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ABSTRACT

Atomic layer deposition (ALD) of aluminum oxyfluoride (AlOxFy) thin films was demonstrated at 150 °C. Trimethyl aluminum, water, and
HF were used as the aluminum, oxygen, and fluorine sources, respectively. In situ quartz crystal microbalance studies were utilized to
monitor the AlOxFy deposition. Two deposition pathways were explored to grow the AlOxFy thin films based on the HF exchange method
and the nanolaminate method. Linear AlOxFy growth was observed during both deposition methods. The HF exchange method is based on
the thermodynamically favorable fluorination of Al2O3 by HF. Compositional control was achieved either by changing the HF pressure
during the HF exposure or by varying the thickness of the underlying Al2O3 layer prior to the HF exposure. The nanolaminate method is
based on the sequential deposition of Al2O3 ALD and AlF3 ALD layers. The ratio of the number of Al2O3 ALD cycles to the number of
AlF3 ALD cycles is the main parameter used to control the O and F concentrations. Ex situ x-ray photoelectron spectroscopy (XPS) depth-
profiling and Rutherford backscattering spectroscopy measurements were used to determine the composition of the AlOxFy thin films. The
XPS depth-profile measurements confirmed the uniform distribution of Al, O, and F throughout the AlOxFy films using both deposition
methods. Both techniques could obtain a wide range of compositional tunability between Al2O3 and AlF3. Physical sputtering rates were
also observed to be dependent on the relative concentrations of O and F in the AlOxFy films. The physical sputtering rates at 3 keV varied
from 0.03 to 0.28 Å/s for Al2O3 and AlF3, respectively.

Published under license by AVS. https://doi.org/10.1116/1.5135014

I. INTRODUCTION

Plasma processing is used extensively in the semiconductor
industry during device fabrication.1,2 During plasma processing,
various gases such as CF4, C2F6, SF6, Cl2, NF3, and O2 are used to
form halogen- and oxygen-containing plasmas.3,4 These plasmas
perform etching and oxidation reactions with the semiconductor
wafers and also the vacuum chamber walls. The exposure of the
chamber walls over time leads to erosion and particle formation.
The changing chamber walls and particle formation subsequently
affect the process uniformity and device reproducibility.5–7

Protective coatings on the chamber walls are useful to minimize
the damage resulting from plasma processing.8,9

Materials such as Al2O3 and Y2O3 are commonly explored as
protective coatings because of their high corrosion resistance and
chemical stability.8,10–12 These oxide-based coatings are effective
in oxygen-based plasma but provide less corrosion resistance under
fluoride-based plasma environments.12,13 Consequently, metal fluo-
rides such as AlF3 and YF3 have been examined as alternative

protective coatings. Metal fluoride coatings yield better stabilities in a
fluoride-based plasma environment but are prone to higher erosion
in oxygen-based plasmas.13 Consequently, attention has been given to
metal oxyfluorides as protective coating materials. Many studies have
explored yttrium oxyfluoride (YOxFy) coatings in recent years.8,9,11–15

Aluminum oxyfluoride (AlOxFy) may also yield corrosion resistance
and chemical stability under different plasma environments.16,17

Various deposition techniques have been investigated to
deposit metal oxyfluoride thin films such as sol-gel,18 sputtering,19–22

spray coating,23 and metal-organic chemical vapor deposition.24

Unfortunately, these techniques can produce nonconformal and
nonuniform coatings. Atomic layer deposition (ALD) is a promising
alternative technique to deposit highly conformal and pin-hole-free
thin films even on high aspect ratio structures.25–27 ALD is a variant
of chemical vapor deposition and is based on two sequential, self-
limiting surface chemical reactions.27 ALD has been extensively
explored for various binary compounds and has also been extended
to ternary and quaternary materials.27–29

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 38(2) Mar/Apr 2020; doi: 10.1116/1.5135014 38, 022407-1

Published under license by AVS.

https://doi.org/10.1116/1.5135014
https://doi.org/10.1116/1.5135014
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1116/1.5135014
http://crossmark.crossref.org/dialog/?doi=10.1116/1.5135014&domain=pdf&date_stamp=2020-01-22
http://orcid.org/0000-0001-8218-5536
http://orcid.org/0000-0002-6201-530X
http://orcid.org/0000-0003-0253-9184
https://doi.org/10.1116/1.5135014
https://avs.scitation.org/journal/jva


In this paper, the ALD of aluminum oxyfluorides is developed
based on Al2O3 ALD and AlF3 ALD. The ALD of aluminum-based
binary compounds like Al2O3 and AlF3 is well established. Al2O3 is
most commonly performed with trimethyl aluminum (TMA) and
water (H2O) as the two precursors.30–35 The chemical reactions
during Al2O3 ALD can be written as follows:33

Al(OH)*þ Al(CH3)3(g) ! AlOxAl(CH3)3�x*þ xCH4(g), (1)

AlOxAl(CH3)3�x*þ(3� x)H2O(g) ! AlOxAl(OH)3�x

þ (3� x) CH4(g), (2)

(2x� 3) AlOH* $ (x� 1:5) AlOAl*þ(x� 1:5)H2O(g), (3)

where the asterisks designate surface species. Self-limiting growth
behavior is observed for Al2O3 ALD over a broad temperature
window of 30–300 °C with a growth rate per cycle of ∼1.1 Å/cycle
at 150 °C.32,35,36

Similarly, AlF3 ALD is also achieved by alternating exposures
of TMA and HF in the temperature range of 75–200 °C with a
growth rate of ∼1.4 Å/cycle at 150 °C.37 Other metal fluorides can
also be deposited by ALD using HF as the fluorination reactant.38

The reactions during AlF3 ALD can be written as follows:37

AlF3jxHF*þAl(CH3)3(g)!AlF3jAlFx(CH3)3�x*þxCH4(g), (4)

AlF3jAlFx(CH3)3�x*þ3HF(g)!AlF3jAlF3jxHF*þ (3�x)CH4(g):

(5)

In Eq. (4), HF is adsorbed on the AlF3 surface and reacts with
TMA to produce AlFx(CH3)3 − x species. The AlFx(CH3)3 − x

species then react with HF to produce AlF3 as given in Eq. (5).
Two distinct deposition pathways were utilized for AlOxFy

ALD based on the HF exchange method and the nanolaminate
method. In situ quartz crystal microbalance (QCM) studies were
conducted to understand the growth mechanism during both depo-
sition pathways. Compositional tunability was verified using ex situ
x-ray photoelectron spectroscopy (XPS) and Rutherford backscat-
tering spectroscopy (RBS) analysis. In addition, the physical sput-
tering rates of the AlOxFy films were determined while performing
the ex situ XPS depth-profile analysis.

II. EXPERIMENT

A. Viscous flow reactor with in situ QCM

Atomic layer deposition of the AlOxFy thin films was per-
formed at 150 °C in a custom-built hot wall viscous flow reactor.36

Trimethyl aluminum (TMA, 97%, Sigma Aldrich) was used as the
aluminum source. Water (HPLC grade H2O, Sigma Aldrich) and
HF-pyridine (70% wt. HF, Sigma Aldrich) were used as oxygen and
fluorine sources, respectively. All the precursors were used
as-received without any further purification and were maintained
at room temperature. HF-pyridine was stored in a gold-coated
stainless steel container.

High purity argon gas (Airgas, prepurified) was used as the
purge gas. The reactor pressure was maintained at 1 Torr at all
times using a continuous flow of Ar gas at 200 sccm controlled by
mass flow controllers (Type 1179A, MKS). Pressure changes in the
reactor were monitored using a bakeable capacitance manometer
(Baratron 121A, MKS). A proportional-integral-derivative tempera-
ture controller (2604, Eurotherm) was used to maintain the reactor
temperature at ±0.04 °C from the set point at 150 °C.

A mechanical rotary vane pump (Pascal 2010SD, Pfeiffer
Vacuum) was used to achieve the desired vacuum conditions
during AlOxFy ALD. An activated alumina trap (Visi-trap, LACO
Technologies) was used at the inlet of the vacuum pump to remove
excessive unreacted precursors. The exhaust stream of the pump
was also fed through a calcium oxide solution to remove further
any remaining unreacted HF precursor.

An in situ quartz crystal microbalance (QCM) was utilized to
examine the reactions during AlOxFy ALD at 150 °C.36 The QCM
sensor used in this study was a gold-coated, polished AT cut quartz
crystal (Colorado Crystal Corp.) with a resonant frequency at
6 MHz. The QCM sensor was held in a commercially available
bakeable crystal drawer and retainer assembly (BSH-150, Inficon)
and sealed using a high temperature epoxy (Epo-Tek H21D, Epoxy
Technology). An additional Ar flow of 20 sccm was maintained
through the QCM housing to avoid any deposition on the backside
of the crystal.36 This additional Ar flow increased the reactor
pressure by 0.1 Torr.

The real-time frequency fluctuations of the QCM were recorded
using a QCM monitor (Maxtek TM-400, Inficon). The Saurbrey
equation was used to convert the frequency changes to mass
changes. The bare quartz crystal was first coated with 250 cycles of
Al2O3 ALD before any AlOxFy ALD experiment. One hundred
cycles of Al2O3 ALD were also deposited between consecutive exper-
iments to define the same starting surface.

B. Ex situ compositional analysis using XPS and RBS

Si (111) coupons with dimensions of 1 × 1 in.2 were used
as substrates for all the ex situ measurements. Depth-profile XPS
measurements (PHI 5600, RBD Instruments) were conducted
with a monochromatic Al-Kα (1486.6 eV) x-ray source to study the
elemental composition of the AlOxFy thin films. Depth-profiling
was achieved with Ar ion sputtering at an energy of 3 keV.
The AugerScan software package (AugerScan, RBD Instruments)
was utilized to collect all the XPS data. The CasaXPS software
package (CasaXPS, Casa Software) was used to analyze the
XPS data.

RBS measurements were performed at the Laboratory for
Surface Modification at Rutgers University. The RBS measurements
determined the precise composition of the various AlOxFy thin films.
The experimental RBS setup consisted of an He++ beam at 2MeV
oriented normal to the substrate surface. The detector was placed at a
scattering angle of 163°, and the energy resolution was 20 keV.
SIMNRA software was used to fit all the elements in the RBS spectra.

C. AlOxFy growth methods

AlOxFy ALD was performed using two different methods.
These methods were the HF exchange method and the
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nanolaminate method shown in Figs. 1(a) and 1(b), respectively.
AlOxFy deposition using the HF exchange method displayed in
Fig. 1(a) is primarily based on HF fluorination of Al2O3. This
process involves depositing “n” cycles of Al2O3 ALD followed by
the HF fluorination reaction. The combination of these two steps
comprises one supercycle denoted by the ratio “n:m,” where “n” is
the number of Al2O3 ALD cycles and “m” is the number of HF
doses.

According to thermodynamics, HF fluorination of Al2O3 to
produce AlF3 as given by Eq. (6) is a spontaneous reaction with a
standard Gibb’s free energy of ΔG° =−63 kcal/mol at 150 °C.39

Al2O3 þ 6HF(g) ! 2AlF3 þ 3H2O(g): (6)

The resulting reaction product, AlF3, is stable and nonvolatile at
the deposition temperature. Stoichiometry in the AlOxFy films
can be controlled by controlling fluorination of the underlying
Al2O3 layer.

AlOxFy was also deposited using the nanolaminate method
displayed in Fig. 1(b). Nanolaminate thin films were produced by
alternating deposition of “n” cycles of Al2O3 ALD followed by “m”
cycles of AlF3 ALD at 150 °C. The combination of “n” cycles of
Al2O3 ALD and “m” cycles of AlF3 ALD defines one supercycle.
The oxygen and fluorine concentrations in these films were con-
trolled by varying the “n:m” ratio.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the mass gain recorded by the in situ QCM
during 25 supercycles of AlOxFy deposition using the HF exchange
method at 150 °C. One supercycle consisted of one cycle of Al2O3

ALD followed by a single HF exposure. One AlOxFy ALD cycle was
defined by a 0.5 s dose of TMA, 45 s of Ar purge, a 0.3 s dose of
H2O, 45 s of Ar purge, a 0.5 s HF dose, and 45 s of Ar purge. This
dosing sequence is designated as (0.5-45-0.3-45-0.5-45). A long
purge time of 45 s was used between each precursor exposure
to ensure complete removal of excess precursor molecules and
by-products. Precursor pressures were maintained at 45, 50, and

FIG. 1. Schematic of AlOxFy ALD using (a) the HF exchange method and (b)
the nanolaminate method.

FIG. 2. (a) Mass gain vs time recorded by the QCM during 25 consecutive
AlOxFy supercycles using the HF exchange method at 150 °C with a dosing
sequence of (0.5-45-0.3-45-0.5-45). (b) Expansion of mass gain vs time for
three AlOxFy supercycles from the linear growth regime in Fig. 2(a).
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20–25 mTorr above base pressure for TMA, H2O, and HF, respec-
tively, unless stated otherwise. Figure 2(a) shows a linear mass gain
versus time during AlOxFy deposition. The mass gain per cycle
(MGPC) during these 25 supercycles was Δm = 24–25 ng/(cm2 cycle).

Figure 2(b) shows an expansion of the mass gain during
three consecutive AlOxFy supercycles in the linear growth regime
of Fig. 2(a). A mass gain after TMA exposure of
ΔmTMA = 18–19 ng/cm2 and a mass loss after H2O exposure of
ΔmH2O =−2 ng/cm2 were observed during the supercycle. When
HF was introduced following the TMA and H2O exposures, a mass
gain of ΔmHF = 8–9 ng/cm2 was observed during the fluorination
reaction. The overall mass gain per cycle during AlOxFy ALD was
Δm= ΔmTMA + ΔmH2O + ΔmHF = 24–25 ng/(cm2 cycle).

Figure 3 displays the ex situ XPS depth-profile analysis of the
AlOxFy thin film with a thickness of 30 nm grown by the HF
exchange method on Si(111) at 150 °C using the dosing sequence
of (0.5-45-0.3-45-0.5-45). The XPS depth-profile shows a continu-
ous and uniform distribution of Al, O, and F throughout the film.
Adventitious carbon was observed on the surface prior to any sput-
tering. The film composition was AlO0.2F2 based on the bulk
atomic concentrations. However, preferential sputtering of fluorine
has been observed earlier during the depth-profiling of AlF3 thin
films.37,40 To avoid the problems caused by preferential sputtering,
Rutherford backscattering spectroscopy (RBS) was also used to
determine the composition of the AlOxFy thin films.

Figure 4 shows the RBS spectrum of an AlOxFy thin film with a
thickness of 30 nm grown using the HF exchange method on Si(111)
at 150 °C using the dosing sequence of (0.5-45-0.3-45-0.5-45). The
RBS spectrum shows three distinct peaks over the energy range of
200–1200 keV. The peak corresponding to an energy of 1100 keV was
assigned to Al. The peaks at energies of 725 and 850 keV were

assigned to O and F, respectively. Based on the RBS analysis, the
composition of this film was AlO0.5F1.8. Carbon is beyond the detec-
tion limit of this RBS spectrum.

Other AlOxFy compositions can be obtained by varying the
number of Al2O3 ALD cycles prior to the HF exposure or changing
the HF pressure during the HF exposure. Figure 5 shows mass gain
recorded during four consecutive AlOxFy supercycles at 150 °C,

FIG. 3. Compositional depth profile of AlOxFy thin films with a thickness of
30 nm grown by the HF exchange method on the Si(111) substrate at 150 °C
with a dosing sequence of (0.5-45-0.3-45-0.5-45) measured by x-ray photoelec-
tron spectroscopy (XPS).

FIG. 4. Rutherford backscattering spectrum (RBS) of AlOxFy thin films with a
thickness of 30 nm grown by the HF exchange method on the Si(111) substrate
at 150 °C with a dosing sequence of (0.5-45-0.3-45-0.5-45).

FIG. 5. Mass gain vs time recorded by QCM during four consecutive AlOxFy
supercycles grown by the HF exchange method at 150 °C using a dosing
sequence of (0.5-45-0.3-45)5–(0.5-45)10.
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where each supercycle consisted of five cycles of Al2O3 ALD
followed by ten HF exposures. An overall mass gain of
ΔmAl2O3 = 75–78 ng/cm2 was measured after five cycles of Al2O3

ALD. A mass gain of ΔmHF = 29–30 ng/cm2 was then observed
after ten consecutive HF exposures. The mass gain per supercycle
was Δm= ΔmAl2O3 + ΔmHF = 100–102 ng/(cm2 cycle). The dosing
sequence was (0.5-45-0.3-45)n− (0.5-45)m, where n = 5 represents
five cycles of Al2O3 ALD and m = 10 designates the ten HF
exposures. The mass gain during the fluorination step of
ΔmHF = 29–30 ng/cm2 is attributed to the following reaction:41

Al2O3 þ zHF(g) ! 2AlO(6�z)=4Fz=2 þ (z=2)H2O(g): (7)

In addition to varying the number of Al2O3 ALD cycles, the
AlOxFy film composition can be controlled by varying the pressure
during the HF exposure. Figure 6(a) shows mass changes recorded

during the fluorination step utilizing ten consecutive HF doses
where the HF pressure was varied from 20 to 200 mTorr while
keeping the dose time constant at 0.5 s. There is a progressive
increase in ΔmHF with HF pressure. ΔmHF increases from 29–30 to
38–39 ng/cm2 when the HF pressure is raised from 20 to
200 mTorr. Similar increases in fluorination of Al2O3 with HF pres-
sure were observed in earlier studies of Al2O3 atomic layer etching
using HF and trimethylaluminum (TMA).41 Figure 6(a) also indi-
cates that the mass gain reaches a saturation level during ten con-
secutive HF doses. This saturation behavior suggests that HF
exchange and F diffusion into the Al2O3 ALD film reaches a limit
at each HF pressure.

The penetration depth of F into the Al2O3 ALD film is
another factor for the incorporation of F into Al2O3. Figure 6(b)
shows the effect of the underlying Al2O3 thickness on the fluorina-
tion reaction while keeping the HF pressure constant at 20 mTorr.
The mass gains during these HF doses were measured for three dif-
ferent Al2O3 thicknesses. These Al2O3 thicknesses were defined by
5 cycles, 50 cycles, and 200 cycles of Al2O3 ALD. The mass gains
were 29–30 ng/cm2 for 5 cycles of Al2O3 ALD and 44–45 ng/cm2

for 50 cycles and 200 cycles of Al2O3 ALD. These results confirm
that the fluorination reaction is not limited to the surface. The
increase in ΔmHF with Al2O3 film thickness indicates that fluorina-
tion occurs in the bulk of the Al2O3 ALD film. The constancy in
mass gain for fluorination of Al2O3 ALD films deposited using 50
and 200 Al2O3 ALD cycles suggests that the fluorination depth is
limited to less than or equal to the Al2O3 film thickness corre-
sponding to 50 cycles of Al2O3 ALD.

An approximate fluorination depth into Al2O3 can also be
estimated based on the QCM mass gain of 45 ng/cm2 observed in
Fig. 6(b). Based on the fluorination reaction for Al2O3 by HF given
in Eq. (6), the molar mass change for the fluorination reaction is
66.0 g/mol. The mass gain of 45 ng/cm2 is consistent with
6.82 × 10−10 mol/cm2 of Al2O3 converted to 2AlF3. This conversion
of Al2O3 to 2AlF3 will produce 1.36 × 10−9 mol/cm2 of AlF3. The
mass of this AlF3 layer is 1.15 × 10−7 g/cm2. This AlF3 layer has a
thickness of 4.0 × 10−8 cm or 4.0 Å given an AlF3 density of 2.88 g/
cm3. This estimated AlF3 layer thickness is very close to the AlFxOy

film thicknesses determined by XPS analysis following HF expo-
sures on Al2O3 in recent studies.41

Additional experiments can be performed to demonstrate that
F can diffuse into the Al2O3 film. Although the results in Fig. 6
suggest that the fluorination reaches saturation in the Al2O3 ALD
film, diffusion can extend fluorination of the Al2O3 ALD film.
Figure 7 shows the mass gain during HF exposures after different
aging times at 150 °C. After the aging times of 30 min, 1 h, 2 h, and
3.5 h, F diffuses deeper into the Al2O3 ALD film. This diffusion
allows more HF to absorb into the Al2O3 ALD film and leads to
larger ΔmHF values.

The composition of AlOxFy films can be controlled using the
HF exchange method by varying the thickness of the underlying
Al2O3 layer and the HF pressure. Figure 8(a) shows the AlOxFy
compositional tunability represented by the F/Al ratio with respect
to the deposition parameters. The relative composition of Al, O,
and F in these films is obtained by RBS analysis. Precise control in
the fluorine concentration in the films can be obtained from Al2O3

to AlF3. Table I also reports the film composition from both RBS

FIG. 6. (a) Effect of HF pressure on mass gain (ΔmHF) vs number of HF doses
on five cycles of Al2O3 ALD at 150 °C. (b) Effect of underlying Al2O3 thickness
determined by the number of cycles of Al2O3 ALD on mass gain (ΔmHF) vs
time during 10 HF doses at 20 mTorr.
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and XPS analysis. Depth-profile XPS analysis measures reduced F
concentrations in the films relative to the RBS measurements.
These lower fluorine concentrations are attributed to preferential F
sputtering.

The nanolaminate method can also be used to control the
AlOxFy film composition. Figure 9(a) shows the mass gain recorded
by the in situ QCM analysis during ten consecutive supercycles of
AlOxFy grown using the nanolaminate method at 150 °C. For these
results, the reaction sequence for one AlOxFy supercycle was five
cycles of Al2O3 ALD followed by one cycle of AlF3 ALD. The dosing
sequence for this 5:1 supercycle was (0.5-45-0.3-45)5–(0.5-45-0.5-45)1.
The precursor pressures were 45, 50, and 20–25mTorr above base
pressure for TMA, H2O, and HF, respectively. Linear growth was mea-
sured by the mass gain versus time throughout ten supercycles of
AlOxFy growth. The overall mass gain per supercycle during 5:1
AlOxFy growth was 123–125 ng/(cm2 cycle).

Figure 9(b) shows an expansion of the mass gain during two
consecutive AlOxFy supercycles in the linear growth regime of
Fig. 9(a). The five cycles of Al2O3 ALD produce a mass gain of
ΔmAl2O3 = 75–78 ng/cm2. In addition, the TMA and HF expo-
sures after the five Al2O3 ALD cycles produce a mass gain of
ΔmAlF3 = 48–50 ng/cm2. There is a large mass gain during HF
exposure in the AlF3 cycle. This mass gain results from the surface
reaction with Al-CH3* surface species and the HF exchange reaction
with the underlying Al2O3 layer. The total mass gain during the 5:1
supercycle was Δm= ΔmAl2O3 + ΔmAlF3 = 123–125 ng/(cm2 cycle).

The growth of nanolaminates requires the nucleation of AlF3
ALD on Al2O3 and Al2O3 ALD on AlF3. Nucleation of both AlF3
ALD on Al2O3 and Al2O3 ALD on AlF3 was further studied as
shown in Fig. 10. Figure 10(a) shows the mass gain versus time
during the first six cycles of AlF3 ALD on an Al2O3 ALD film that
was terminated with Al-OH* after the last H2O exposure. The first
few AlF3 ALD cycles display mass gains that are substantially higher
than the mass gains during AlF3 ALD steady-state growth. During
the first AlF3 ALD cycle, mass gains of 30.1 and 40.4 ng/cm2 were
obtained during the TMA and HF exposures, respectively.

The high mass gain during the first HF exposure of
ΔmHF = 40.4 ng/cm2 is a combination of the HF reaction with
Al-CH3* species and the exchange of F with O and F diffusion into
the underlying Al2O3 film. The subsequent HF exposures during AlF3
ALD on Al2O3 display substantially lower mass gains. The second HF
exposure has a mass gain of 11.4 ng/cm2. The third HF exposure
displays a mass gain of 6.8 ng/cm2. After the third AlF3 ALD cycle,
the AlF3 ALD is in the steady-state AlF3 ALD growth regime.

Figure 10(b) shows the mass gain versus time during the first
six cycles of Al2O3 ALD on an AlF3 ALD film that was terminated
with Al-F* after the last HF exposure. The first Al2O3 ALD cycle
displays mass gains of 16.9 and −1.4 ng/cm2 for the TMA and H2O
exposures, respectively. The slight mass loss during the first H2O
exposure can be justified as a combination of H2O reacting with

FIG. 7. Effect of aging time on mass gain (ΔmHF) during 30 HF doses on Al2O3

at 150 °C. Aging times are increased sequentially before the next set of 30 HF
doses.

FIG. 8. Compositional tunability as measured by the F/Al concentration ratio
from the RBS analysis for various deposition parameters for (a) the HF
exchange method and (b) the nanolaminate method.
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Al-CH3* surface species and O exchange with F in the underlying
AlF3 layer. This exchange reaction can be described by

2AlF3 þ 3H2O(g) ! Al2O3 þ 6HF(g): (8)

This conversion reaction is not predicted to be thermochemically
favorable because the standard Gibbs free energy is ΔG° = +63 kcal
at 150 °C.39 However, the conditions during H2O exposure to the
AlF3 surface terminated with Al-CH3* surface species are far from
the standard state. The Al2O3 growth after the initial Al2O3 ALD
cycles quickly approaches the steady-state reactions that have been
observed earlier.33

Figure 11 displays the depth-profile XPS analysis of an AlOxFy
thin film with a thickness of 30 nm grown by the 5:1 nanolaminate
method on Si(111) at 150 °C using a dosing sequence given by
(0.5-45-0.3-45)5–(0.5-45-0.5-45)1. A continuous and uniform distribu-
tion of Al, O, and F is measured throughout the film thickness. The
film composition was AlO0.8F0.8 based on bulk atomic concentrations.
However, lower fluorine signals in the bulk of AlOxFy are expected
when measured by XPS due to preferential sputtering of fluorine.37,40

RBS was utilized as an alternative elemental analysis technique to
determine the exact composition of the AlOxFy thin films.

Figure 12 displays the RBS analysis in the energy range of
200–1200 keV for an AlOxFy thin film with a thickness of 30 nm
grown by the nanolaminate method on Si(111) at 150 °C. This film
was also grown using the 5:1 nanolaminate method. The RBS spec-
trum shows three peaks at energies of 1100, 725, and 850 keV cor-
responding to Al, O, and F, respectively. These RBS results are
consistent with a film composition of AlO1F1.4.

Table I summarizes the compositions of AlOxFy thin films
grown by the nanolaminate method. Various compositions are
achieved by employing “n” cycles of Al2O3 ALD followed by “m”
cycles of AlF3 ALD at 150 °C. Figure 8(b) shows the AlOxFy com-
positional tunability represented by the F/Al ratio with respect to
various deposition parameters. A wide range of oxygen to fluorine

ratios was achieved based on the deposition parameters over the
entire composition range from Al2O3 to AlF3. The composition of
the 1:5 AlOxFy sample was determined to be AlO0.5F3.5 from RBS
analysis. The excessive fluorine may result from more F residing at
the interface between the AlF3 layer and the O layer formed using
only one Al2O3 ALD cycle.

The physical sputtering rate of the AlOxFy thin films was also
measured during the XPS depth-profile analysis. The sputtering
rate was determined using the following equation:

Physical sputtering rate ¼ Thickness of AlOxFy film

Sputtering time
: (9)

TABLE I. Summary of compositional analysis by depth-profile XPS and RBS along
with respective rates of sputtering for various AlOxFy samples grown by HF
exchange and nanolaminate methods at 150 °C.

Deposition
condition

Composition Rate of
sputtering
(Å/s)XPS RBS

Al2O3 AlO1.13F0 AlO1.5F0 0.03
AlF3 AlO0.15F1.8 AlO0F3 0.28
HF exchange method
50:10 AlO1.1F0.04 AlO1.5F0.2 0.04
25:10 AlO1F0.1 AlO1.45F0.36 0.12
1:1 AlO0.2F2 AlO0.5F1.8 0.23
Nanolaminate method
10:1 AlO1.1F0.2 AlO1.5F0.6 0.05
5:1 AlO0.8F0.8 AlO1.0F1.4 0.14
1:1 AlO0.2F1.8 AlO0.46F2.46 0.25
1:5 AlO0.12F1.9 AlO0.3F3.5 0.27

FIG. 9. (a) Mass gain vs time recorded by the QCM during ten consecutive
AlOxFy supercycles using the nanolaminate method at 150 °C with a dosing
sequence of (0.5-45-0.3-45)5–(0.5-45-0.5-45)1. (b) Expansion of mass gain vs
time from (a) for two AlOxFy supercycles.
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The thickness of all the AlOxFy films was kept constant at
30 nm, as measured by XRR measurements. The sputtering time
was the time required to reach the substrate surface, which was
when the XPS intensity of Si 2p reached 50 at. %.42,43 The physical
sputtering rates were measured between 0.03 and 0.28 Å/s for
Al2O3 and AlF3, respectively. The sputtering rate of AlF3 is much
higher than the sputtering rate of Al2O3 as reported earlier.42

Figure 13(a) displays the sputtering rates versus the F/Al ratio
for various AlOxFy thin films grown by the HF exchange method.
Figure 13(b) shows the sputtering rates versus the F/Al ratio for
various AlOxFy thin films grown by the nanolaminate method.
Exact compositions of all the samples from RBS analysis are also
given next to the sputtering rates. The sputtering rates increase for
the higher F/Al concentration ratios.

Sputtering rates can be roughly correlated with thermody-
namic data. Physical sputtering rates are typically assumed to be
related to the sublimation enthalpy,44–46 heat of formation,47,48 and
boiling temperature.42 The sublimation enthalpies of Al2O3 and
AlF3 are 643 and 286 kJ/mol, respectively.49,50 The heats of
formation of Al2O3 and AlF3 are −1669.8 and −1507.8 kJ/mol,

FIG. 10. Mass gain vs time recorded by the QCM during the first six ALD
cycles at 150 °C for (a) AlF3 ALD on the Al-OH* terminated Al2O3 surface and
(b) Al2O3 ALD on the Al-F* terminated AlF3 surface.

FIG. 11. Compositional depth profile of AlOxFy thin films with a thickness of
30 nm grown by the 5:1 nanolaminate method on the Si(111) substrate at
150 °C measured by x-ray photoelectron spectroscopy (XPS).

FIG. 12. Rutherford backscattering spectrum (RBS) of AlOxFy thin films with a
thickness of 30 nm grown by the 5:1 nanolaminate method on the Si(111) sub-
strate at 150 °C.
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respectively. Likewise, the boiling temperatures of Al2O3 and AlF3
are 2977 and 1290 °C, respectively. Another factor may be the
bonding in Al2O3 and AlF3 and the resulting leaving groups during
sputtering. AlF3 is a molecule and has strong F bridge-bonding in
the AlF3 molecular solid. The leaving groups during AlF3 sputter-
ing may be AlF3 molecules. In contrast, Al2O3 has strong Al–O
ionic bonds and no preferred molecular complex that can leave
during sputtering. Based on all of these factors, Al2O3 may be
expected to be more resistive to physical sputtering than AlF3.

The corrosion properties of these coatings will depend both
on physical sputtering and on chemical sputtering. Chemical
sputtering depends on the chemical reaction on the surface in the
presence of plasma ions and the plasma environment.51 There can
be synergistic effects where the plasma etch rate is much higher in
the presence of both plasma ions and chemical species on the

surface.52 Both Al2O3 and AlF3 show high resistance to chemical
sputtering in oxygen-rich and fluorine-rich plasma environments,
respectively. Consequently, the corrosion resistance of the AlOxFy
films can be tailored with precise control over the AlOxFy stoichi-
ometry to obtain the optimum performance.

IV. CONCLUSIONS

Aluminum oxyfluoride (AlOxFy) thin films were grown using
ALD techniques at 150 °C with TMA, H2O, and HF as the reac-
tants. The AlOxFy films were deposited using two pathways based
on the HF exchange method and the nanolaminate method. The
AlOxFy growth was investigated using in situ QCM studies. Both
the HF exchange method and the nanolaminate method displayed
linear growth. AlOxFy films with variable stoichiometry could be
deposited by varying the conditions during the HF exchange
method and the nanolaminate method.

Growth by the HF exchange method is based on the thermo-
dynamically favorable HF reaction with Al2O3. Fluorine is incorpo-
rated into the Al2O3 layer by an O to F exchange. Based on the
QCM mass changes, the HF exchange reaction was dependent on
HF pressure. The stoichiometry of the AlOxFy films was deter-
mined by the HF pressure and the thickness of the underlying
Al2O3 layer prior to HF exposure.

The growth of AlOxFy films by the nanolaminate method is
based on the sequential deposition of a number of cycles for
Al2O3 ALD and then a number of cycles for AlF3 ALD. AlF3 ALD
growth on the Al2O3 layer displayed evidence of a significant O to
F exchange during the first HF exposure. In contrast, Al2O3 ALD
growth on the AlF3 layer displayed only slight evidence of an F to
O exchange during the first H2O exposure. This difference in
exchange is expected based on the thermochemistry of fluorina-
tion of Al2O3. The stoichiometry of the AlOxFy films was depen-
dent on the ratio of the number of Al2O3 ALD cycles and the
number of AlF3 ALD cycles during AlOxFy growth.

XPS depth-profile studies revealed a uniform distribution of
Al, O, and F in all the AlOxFy thin films deposited with the HF
exchange method and the nanolaminate method. The stoichiome-
try of the various AlOxFy films was also determined using RBS
measurements. The stoichiometry could be continuously varied
from Al2O3 to AlF3 by changing the reaction conditions. The
physical sputtering rates were also measured during the XPS depth-
profile measurements. The lowest sputtering rate was 0.03 Å/s for
the Al2O3 films. The highest sputtering rate was 0.28 Å/s for AlF3
films. All AlOxFy thin films showed higher sputtering rates with
increasing F/Al concentration ratios.
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