with the total
coverage of acac-containing species on the substrate after the
HF or Sn(acac)2 exposures. The etching rates for AlF3 ALE are
also comparable with the etching rates for Al2O3 and HfO2
ALE.

surface that restrict the Sn(acac)2 etching reaction. Without
these acac-containing species, the etching of AlF3 by Sn(acac)2
would not be expected to be self-limiting. The HF reactant then
removes some of the acac-containing species and allows more
etching to proceed during the next Sn(acac)2 exposure. A
reaction mechanism for AlF3 ALE was suggested based on an
AlF2(acac)* intermediate surface species. Similar reaction
mechanisms should be applicable to the ALE of other metal
ﬂuorides using Sn(acac)2 and HF. This study also provides
insight into the reaction mechanism of Al2O3 ALE because
Al2O3 ALE involves an AlF3 reaction intermediate.
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