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ABSTRACT: Thermal Al2O3 atomic layer etching (ALE) can be
accomplished using sequential ﬂuorination and ligand-exchange
reactions. HF can be employed as the ﬂuorination reactant, and
Al(CH3)3 can be utilized as the metal precursor for ligand exchange.
This study explored the eﬀect of HF pressure on the Al2O3 etch rates
and Al2O3 ﬂuorination. Diﬀerent HF pressures ranging from 0.07 to 9.0
Torr were employed for Al2O3 ﬂuorination. Using ex situ spectroscopic
ellipsometry (SE) measurements, the Al2O3 etch rates increased with
HF pressures and then leveled out at the highest HF pressures. Al2O3
etch rates of 0.6, 1.6, 2.0, 2.4, and 2.5 Å/cycle were obtained at 300 °C
for HF pressures of 0.17, 0.5, 1.0, 5.0, and 8.0 Torr, respectively. The
thicknesses of the corresponding ﬂuoride layers were also measured
using X-ray photoelectron spectroscopy (XPS). Assuming an Al2OF4
layer on the Al2O3 surface, the ﬂuoride thicknesses increased with HF
pressures and reached saturation values at the highest HF pressures. Fluoride thicknesses of 2.0, 3.5, 5.2, and 5.5 Å were
obtained for HF pressures of 0.15, 1.0, 4.0, and 8.0 Torr, respectively. There was an excellent correlation between the Al2O3
etch rates and ﬂuoride layer thicknesses versus HF pressure. In addition, in situ Fourier transform infrared spectroscopy (FTIR)
vibrational studies were used to characterize the time dependence and magnitude of the Al2O3 ﬂuorination. These FTIR studies
observed the ﬂuorination of Al2O3 to AlF3 or AlOxFy by monitoring the infrared absorbance from the Al−O and Al−F
stretching vibrations. The time dependence of the Al2O3 ﬂuorination was explained in terms of rapid ﬂuorination of the Al2O3
surface for initial HF exposures and slower ﬂuorination into the Al2O3 near surface region that levels oﬀ at longer HF exposure
times. Fluorination into the Al2O3 near surface region was described by parabolic law behavior. The self-limiting ﬂuorination of
Al2O3 suggests that the ﬂuoride layer on the Al2O3 surface acts as a diﬀusion barrier to slow the ﬂuorination of the underlying
Al2O3 bulk. For equal ﬂuorination times, higher HF pressures achieve larger ﬂuoride thicknesses.

I. INTRODUCTION

Many thermal ALE processes are based on sequential
ﬂuorination and ligand-exchange reactions.13,14 In this etching
process for a metal oxide, the surface of the metal oxide is ﬁrst
ﬂuorinated to form a thin metal ﬂuoride layer on the metal
oxide.13,18 Subsequently, the thin metal ﬂuoride layer is
removed with a ligand-exchange reaction.13,18 During this
ligand-exchange reaction, a metal precursor accepts ﬂuorine
from the metal ﬂuoride and concurrently transfers one of its
ligands to the metal ﬂuoride. The ligand-exchange reaction can
produce reaction products from the metal ﬂuoride that desorb
into the gas phase. The sequential application of ﬂuorination
and ligand-exchange reactions progressively removes the metal
oxide. This thermal ALE is viewed as the reverse of atomic
layer deposition (ALD).28,29
Thermal Al2O3 ALE using HF and Al(CH3)3 as the reactants
is an example of thermal ALE using ﬂuorination and ligand
exchange.16,19 HF is known to ﬂuorinate Al2O3 to form an AlF3

Atomic layer etching (ALE) is based on sequential, selflimiting surface reactions that can remove material from
surfaces with atomic layer control.1 Some ALE methods are
based on plasma techniques that utilize sequential surface
modiﬁcation and removal reactions.1 The surface modiﬁcation
can involve surface chlorination or oxidation. The removal is
accomplished with ions or energetic neutral atoms to obtain
etching. These plasma ALE processes can achieve anisotropic
etching. Examples of plasma ALE include Si,2−4 Ge,5 GaAs,6
SiO2,7,8 HfO2,9 Si3N4,10 graphite,11 and polymer12 ALE.
Other ALE methods are based on thermal chemistry.13
These thermal ALE processes are also performed using surface
modiﬁcation and removal reactions. The surface modiﬁcation
can be accomplished by surface ﬂuorination or oxidation. For
thermal ALE, the removal reaction is a thermal reaction such as
ligand-exchange13,14 or ﬂuorination to a volatile ﬂuoride.15
These thermal ALE processes can achieve isotropic etching.
Examples of thermal ALE include Al2O3,13,16−19 HfO2,20,21
SiO2,22 ZnO,23 TiO2,24 WO3,25 W,25,26 TiN,15 and AlN27 ALE.
© 2019 American Chemical Society
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or AlFxOy layer on the Al2O3 surface.16,19 The Al(CH3)3 then
undergoes a ligand-exchange reaction with the ﬂuorinated
layer. Al(CH3)3 accepts ﬂuorine from the ﬂuorinated layer and
donates methyl ligands to the surface. This ligand-exchange
reaction allows the Al in the ﬂuorinated Al2O3 layer to desorb
as a volatile product. Recent quadrupole mass spectrometer
studies have identiﬁed the etch product as AlF(CH3)2.30 This
etch product either appears as a dimer with itself (AlF(CH3)2·
AlF(CH3)2) or with Al(CH3)3 (AlF(CH3)2·Al(CH3)3).30
This study explored the eﬀect of the HF pressure on the
Al2O3 etch rate during thermal Al2O3 ALE and the Al2O3
ﬂuorination. The Al2O3 etch rates were determined using
spectroscopic ellipsometry (SE) measurements. The ﬂuoride
layer thicknesses were measured using X-ray photoelectron
spectroscopy (XPS). The time dependence and magnitude of
the ﬂuorination of Al2O3 were also examined using Fourier
transform infrared (FTIR) vibrational studies. These studies
help to understand HF ﬂuorination of Al2O3 during Al2O3 ALE
and the eﬀect of the ﬂuorination thickness on the Al2O3 etch
rate.
This study also complements previous theoretical and
experimental examinations of the ﬂuorination of Al2O3. Earlier
theoretical investigations have studied the ﬂuorination of αAl2O3 by HF using density functional theory (DFT)
methods.31,32 Recent theoretical investigations have also
examined the ﬂuorination of Θ-Al2O3 surfaces by HF and
compared the ﬂuorination to measured etch rates during Al2O3
ALE.33 Many experimental studies have also explored the
ﬂuorination of Al2O3 because of the eﬀect of ﬂuorination on
heterogeneous catalysis.34,35 Fluorination is known to create
strong Lewis acid sites that are important in a variety of
reactions.

pressure. The pressures were held statically for 20 s for the
ALD or ALE reactions. Viscous N2 gas ﬂows then purged the
reactor for 20 s. Subsequently, the chamber was ﬁlled with N2
with the gate valve closed and then the chamber was pumped
down to the base pressure. This purging and pumping
sequence after the reactant exposures was employed for both
ALD and ALE reactions.
Al2O3 ALD ﬁlms were grown on Si coupons using 200 Al2O3
ALD cycles and used as the substrates. Si(100) wafers
(University Wafers) were cut into 1 cm × 1 cm coupons
using a diamond scribe prior to the Al2O3 ALD. The Al2O3
ﬁlm thicknesses were characterized using spectroscopic
ellipsometery (SE). The initial Al2O3 ALD ﬁlm thicknesses
were between 18 and 20 nm.
II.B. Ex Situ Film Characterization Using Ellipsometry
and XPS. The thickness of the Al2O3 ﬁlm after ALD and ALE
was measured using a spectroscopic ellipsometer (M-2000, J.
A. Woollam). The spectroscopic ellipsometer had a spectral
range from 240 to 1700 nm and utilized an incidence angle of
70°. The Ψ and Δ parameters were analyzed using a Cauchy
model with the CompleteEASE software package (J. A.
Woollam).
X-ray photoelectron spectroscopy (XPS) (PHI 5600, RBD
Instruments) measured the ﬁlm composition. A monochromatic Al Kα X-ray source (1486.6 eV) was used to collect
survey scans with a pass energy of 93.9 eV and a step size of
0.400 eV. Auger Scan software package (Auger Scan, RBD
Instruments) was employed to collect the data. Casa XPS
software (Casa XPS, Casa Software) determined the surface
concentrations using the peak areas for the C 1s, O 1s, Al 2p,
and F 1s XPS signals and the corresponding sensitivity factors.
All peak energies were calibrated to the adventitious C 1s peak
centered at 284.8 eV.
II.C. In Situ Fourier Transform Infrared (FTIR) Spectroscopy. The ﬂuorination of Al2O3 ALD ﬁlms at 300 °C
during sequential exposures of HF derived from HF-pyridine
was studied using in situ FTIR spectroscopy. The in situ FTIR
studies were performed in a reactor equipped with an FTIR
spectrometer that has been described previously.37 The FTIR
experiments employed high surface area Si nanoparticles
(>98%, US Research Nanomaterials) with an average diameter
of 20−30 nm.
The Si nanoparticles were mechanically pressed into a
tungsten grid to facilitate the transmission FTIR measurements. The tungsten grid was 2 × 3 cm2, 50 μm thick, with 100
grid lines per inch. The tungsten grid was resistively heated
using a DC power supply (6268B, 20V/20A, HewlettPackard). The voltage output of the power supply was
controlled by a PID temperature controller (Love Controls
16B, Dwyer Instruments). A type K thermocouple was
attached at the bottom of the tungsten grid with epoxy
(Ceramabond 571, Aremco). The epoxy also electrically
isolated the thermocouple from the tungsten grid.
The Al2O3 ﬁlm was grown using Al2O3 ALD using TMA and
H2O. Both the TMA and H2O precursors were maintained at
room temperature. Subsequently, the tungsten grid was
resistively heated to 300 °C and the Al2O3 ALD coating was
exposed to HF at various pressures before recording the
absorbance changes. The gold-coated bubbler for HF-pyridine
was maintained at room temperature.

II. EXPERIMENTAL SECTION
II.A. Viscous and Static Flow Reactor. The ALD and
ALE reactions were performed in a hot-walled, viscous, and
static ﬂow reactor.36 A proportional-integral-derivative (PID)
temperature controller (2604, Eurotherm) maintained the
reactor temperatures of 200, 250, and 300 °C. The
temperature was controlled to within ±0.04 °C of the set
point. A bakeable capacitance manometer (Baratron 660A,
MKS) monitored the reactor pressure.
ALD and ALE reactions were completed under static
conditions in the reactor. Al2O3 ALD ﬁlms were grown using
sequential exposures of trimethylaluminum (TMA, 97%
Sigma-Aldrich) and H2O (Chromasolv for HPLC, SigmaAldrich) at 300 °C. Al2O3 ALE was performed using sequential
exposures of HF derived from HF-pyridine (70 wt % HF,
Sigma-Aldrich) and TMA as the reactants. A gold-plated
stainless steel bubbler was used to contain the HF-pyridine and
prevent corrosion. Ultra high purity (UHP) N2 gas was used to
purge the reactor between reactant exposures during ALD and
ALE. UHP N2 was delivered to the reactor via a mass ﬂow
controller at a ﬂow rate of 200 sccm that produced a N2
pressure of 1.0 Torr. The TMA, H2O, and HF-pyridine
precursors were all maintained at room temperature.
Static dosing was used for the ALD and ALE reactions.
Before the precursors entered the reactor, the N2 gas ﬂow was
stopped and the reactor was pumped down to the base
pressure of ∼30 mTorr. The reactor was then isolated from the
mechanical pump and the reactant valves opened to allow the
pressure to reach a partial pressure between 0.07 and 9.0 Torr.
The reactant valves were closed after reaching the desired
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III. RESULTS AND DISCUSSION
III.A. Spectroscopic Ellipsometry Measurements of
Thermal Al2O3 ALE. The Al2O3 ALD ﬁlms were etched using
HF and TMA at diﬀerent reactant exposures and diﬀerent
temperatures. Both the HF and TMA reactants were at the
same pressure. Figure 1 shows the Al2O3 thickness change after

Figure 2. Al2O3 etch rate determined from results in Figure 1 versus
reactant pressure at 200, 250, and 300 °C.

Deal−Grove oxidation kinetics. 40 A model for Al 2 O 3
ﬂuorination will be described later in section III.D.
III.B. XPS Measurement of Al2O3 Fluorination. XPS
analysis was used to characterize the ﬂuorination of Al2O3.
Al2O3 ALD ﬁlms on Si wafers were exposed to HF exposures
for 30 s at HF pressures of 0.15, 1.0, 4.0, and 8.0 Torr at 300
°C. After the HF exposures, the samples were immediately
transferred to the XPS chamber to minimize atmospheric
exposure. High resolution scans were recorded that included
the Al 2p, O 1s, F 1s, and C 1s XPS peaks. The XPS spectra
were then evaluated using analysis software (CasaXPS) to
determine the surface composition.
Figure 3 shows the atomic percentages from the Al 2p, O 1s,
and F 1s peaks after the HF exposures for 30 s at HF pressures
of 0, 0.15, 1.0, 4.0, and 8.0 Torr at 300 °C. Figure 3 reveals that
the oxygen percentage decreases and the ﬂuorine percentage
increases at the higher HF pressures. In contrast, the aluminum
percentage remains nearly constant for the various HF
pressures. The loss of oxygen and the gain of ﬂuorine are in
agreement with the ﬂuorination reaction to produce AlF3 or
AlFxOy. The reaction for AlF3 production is Al2O3 + 6HF →
2AlF3 + 3H2O. The reaction for AlFxOy production is Al2O3 +
zHF → 2AlO(6−z)/4Fz/2 + (z/2)H2O.
The Al 2p XPS core-level spectrum of an initial Al2O3 ALD
ﬁlm is displayed in Figure 4a. The initial Al2O3 ALD ﬁlm
grown on a Si wafer is consistent with pristine Al2O3 with a
peak at 74.3 eV and a full width at half-maximum (fwhm) of
2.0 eV. This peak serves as a calibration reference for the
ﬂuorinated Al2O3 samples. An Al2O3 ALD ﬁlm after exposure
to HF pressure for 30 s at 4.0 Torr at 300 °C is shown in
Figure 4b.
The ﬂuorination of Al2O3 leads to the growth of a higher
energy shoulder in Figure 4b at a binding energy of 75.5 eV.
This binding energy is lower than the reported binding
energies of 77.3 and 77.5 eV for α-AlF3 and β-AlF3.41 A
binding energy for Al 2p that is intermediate between 74.3 eV
for Al2O3 and 77.3−77.5 eV for AlF3 is consistent with an
aluminum oxyﬂuoride.41,42 This aluminum oxyﬂuoride layer is

Figure 1. Al2O3 thickness change after 20 Al2O3 ALE cycles versus
reactant pressure at 200, 250, and 300 °C.

20 ALE cycles using exposures of 20 s for HF and TMA
followed by purging after each reactant exposure. The initial
Al2O3 ALD ﬁlm thickness was between 180 and 200 Å.
Figure 1 reveals that the Al2O3 thickness change after 20
ALE cycles is larger at both higher temperatures and higher HF
pressures. The Al2O3 thickness changes vary more rapidly at
the lower HF pressures. The Al2O3 thickness change after 20
ALE cycles begins to reach saturation values at the higher HF
pressures. The Al2O3 thickness changes after 20 ALE cycles are
larger at the higher temperatures in this saturation regime.
Figure 2 displays the Al2O3 etch rates corresponding to the
Al2O3 thickness changes after 20 ALE cycles in Figure 1. The
etch rates were calculated from the diﬀerence in the Al2O3 ﬁlm
thickness before and after ALE divided by the 20 ALE cycles.
The Al2O3 etch rates are higher at higher reactant pressures.
The higher temperatures also display higher Al2O3 etch rates.
Similar results have been obtained earlier for the Al2O3 etch
rate versus HF exposure and substrate temperature.17 Figure 2
shows that the etch rates reach nearly self-limiting values at
higher HF pressures. The Al2O3 etch rates are approximately
1.45, 2.30, and 2.50 Å/cycle at 200, 250, and 300 °C at higher
HF pressures between 6 and 8 Torr.
The saturation behavior observed in Figures 1 and 2
suggests that the HF ﬂuorination of Al2O3 reaches self-limiting
ﬂuoride thicknesses at higher HF pressures. This behavior is
similar to the oxidation of silicon surfaces. For the same
oxidation time during silicon oxidation, higher silicon oxide
thicknesses are observed at higher O2 pressures.38,39 In
addition, the silicon oxidation rates are progressively reduced
at longer oxidation times in accordance with parabolic rate law
behavior.39 This silicon oxidation behavior is described by
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coverage is consistent with 1.5 F atoms bound to each surface
Al atom.33
Some Al 2p XPS peak intensity also shifts to lower energies.
Fitting of this shoulder at lower energy requires the addition of
a small XPS peak at 72.3 eV. An Al 2p XPS peak at 72.3 eV is
consistent with metallic aluminum.42,43 This apparent reduction may result from the presence of H2 in the HF. The H2 is
formed when HF is in contact with the stainless-steel walls of
the gas lines for extended times. Mass spectrometer experiments conﬁrmed that HF slowly reacts with the stainless-steel
walls and produces H2. This H2 could then lead to the
reduction of Al2O3, AlOxFy, or AlOH species during the initial
HF exposure at 300 °C. However, this explanation is
speculative because thermochemical calculations indicate that
H2 reduction of Al2O3, AlF3, or Al(OH)3 is not favorable.
III.C. Determination of Fluoride Layer Thickness. The
thickness of the ﬂuoride layer was also determined using XPS
measurements. The sample was assumed to have a uniform
layered structure composed of an Al2O3 substrate, an
aluminum ﬂuoride layer of varying thickness, and a 6 Å thick
adventitious carbon layer at the sample−air interface.44 The
XPS results in Figure 4b indicate that the ﬂuoride layer is an
aluminum oxyﬂuoride. However, the exact composition of the
aluminum oxyﬂuoride is not known. This XPS analysis
considered ﬂuoride layers with compositions of AlF3, Al2OF4,
and AlOF. The analysis assuming an aluminum oxyﬂuoride
with a composition of Al2OF4 is given below.
The XPS electrons are derived from the C, Al, F, and O in
the three layers. XPS quantiﬁcation requires analysis of the
attenuation of photoelectron propagation in their source layers.
In addition, the photoelectron propagation is also attenuated
by each layer that covers the source layer.45,46 For example, the
C signal is derived from the top adventitious carbon layer.44
The C photoelectrons will be attenuated by propagation in the
carbon layer according to exp[−t/λC], where t is the thickness
of the carbon layer at the source of the C photoelectron and λC
= 30.2 Å is the inelastic mean free path (IMFP) of the C XPS
photoelectron at 1202 eV in the carbon layer.47
The C XPS signal is proportional to ρc, the carbon number
density in the carbon layer times the integral of exp[−t/λC]
from 0 to 6 Å.44 This integral describes the eﬀect of
attenuation by the carbon layer on all of the C XPS electrons
from various thicknesses in the carbon layer. The intensity of
the C XPS signal is

Figure 3. XPS measurement of atomic percent (atom %) of Al2O3
ALD ﬁlm after HF exposures at various HF pressures for 30 s at 300
°C.

IC = ρC

∫0

6

e −t / λ C d t

(1)

The ﬂuorine signal is derived from F in the Al2OF4 layer
under the carbon layer. The F signal is proportional to ρF,Al2OF4,
the ﬂuorine number density in the Al2OF4 layer, times the
integral of exp[−t/λF] from 0 to tF, the thickness of the Al2OF4
layer. This integral describes the eﬀect of attenuation by the
Al2OF4 layer on the F XPS electrons. λF = 27.1 Å is the
inelastic mean free path (IMFP) for the F XPS electrons at 801
eV.47 The F XPS electrons are then attenuated by the overlying
carbon layer. The intensity of the F XPS signal is

Figure 4. High resolution scan of the Al 2p XPS peak for (a) initial
Al2O3 ALD ﬁlm and (b) Al2O3 ALD ﬁlm after HF exposure for 30 s at
4 Torr and 300 °C.

IF = ρF,Al OF e−6/ λF
2

consistent with recent theoretical calculations of the aluminum
ﬂuoride layer on the surface of Θ-Al2O3 after HF exposures.33
HF exposure to Θ-Al2O3 produced a dissociated F coverage of
7.1 ± 0.3 F/nm2 after saturation HF exposures.33 This F

4

∫0

tF

e−t / λF dt

(2)

The aluminum signal is derived from Al in the Al2O3 and Al
in the Al2OF4 layer under the carbon layer. For the Al in the
Al2O3 layer, the Al signal is proportional to ρAl,Al2O3 the
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aluminum number density in the Al2O3 layer times the integral
of exp[−t/λAl,Al2O3] from 0 to ∞. For the Al in the Al2OF4
layer, the Al signal is proportional to ρAl,Al2OF4, the aluminum
number density in the Al2OF4 layer times the integral of
exp[−t/λAl,Al2OF4] from 0 to tF, the thickness of the Al2OF4
layer. λAl,Al2O3 = λAl,Al2OF4 = 27.7 Å is the inelastic mean free path
(IMFP) of the Al XPS electrons at 1412 eV.48 The intensity of
the Al XPS signal is
IAl = ρAl,Al OF e−6/ λAl
2

∫0

∞

4

∫0

tF

e−t / λAl dt + ρAl,Al O e−6/ λAle−tF/ λAl
2 3

e−t / λAl dt

(3)

Lastly, the oxygen signal is derived from O in the Al2O3 layer
under the carbon and Al2OF4 layers. λO = 20.5 Å is the inelastic
mean free path (IMFP) for the O XPS electrons at 956 eV.48
Following a similar treatment, the intensity of the O XPS signal
is
IO = ρO,C

∫0

6

e−t / λO dt + ρO,Al OF e−6/ λO

+ ρO,Al O e−6/ λOe−tF/ λO
2 3

2

∫0

∞

4

e −t / λ O

∫0

tF

Figure 5. Comparison of ﬂuoride thickness and etch rate during
Al2O3 ALE versus reactant pressure. Fluoride thickness was measured
by XPS analysis assuming a composition of Al2OF4 after HF exposure
for 30 s at 300 °C. Etch rate was measured for Al2O3 ALE at 300 °C
using reactant exposures of 30 s at various reactant pressures.

e −t / λ O
(4)

The total XPS signal is the sum of all of the individual XPS
electrons produced by the Al2O3, Al2OF4, and carbon layers
and their attenuation during propagation. The thickness of the
Al2OF4 layer was determined by varying tF and determining the
tF value that was consistent with the observed C, Al, F, and O
XPS signals. The number density for carbon in the adventitious
carbon was 5 × 1022 cm−3. The number densities for Al, F, and
O in the Al2OF4 layer were 2.5 × 1022, 4.9 × 1022, and 1.2 ×
1022 cm−3, respectively. The number densities for Al and O in
the Al2O3 substrate were 3.66 × 1022 and 5.5 × 1022 cm−3,
respectively.
The thickness of the Al2OF4 layer as a function of HF
pressure determined by the XPS measurements is displayed in
Figure 5. The Al2OF4 ﬂuoride layer thicknesses were 2.0, 3.5,
5.2, and 5.5 Å for HF pressures of 0.15, 1.0, 4.0, and 8.0 Torr,
respectively. XPS analysis assuming ﬂuoride layers with
compositions of AlF3 and AlOF yielded ﬂuoride thicknesses
with a similar functional form versus HF pressure to the results
shown in Figure 5. However, the absolute ﬂuoride thicknesses
varied for the diﬀerent aluminum ﬂuorides. At an HF pressure
of 8 Torr, the ﬂuoride thicknesses were 4.5, 5.5, and 10.2 Å
when the aluminum ﬂuoride layer was assumed to be AlF3,
Al2OF4, and AlOF, respectively.
Figure 5 also compares the ﬂuoride layer thicknesses with
the Al2O3 etch rates obtained at the same HF pressures. The
TMA pressure during the Al2O3 ALE was equivalent to the HF
pressure. Figure 5 shows that there is excellent correspondence
between the ﬂuoride layer thicknesses and the Al2O3 etch rates.
This correlation argues that the ligand-exchange reaction
between TMA and the aluminum ﬂuoride layer during Al2O3
ALE is removing Al2O3 at a rate that is proportional to the
aluminum ﬂuoride thickness.
Figure 6 shows the Al2O3 etch rate versus the ﬂuoride layer
thickness for reactant pressures between 0 and 8.0 Torr. The
reactant pressures correspond to both the HF and TMA
pressures during Al2O3 ALE. Higher reactant pressures
increase both the ﬂuoride layer thickness and the Al2O3 etch
rate. The linear relationship between the etch rate and ﬂuoride

Figure 6. Correlation of etch rate for Al2O3 ALE and ﬂuoride
thickness assuming a composition of Al2OF4 for various reactant
pressures.

layer again indicates that the etch rate is proportional to the
thickness of the ﬂuoride layer.
III.D. FTIR Spectroscopy Measurements of Al2O3
Fluorination. FTIR spectroscopy was also used to monitor
the ﬂuorination of Al2O3. These ﬂuorination experiments could
be performed in situ without atmospheric exposures after the
ﬂuorination. Figure 7 shows the original Al2O3 ALD ﬁlm and
the same Al2O3 ALD ﬁlm after subsequent consecutive HF
exposures at 0.5 Torr under static conditions with the gate
valve closed to the pump. The HF pressure was held for 15 s
before purging the reactor. Results are displayed after 2, 4, 6, 8,
and 10 HF exposures.
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Figure 8. Diﬀerence spectra showing the absorbance of Al−O and
Al−F stretching vibrations during ﬂuorination of Al2O3 by HF at 300
°C. Consecutive HF exposures were deﬁned by a HF pressure of 0.5
Torr for 15 s.

Figure 7. Absorbance for Al−O and Al−F stretching vibrations
during ﬂuorination of Al2O3 by HF pressure at 300 °C. Consecutive
HF exposures were deﬁned by a HF pressure of 0.5 Torr for 15 s.

The absorbance peak at 850 cm−1 corresponds with the Al−
O stretching vibration in Al2O3.49 The absorbance peak at 700
cm−1 corresponds to the Al−F stretching vibration in AlF3 or
AlFxOy.16 The absorbance progressively converts between Al−
O stretching vibrations to Al−F stretching vibrations versus
the consecutive HF exposures. The absorbance for the Al−O
stretching vibration is reduced and the absorbance for the Al−
F stretching vibrations is increased versus HF exposures. These
results are consistent with the conversion of Al2O3 to AlF3 or
AlOxFy by the reactions Al2O3 + 6HF → 2AlF3 + 3H2O or
Al2O3 + zHF → 2AlO(6−z)/4Fz/2 + (z/2)H2O.
An apparent isosbestic point exists in Figure 7 between the
absorbance peaks for the Al−O and Al−F stretching vibrations.
The isosbestic point occurs at 779 cm−1. This isosbestic point
argues for direct conversion of the aluminum oxide to
aluminum ﬂuoride. The Al−O and Al−F vibrations act nearly
separately and independently of each other as the Al2O3 ﬁlm is
progressively ﬂuorinated.
Figure 8 shows the diﬀerence spectra versus sequential HF
exposures at 0.5 Torr and 300 °C for 15 s. The results are
shown after 1, 2, 4, 6, 8, and 10 HF exposures. These diﬀerence
spectra are all referenced to the initial Al2O3 ALD ﬁlm on the
silicon particles. The absorbance loss for the Al−O stretching
vibration is centered at 850 cm−1, and the absorbance gain for
the Al−F stretching vibration is centered at 700 cm−1. The
isosbestic point between the gain and loss of the absorbance
peaks again occurs at 779 cm−1.
Diﬀerence spectra facilitate the determination of the
integrated absorbance change of the Al−O and Al−F
stretching vibrations versus HF exposure. Figure 9 shows the
integrated absorbance change of the Al−O and Al−F
stretching vibrations. The integrated absorbance changes
were deﬁned from the diﬀerence spectra displayed in Figure
8. Integration was performed from the isosbestic point to 1100
cm−1 for the Al−O stretching vibration and from 500 to the
isosbestic point for the Al−F stretching vibration. There is a
correlation between the loss of absorbance for the Al−O

Figure 9. Integrated absorbance change for Al−F and Al−O
stretching vibrations versus HF exposures at 300 °C determined
from the diﬀerence spectra in Figure 8. Each HF exposure was deﬁned
by a HF pressure of 0.5 Torr for 15 s.

stretching vibration and gain of absorbance for the Al−F
stretching vibrations with HF exposure. Similar behavior was
observed in Figure 3 when monitoring the XPS O 1s and F 1s
peaks.
The conversion of aluminum oxide to aluminum ﬂuoride is
also dependent on the HF pressure. Figure 10 shows the initial
spectrum for Al2O3 obtained after 15 cycles of Al2O3 ALD at
155 °C referenced to the Si particles. The spectra are also
shown for the Al2O3 ALD ﬁlm after static HF exposures at 0.5
and 4.0 Torr, respectively. The spectra were recorded after six
HF exposures for 15 s at both pressures at 300 °C. After the six
HF exposures, the spectra have nearly reached saturation levels
where the absorbance changes become negligible with
subsequent HF exposures. The results in Figure 10 indicate
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addition, the frequencies of the absorbance loss and gain are
shifted to higher frequencies at HF pressures of 4 Torr.
The higher frequencies for the absorbance loss and gain at
HF pressures of 4 Torr may be related to the vibrations lost
and gained versus HF pressure. At low HF pressures of 0.5
Torr, the ﬂuoride thickness is ∼2.5 Å according to Figure 5
and ﬂuorination is more conﬁned to the Al2O3 surface region.
At higher HF pressures of 4 Torr, the ﬂuoride thickness is ∼5.2
Å according to Figure 5 and the ﬂuorination occurs deeper into
the Al2O3 bulk. Al−O bonds in the surface region that are lost
during ﬂuorination may have lower frequencies than the Al−O
bonds located further into the Al2O3 bulk. Likewise, the Al−F
bonds formed in the surface region may have lower frequencies
than the Al−F bonds that are formed deeper into the Al2O3
bulk. As a result of these frequency shifts with HF pressure, the
isosbestic points were also dependent on HF pressure. The
isosbestic points were 779, 836, 840, and 842 cm−1 for HF
pressures of 0.5, 1.0, 4.0, and 8.0 Torr, respectively.
Figure 12 shows the integrated absorbance change of the
Al−F stretching vibration as a function of HF exposures for HF
Figure 10. Absorbance for Al−O and Al−F stretching vibrations
during the ﬂuorination of Al2O3 by HF at 300 °C. HF exposures were
deﬁned by HF pressures of 0.5 Torr and then 4.0 Torr for 15 s.

that the HF pressure increases the saturation level for the
ﬂuorination of Al2O3.
Figure 11 shows the diﬀerence spectra versus sequential HF
exposures for 15 s at 4 Torr and 300 °C. The results are shown

Figure 12. Integrated absorbance change for Al−F stretching
vibrations during ﬂuorination of Al2O3 by HF at 300 °C. HF pressure
was varied from 0.5 to 8.0 Torr. Each HF exposure was performed for
15 s.

pressures of 0.5, 1.0, 4.0, and 8.0 Torr. This integrated
absorbance change was deﬁned from 500 cm−1 to the
isosbestic point for the diﬀerence spectra at various HF
pressures. The integrated absorbance change initially increases
rapidly for the ﬁrst several HF exposures. The integrated
absorbance change then begins to level oﬀ after multiple HF
exposures. The saturation levels are dependent on the HF
pressure. Higher HF pressures produce larger integrated
absorbance changes for the Al−F stretching vibrations.
Figure 13 shows the integrated absorbance change for the
Al−F stretching vibration as a function of HF exposure in units
of Torr s. These results illustrate that HF exposure deﬁnes the
initial integrated absorbance change independent of the actual
HF pressure. This regime is associated with the ﬂuorination of
the Al2O3 surface. At an integrated absorbance change >10
cm−1, the integrated absorbance change is somewhat depend-

Figure 11. Diﬀerence spectra showing absorbance of Al−O and Al−F
stretching vibrations during ﬂuorination of Al2O3 by HF at 300 °C.
Consecutive HF exposures were deﬁned by a HF pressure of 4.0 Torr
for 15 s.

after 1, 2, 5, 10, and 20 HF exposures. The absorbance loss for
the Al−O stretching vibration is centered at 940 cm−1, and the
absorbance gain for the Al−F stretching vibration is peaked at
760 cm−1. The absorbance changes at 4 Torr in Figure 11 are
larger than the absorbance changes at 0.5 Torr in Figure 8. In
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dx
k
= [1 + c e−t/ τ ]
dt
x

(5)

After rearrangement, the integrals can be written as

∫0

x

x′ dx′ = k

∫0

t

(1 − c e−t ′ / τ ) dt ′

(6)

Solving these integrals then leads to the expression for the
ﬂuoride thickness, x,
x(t )2 = 2kt + M(1 − e−t / τ )

(7)
2

where M = 2kcτ. The pressure dependence for x(t) given by
eq 7 can then be highlighted by substituting for k = k0P and τ =
τ0/P. These substitutions yield
x(t )2 = (k 0P)t + M(1 − e−Pt / τ0)

(8)

Assuming that the Al−F integrated absorbance change
measures the Al2O3 ﬂuorination, eq 8 can be used to ﬁt the
experimental results. Figure 14 shows the ﬁts for x(t)2 in eq 8

Figure 13. Integrated absorbance change for Al−F stretching
vibrations versus HF exposure in units of Torr s during the
ﬂuorination of Al2O3 by HF at 300 °C. HF pressure was varied
from 0.5 to 8.0 Torr.

ent on the HF pressure. HF exposures obtained using higher
HF pressures have slightly higher integrated absorbance
changes.
III.E. Mechanism for Fluorination of Al2O3. The results
in Figures 12 and 13 suggest a mechanism for Al2O 3
ﬂuorination based on rapid ﬂuorination of the Al2O3 surface
and then slower ﬂuorination of the near surface region. The
Al2O3 surface is ﬂuorinated on the basis of site availability
consistent with Langmuir adsorption. The rate of surface
ﬂuorination is expected to follow Langmuir adsorption kinetics
given by dΘ/dt = b(1 − Θs), where b is a rate constant that is
proportional to HF pressure and Θs is the saturated ﬂuorine
coverage. Integration of this rate equation predicts that Θ(t) =
Θs[1 − exp(−bt)].
In comparison, ﬂuorination of the near surface region is
expected to produce a ﬂuoride thickness, x, that grows
according to dx/dt = k/x. k is a constant that is dependent on
the HF pressure, k = k0P. The inverse dependence of dx/dt on
x is consistent with a ﬂuoride thickness that acts as a diﬀusion
barrier for subsequent ﬂuorination. Integration of this rate
equation yields x(t)2 = 2kt. This equation is known as the
parabolic law.50
Mathematically combining the surface and near surface
ﬂuorination rates into one composite expression is diﬃcult. An
approximation that allows for derivation of a composite
solution assumes that the surface ﬂuorination rate can be
treated as dx/dt = ck/x(exp(−t/τ)), where c is a constant and
τ is inversely proportional to the HF pressure, τ = τ0/P.
Integration of this rate equation yields x(t)2 = ckτ[1 − exp(−t/
τ)]. This integrated rate equation is similar in form to the
integration of the Langmuir adsorption rate expression.
However, the square of the ﬂuoride thickness is present
instead of the linear ﬂuorine coverage.
Treating the surface ﬂuorination as dx/dt = ck/x(exp(−t/
τ)) leads to a composite expression for the surface and near
surface ﬂuorination rates:

Figure 14. Comparison of x(t)2 given by eq 8 for square of ﬂuoride
thickness versus time for diﬀerent HF pressures to square of Al−F
integrated absorbance change versus HF exposure time at diﬀerent
HF pressures.

to the square of the Al−F integrated absorbance change for HF
pressures of 0.5, 1.0, 4.0, and 8.0 Torr. These ﬁts used constant
values of k0 = 0.2 (cm−1)2/(Torr s), M = 340 (cm−1)2, and τ0 =
144(Torr s) for all of the HF pressures. k0 and M have units of
(cm−1)2 because x(t)2 in eq 8 was ﬁt to the Al−F integrated
absorbance change in units of (cm−1)2.
The x(t)2 ﬁts are in approximate agreement with the
experimental data for the square of the Al−F integrated
absorbance change for the various HF pressures. Equation 8 is
close to capturing the pressure dependence in the surface and
near surface ﬂuorination rates of Al2O3. The initial ﬂuorination
of the Al2O3 surface is faster at the higher HF pressures. In
addition, the magnitude of ﬂuorination of the Al2O3 near
surface region is also dependent on the HF pressure and
displays the linear increase expected from the parabolic law.
This mechanism for the ﬂuorination of Al2O3 is similar to
the mechanism for silicon oxidation.40,51 For both systems,
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there are rapid surface kinetics followed by slower parabolic
law kinetics for the near surface region. The surface kinetics
can be understood in terms of surface site availability. The
kinetics for the near surface region can be described according
to transport through a growing diﬀusion barrier on the surface.
Higher pressures provide a larger coverage gradient for
transport through the surface diﬀusion barrier.
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