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ABSTRACT

Films of aluminum fluoride (AlF3) deposited by thermal and plasma enhanced atomic layer deposition (PEALD) have been compared using
in situ multiwavelength ellipsometry (MWE) and monochromatic x-ray photoelectron spectroscopy (XPS). The AlF3 films were grown using
cyclic exposures of trimethylaluminum, hydrogen fluoride, and H radicals from a remote H2 inductively coupled plasma. Films were charac-
terized in situ using MWE and XPS for growth rate, film composition, and impurity incorporation. The MWE showed a growth rate of 1.1
and 0.7 Å per cycle, at 100 °C, for thermal and plasma enhanced ALD AlF3 films, respectively. Carbon incorporation was below the XPS
detection limit. The plasma enhanced ALD AlF3 film showed the presence of Al-Al chemical states, in the Al 2p scans, suggesting the pres-
ence of Al-rich clusters with a concentration of 14%. The Al-rich clusters are thought to originate during the hydrogen plasma step of the
PEALD process. The Al-rich clusters were not detected in thermal ALD AlF3 films using the same precursors and substrate temperature.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001468

I. INTRODUCTION

Aluminum fluoride (AlF3) has an ultrawide bandgap
>10 eV,1,2 and thin AlF3 films can be used in ultraviolet (UV)
interference optics, passivation of novel battery surfaces, and gate
dielectric layers in electronic devices. The ultrawide bandgap and
low refractive index, 1.39 at 193 nm,3 which differs from other
optical materials, makes it an ideal material for UV reflective and
antireflective coatings,4–6 interference mirrors,7 and bandpass
filters.8,9 AlF3 films have been used as acid corrosion resistant coat-
ings for lithium ion batteries,10 where thin AlF3 layers (<10 nm) on
cathode11 and anode surfaces have demonstrated improved thermal
stability,12,13 capacity retention,14 and discharge capacity.10,15

Additionally, evaporated AlF3 films on oxidized Si showed a fixed
negative charge near the interface that provides a drift field in solar
cell structures.1,16–21 The use of AlF3 in UV optics, chemical passiv-
ation, and electronic applications requires high purity, uniform,
and conformal layers with precise thickness control.

Atomic layer deposition (ALD) is a thin film deposition tech-
nique stemming from chemical vapor deposition (CVD). Both
CVD and ALD employ vapor transport to enable gas-solid interac-
tions. Unlike CVD, ALD achieves film growth using sequential

exposures of precursors, or reactants, separated by purge or evacua-
tion steps. A key characteristic of ALD is the self-limiting nature of
the growth process. Self-limiting growth is achieved for a surface
that has a limited number of reactive sites for precursor adsorption,
and there is a temperature window where the excess precursor
desorbs from the surface. Moreover, the self-limiting surface reac-
tions must occur in both half cycles at the same substrate tempera-
ture. Thus, in an ideal ALD reaction, there is a temperature range
(or growth window) where growth proceeds in a layer-by-layer
mode, and the layer thickness per ALD cycle is essentially constant.
The growth per cycle (GPC) of an ALD process can increase or
decrease at temperatures above or below the growth window due to
a variety of reasons related to adsorption-desorption kinetics.22–24

The substrate temperature is typically chosen within the growth
window to prevent precursor self-interaction and decomposition,
while also facilitating self-terminating surface reactions. The self-
limiting nature of ALD enables precise thickness control along with
high purity, uniform, and conformal layers.

Plasma enhanced ALD (PEALD) is an energy-enhanced
variant of ALD in which plasma species are used as a reactant. In
general, the high reactivity of plasma generated radicals and the
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kinetic energy of ions can drive surface reactions allowing for lower
deposition temperatures.25,26 The free radicals can enable surface
reactions at temperatures appropriate for the process (e.g., using O
instead of H2O or O2 for oxide ALD). In this case, the free radicals
participate in the ligand exchange and the surface reaction. The
result is often higher purity and higher density films. The self-
limiting reaction conditions must still be met in PEALD, and typi-
cally the plasma is only applied for one reactant.

Despite the benefits of PEALD, there are some drawbacks in
comparison to thermal ALD (TALD). During PEALD, exposure to
some reactive plasma species may lead to undesirable reactions.
Occasionally, a plasma may cause oxidation or nitridation of a sub-
strate at a faster rate than the film deposition. The result is a thick
oxidized or nitridized layer underneath the film, which would
impact the device behavior.27–30 Additionally, ion bombardment
can induce defects by bond breaking or atom displacement. Ion
bombardment can be mitigated by the use of a remote plasma con-
figuration, as employed in this research, where ion densities are
orders of magnitude less than plasma radical densities.31 Finally,
PEALD processes may show decreased conformality on high aspect
ratio structures due to loss of radicals to recombination.26

A number of chemical routes have been demonstrated for
ALD of metal fluorides However, the selection of precursors is
more difficult due to the lack of safe, easy-to-handle, fluoride pre-
cursors. Initial fluoride ALD processes used NH4F or volatile metal
halides (TiF4 and TaF5).

32–37 In one case, metal fluorides were
deposited by oxide chemistry using hexafluoroacetylacetone, ozone,
and various metalorganics.38 More recently, metal fluorides have
been deposited using anhydrous hydrogen fluoride (AHF) or
HF-pyridine (HF-P) mixtures.39–45 A comparison of ALD AlF3
growth processes is shown in Table I detailing precursors, growth
temperature, growth rate, and film stoichiometry. Selection of pre-
cursors for ALD processes is of utmost importance to minimize

potential impurities. Precursor selection often requires consider-
ation of the intended application. For example, when ALD AlF3 is
used for UV optics, the formation of oxides and nitrides can
degrade optical performance due to adsorption at lower wave-
lengths. As such, Al precursors containing oxygen or nitrogen
should be avoided while organometallics, such as trimethylalumi-
num [TMA, Al(CH3)3], may achieve the required purity. Some dif-
ferent reactants used for ALD of AlF3 are shown in Table I. Unlike
the ALD of oxides and nitrides, the use of plasma excited species
as reactants has not been extensively explored for metal fluorides.

The mechanism for TALD of AlF3, using TMA [Al(CH3)3]
and HF, was proposed by Lee et al. where the ALD reaction could
be split into two half-reactions, Eqs. (1) and (2), shown below,41

HF(ads) þ Al(CH3)3(g) ! AlF(CH3)2(ads) þ CH4(g), (1)

AlF(CH3)2(abs) þ 3HF(g) ! AlF3(s) þHF(ads) þ 2CH4(g): (2)

In the first half-reaction, Al(CH3)3 reacts with surface HF,
from the previous half-cycle, to produce AlF(CH3)2 (e.g., DMAF)
surface species and methane. Quadrupole mass spectroscopy mea-
surements have indicated that AlF(CH3)2 are the main species
adsorbed during the TMA exposure.41 During the HF exposure,
where Eq. (2) applies, the surface is fluorinated producing AlF3(s)
and CH4(g) with excess HF adsorbing onto the surface. Quartz
crystal microbalance measurements suggested that, at 100 °C, one
HF molecule adsorbs on the surface for each Al surface site.41 The
adsorption of HF onto AlF3 surfaces is thought to occur through
the formation of a dative bond between the HF and Al surface
centers.41,50 ALD AlF3 films grown using this process showed low
impurity concentrations with oxygen impurities of ∼2 atomic %.41

This study examines the differences between TALD and
PEALD AlF3 thin films using TMA, HF-P, and atomic H from a
remote H2 inductively coupled plasma. Exposure to atomic H,
implemented after the HF step, is used to investigate whether the
process could remove excess adsorbed HF and affect the AlF3
growth, impurity incorporation, and material properties. Removal
of adsorbed HF would enable self-limiting reactions between TMA
and the H-terminated AlF3 surface, rather than with the excess
adsorbed HF. The PEALD process described here that does not
directly involve ligand exchange could also be termed plasma
treated TALD.

Growth of TALD and PEALD AlF3 films was performed in
the same ALD reactor, which was equipped with in situ multiwave-
length ellipsometry (MWE) that was implemented to monitor
growth rates. Through high vacuum sample transfer, surfaces were
characterized using in situ x-ray photoelectron spectroscopy (XPS),
before and after deposition, to determine surface chemical states
and defect configurations.

II. EXPERIMENT

ALD AlF3 films were grown on Si wafers passivated with a
10 nm TALD layer of Al2O3. The Al2O3 passivated Si was cleaned,
ex situ, with an ultraviolet-ozone (UV-O3) exposure prior to inser-
tion into a UHV multichamber system. The high vacuum multi-
chamber system includes a load-locked chamber, a high vacuum

TABLE I. Reactants used for the ALD of AlF3 along with the growth temperatures
(Tg), GPC, and F/Al ratios (3 is stoichiometric). TMA [Al(CH3)3] is the most common
metal precursors while tris(dimethylamino)aluminum [Al(N(CH3)2)3, TDMAA] and
dimethylaluminum hydride (AlH(CH3)2, DMAH) have also been used. Fluorine pre-
cursors include titanium tetrafluoride (TiF4), tantalum pentafluoride (TaF5), AHF,
HF-P [C5H5N⋅(HF)x], and sulfur hexafluoride (SF6) plasma. The “*” indicates use of
a remote radio frequency inductively coupled plasma while “**” indicates films grown
at 150 °C.

Reactant
Tg

(°C)
GPC
(Å) F/Al ratio Reference

A B C

AlCl3 TiF4 — 160–340 3.2–0.2 3.50–2.99 35
TMA TaF5 — 125 1.9 2.53 46
TMA AHF — 100–200 1.2–0.5 2.9–3.1 44 and 47
TMA HF-P — 75–200 1.27–0.50 2.85** 41
TMA SF6* — 50–300 1.50–0.55 3.1–2.9 48 and 49
TDMAA AHF — 150 0.6 — 47
DMAH AHF — 150 1.0 — 47
TMA HF-P — 100 1.1 3.1 This work
TMA HF-P H2* 100 0.7 2.8
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transfer line (base pressure 4 × 10−9 Torr), an x-ray photoelectron
spectroscopy (XPS) system, a fluoride ALD reactor, and various
other characterization and deposition chambers.51–54 The AlF3
depositions were monitored using in situ ellipsometry, and XPS
was performed before and after each AlF3 deposition.

A. Sample preparation

The thermal and plasma ALD AlF3 layers were prepared on Si
substrates protected with a thin (∼10 nm) Al2O3 layer. The Al2O3

layer was employed to prevent unintentional etching of SiO2, and
Si after HF adsorption and subsequent H2-plasma exposure in the
plasma ALD AlF3 process. The protective Al2O3 films were grown
on 25.4 mm diameter boron-doped Si (100) wafers (Virginia
Semiconductor) using a commercial TALD tool (Cambridge,
Savannah S100) with TMA and H2O, as precursors. The substrate
temperature was 185 °C and a growth rate of ∼1.0 Å per cycle was
achieved during the 10 nm deposition as measured by ellipsometry.
Substrates were stored in atmosphere until needed. Prior to the
AlF3 depositions, samples were cleaned using a 10-min UV-O3

exposure to remove atmospheric contaminates.

B. Film deposition

AlF3 films were deposited by plasma enhanced and thermal
ALD using a fluoride ALD reactor equipped with an in situ multi-
wavelength ellipsometer and remote radio frequency (RF) plasma
generation. The ALD reactor utilized two pumping systems for
high vacuum sample transfer and the second for processing. The
high vacuum pumping (base pressure 2 × 10−9 Torr) was achieved
using a turbomolecular pump (Pfeiffer, HiPace 80) backed by a dry
roots pump (Pfeiffer, ACP 15). During processing, a larger two-
stage dry roots pump (Ebara, A70W) was used (processing base
pressure 4 × 10−5 Torr). A multifilter trap (Mass-Vac, Multi-Trap)
between the chamber and processing pump was used to abate
unreacted trimethylaluminum. On the A70W outlet, an acid dry
bed filter (CS Clean, NovaSafe) was used to neutralize unreacted
hydrogen fluoride. Additionally, the A70W utilized an N2 (99.7%)
dilution flow at a flow rate of 14.2 SLM (standard liters per
minute). The N2 dilution flow was observed to backflow into the
ALD reactor with a partial pressure of ∼5 × 10−5 Torr.

ALD AlF3 reactions were performed using TMA [Al(CH3)3]
(STREM, 97%), HF-P [C5H5N⋅(HF)x] (Sigma-Aldrich, 70% wt.
HF), and H2 (Matherson Tri-Gas, 99.999%). The TMA and HF-P
storage cylinders were held at 30 °C. TMA and HF were dosed into
Ar carrier gas, where the Ar carrier gas was supplied at 5 SCCM
through a mass flow controller (MKS, GE50A). The TMA delivery
tubing and reactor walls were held at 100 °C to prevent precursor
condensation. The HF delivery line was not heated. During the
depositions, the substrates were radiatively heated to 100 °C using a
nichrome heating element and a PID controller (Eurotherm,
2216e).

Reactor pressure was dynamically controlled using an exhaust
throttling valve (MKS, 253B), a capacitance manometer (MKS,
627F), and a PID controller (MKS, 651C). Pressure was recorded
using a custom LABVIEW program at 1 s intervals. Plasma excitation
was achieved using a 13.56 MHz RF generator (MKS, Elite 300), a
50Ω impedance matching network (MKS, MWH-05), and a

13-turn diameter copper coil wound around a 32 mm fused quartz
tube. The quartz tube extended into the ALD reactor to ∼10 cm
above the sample surface. This configuration allows for generation
of a remote RF plasma with high concentrations of thermalized
plasma generated radicals.26,55

Depositions followed an ABAB…AB process sequence for
TALD or ABCABC…ABC process sequence for PEALD, where
each letter represents a precursor exposure followed by an Ar
purge. The overall cycle times were 139.5 and 192 s for the TALD
and PEALD, respectively. Each precursor step involved a 0.25 s
pulse followed by a 30 s exposure prior to a 30 s Ar purge. The
exposure step was performed with the throttling valve at minimum,
which assured precursor exposure. During this step, the Ar carrier
gas and precursor vapor flowed into the reactor. For PEALD, H2

was pulsed into the reactor and allowed to stabilize over 5 s to
100 mTorr prior to plasma ignition at 100W for 10 s. Each plasma
exposure was followed by a 30 s Ar purge. The use of discrete
purges rather than continuous purging was employed to avoid
CVD-like interactions. The total cycle time for TALD and PEALD
were 139.5 and 192 s, respectively. Depositions on Al2O3/Si were
first performed for 40 cycles of either TALD or PEALD and then
for an additional 120 cycles. After each deposition, samples were
transferred in situ for x-ray photoelectron spectroscopy (XPS).

C. In situ characterization

1. Ellipsometry

In situ MWE was used for process monitoring during AlF3
depositions. The MWE (Film Sense, FS-1) uses four light emitting
diodes centered at 465, 525, 580, and 635 nm. The ellipsometer was
mounted at a fixed angle of ∼45°. The ellipsometer determines the
polarization state of the reflected beams by the
division-of-amplitude-polarimeter method where all four Stokes
parameters are measured simultaneously.56 Measurements were
taken using the manufacturer supplied software (FILM SENSE,
Desktop v1.15) at 1 s intervals. To enable accurate in situ measure-
ments during growth, the initial surface (Al2O3/native SiO2/Si) was
modeled using a pseudosubstrate model. The use of a pseudosub-
strate model allows more accurate measurements as alignment and
model inaccuracies are negated by averaging over an initial
period.57 As AlF3 is transparent at the wavelengths, the layer was
modeled using a Cauchy model with constants taken from
Hennessy et al.44 To account for the Al impurities in the PEALD
AlF3 film, the Bruggeman effective medium approximation (EMA)
was applied to estimate the film thickness and impurity concentra-
tion.58,59 The Al clusters were accounted for using a Drude model
with parameters obtained from Smith et al.60 Measurements are
presented in terms of film thickness. Increases, and decreases, in
film thickness are representative of changes of surface species and
may not be completely representative of the film thickness.
However, changes of surface species may also cause changes in the
signal that could be interpreted as changes in thickness. While
changes during a single cycle may not represent actual thickness
changes, considering the value at the beginning and end of each
ALD cycle will present a quantitative analysis of the thickness
change during a cycle.
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2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was employed to gain
insight into surface film composition, chemical states, and defect
configurations. The XPS instrument (VG Scientia, R3000) uses a
monochromatic Al Kα source with a photon energy of 1482.35 eV.
Data acquisition was performed using the manufacturer supplied
software (VG Scientia, SES Software). The system pressure was
below 7 × 10−10 Torr during measurements. All core level scans
were acquired with an energy resolution of 0.15 eV. Peak analysis
was performed using an XPS software package (Casa Software
LTD, CASAXPS). All photoelectron transitions were modeled with
Gaussian–Lorentzian line shapes with Shirley backgrounds.61 Film
stoichiometry was determined using a standard method that has an
uncertainty of 10%–20%.61–63

III. RESULTS

TALD and PEALD AlF3 films were compared on Si wafers
passivated with ∼10 nm of TALD Al2O3. Growth of the ALD AlF3
was monitored by in situ ellipsometry. After deposition of the
initial 40 cycles of AlF3, films were analyzed by x-ray photoelectron
spectroscopy (XPS). Determination of impurities, by XPS, allowed
for the application of accurate optical models to the in situ ellipso-
metric data enabling the calculation of film thickness and impurity
concentration. Finally, an additional 120 cycles for each process
were performed to measure oxygen and carbon incorporation and
surface stoichiometry.

A. X-ray photoelectron spectroscopy

The initial 10-min UV-O3 treated Al2O3 surfaces [Figs. 1(a)
and 2(a)] were found to be atomically clean. The O 1s spectra

showed the presence of two peaks with the first peak centered at
∼532.7 eV, with an FWHM of 1.7–1.8 eV, corresponding to Al-O
chemical states. The second peak at 533.2–534.0 eV, with an
FWHM of ∼1.7 eV, was attributed to surface hydroxyl groups,
denoted as Al-OH. The Al 2p region showed a singular peak at
∼76 eV with an FWHM of ∼1.5 consistent with Al-O chemical
states for TALD Al2O3 grown using TMA and H2O.

64 A full list of
fitted peak parameters (peak center and FWHM) is listed in
Table II for each process and step. It was noted that the surface
charged during XPS measurements and the values for the Al-O
core levels varied between 74.3 and 75.7 eV.64–66 The energy
separation between the Al-O core level, in the Al 2p and O 1s, was
456.6 eV suggesting fully oxidized O–Al–O bonds.67,68 Carbon was
not detected on the initial surface or after any of the depositions.

After the initial 40 cycles of TALD AlF3 [Fig. 1(b)], the F 1s
and Al 2p spectra showed evidence of Al-F core levels. The Al 2p
region showed the addition of a high binding energy peak located
2.9 eV from the Al-O core level. This additional peak was identified
as the Al-F core level and had an FWHM of 1.6 eV.44 From the F
1s spectrum, two peaks were observed separated by 2.4 eV. The first
peak at 686.8 eV had an FWHM of 1.6 eV and accounted for 4% of
the total F 1s area. The second peak had an FWHM of 2.0 eV. Both
peaks have been reported for crystalline AlF3 and TALD AlF3 using
similar precursors.44,50 The first and second peaks have been asso-
ciated with fluorine dangling bonds and Al-F chemical states,
respectively.69

The final TALD AlF3 deposition [Fig. 1(c)] showed complete
attenuation of the Al-O core levels in both the Al 2p and O 1s
scans. In the Al 2p spectra, the Al-F core level had broadened by
an additional 0.1 eV. Similar to the previous TALD AlF3 deposition,
the same two core levels were present in the F 1s spectrum though

FIG. 1. Scaled XPS spectra of the F 1s, O 1s, C 1s, and Al 2p core levels for TALD AlF3. (a) shows the core levels of the initial UV-O3 cleaned surface; (b) is after 40
TALD AlF3 cycles and (c) is after an additional 120 cycles. The components of each region are noted in Table II according to their binding energy. Spectra were scaled by
the respective Scofield photoionization cross sections (Ref. 62).
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the peak-to-peak separation had increased by 0.5 eV. Relative to the
previous deposition, the first peak had shifted to lower binding
energies, by 0.7 eV, and only accounted for 3% of the total F 1s
area. The F 1s Al-F core level was noted to have broadened by 0.3–
2.3 eV. Based on the integrated areas of all components of the F 1s
and Al 2p core levels, in Fig. 1(c), an F/Al ratio of 3.1 was
obtained.

XPS of the first 40 PEALD AlF3 cycles [Fig. 2(b)] showed the
presence of three peaks in the Al 2p region. The first peak, centered
at 72.9 eV, had an FWHM of 1.2 eV and was assigned to an Al-Al

chemical state.63 The Al-Al peak area accounted for ∼14% of the
PEALD AlF3 layer. The second peak, corresponding to Al-O chem-
ical states, was essentially identical to the initial surface. Finally, the
third peak, identified as the Al-F chemical states, was located at
78.4 eV with an FWHM of 1.6 eV. Relative to the TALD AlF3 film,
the FWHM was 0.2 eV narrower with an energy separation, from
the Al-O core level of 0.5 eV less. The only significant change in
the O 1s region was the lack of a second peak indicating removal of
the hydroxyl groups. Similar to the TALD film, the PEALD film F
1s spectrum showed two peaks. The first peak located at 686.9 eV

FIG. 2. Scaled XPS spectra of the F 1s, O 1s, C 1s, and Al 2p core levels for PEALD AlF3. (a) shows the core levels of the initial UV-O3 cleaned surface; (b) is after 40
PEALD AlF3 cycles and (c) is after an additional 120 cycles. The components of each region are noted in Table II according to their binding energy. Spectra were scaled
by the respective Scofield photoionization cross sections (Ref. 62).

TABLE II. Peak centers and FWHM (brackets) for all peak fitted core levels observed for the TALD and PEALD AlF3 films on TALD Al2O3. Values were obtained using a
Shirley background and Gaussian–Lorentzian line shapes. Constraints were not applied during the fit process. In the Al 2p region, a single peak was used for each core level
as the 0.4 eV spin–orbit splitting could not be resolved. Peak centers were aligned to the Al2O3 substrate core levels. All values are in eV.

AlF3 thin films

F 1s O 1s Al 2p

First Second First Second First Second Third

TALD (a) UV-O3 exposure — — 532.7 534.0 — 76.1 —
— — (1.7) (1.7) — (1.5) —

(b) 40 cycles 686.8 689.2 532.6 534.6 — 76.1 79.0
(1.7) (2.01) (1.8) (1.9) — (1.6) (1.8)

(c) 120 cycles 686.1 689.0 — — — — 79.0
(1.6) (2.3) — — — — (1.9)

PEALD (a) UV-O3 exposure — — 532.7 534.2 — 76.0 —
— — (1.8) (1.7) — (1.5) —

(b) 40 cycles 686.9 688.7 532.7 — 72.9 76.0 78.4
(2.1) (1.8) (1.7) — (1.2) (1.5) (1.6)

(c) 120 cycles 686.8 688.9 — — 72.9 — 78.4
(2.1) (1.8) — — (1.0) — (1.6)
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had an FWHM of 2.1 eV and has previously been attributed to
fluorine dangling bonds.50 The second peak was identified as the
Al-F chemical state, located at 688.7 eV, with an FWHM of 1.8 eV.
In comparison to the TALD film, the peak-to-peak separation
between the two F 1s core levels was reduced by 0.5 eV.
Additionally, the first peak comprised 9% of the total area.

After the final PEALD AlF3 deposition [Fig. 2(c)], Al-O chem-
ical states were not observed in the O 1s or Al 2p regions. In Al 2p,
the first (Al-Al) and third (Al-F) peak positions remained
unchanged. The concentration of Al-Al chemical states remained at
14%. Relative to the TALD film, the PEALD film Al 2p Al-F core
level has an FWHM reduced by 0.3 eV. In the F 1s region, the
FWHMs of both peaks remained. The energy separation between
the first and second F 1s peaks increased by 0.3 eV, which was still
0.5 eV less than the TALD AlF3 film. It was noted that the relative
area of the first peak decreased comprising 6% of the final PEALD
AlF3 layer, which was 2% more than the TALD film. Based on the
total areas in the F 1s and Al 2p [Fig. 2(c)], the PEALD AlF3 film
F/Al ratio was found to be 2.8.

B. Ellipsometry

In situ ellipsometry of the TALD AlF3, shown in Fig. 3(a), was
analyzed using a Cauchy model and a pseudosubstrate model, for
the AlF3 layer and the substrate, respectively. The Cauchy parame-
ters were taken from the study by Hennessy et al. where AlF3 films
were grown using similar precursors.44 Figure 3(a) shows the full
40 cycles while Figs. 3(b) and 3(c) show the 20th–21st cycle with a
breakdown of the cycle structure. On the first cycle, the initial
exposure to TMA resulted in an apparent increase in thickness.
The subsequent HF exposure produced an exceptionally large per-
ceived increase in thickness. The apparent GPC remains negative
until the eighth cycle. It is unlikely the apparent increase in thick-
ness, from the first cycle, and subsequent decrease are indicative of
the actual film thickness. The GPC approached a constant value
after the 11th cycle in which a GPC of 1.1 ± 0.1 Å was obtained.
After completion of the 40 TALD AlF3 cycles, a thickness of
3.67 ± 0.04 nm was indicated.

Analysis of PEALD AlF3 growth ellipsometry (Fig. 4) was per-
formed identically to TALD AlF3 ellipsometry. After the detection
of Al-Al impurities by XPS, the optical model was adjusted to use a
Drude model and the Bruggeman EMA.59,60 Using this analysis, it
was possible to determine the PEALD AlF3 film thickness by
accounting for the Al-rich clusters. The corrected thickness was
2.76 ± 0.07 nm. In Fig. 4(a), the ellipsometry over the entire 40
cycle deposition is shown. Of note, the initial HF exposure resulted
in a perceived increase in thickness similar to the TALD case
[Fig. 3(a)]. Upon ignition of the first H2-plasma, a drastic drop in
thickness, −0.75 ± 0.01 nm, was measured. Unlike the TALD case,
the PEALD growth did not show a clear nucleation period. The
growth rate was 0.7 ± 0.1 Å.

IV. DISCUSSION

In situ ellipsometry showed a distinct difference in the initial
growth of the ALD AlF3 films. In particular, large increases and
decreases in thickness were observed for the TALD and PEALD
AlF3 films, respectively. The initial increase could be partially

related to fluorination of the surface. However, the perceived
change in thickness is more likely indicative of a change in the
dielectric function. Recently, Cano et al. showed that when Al2O3

surfaces were exposed to HF vapor, a thin AlF3 layer was created.
70

For the AlF3 films grown in this work, it is unlikely the con-
verted fluoride layer would be greater than 2.0 Å given the substrate
temperature and HF partial pressure. Alternatively, the changes in
thickness could be the results of surface interactions with the initial

FIG. 3. Film thickness from in situ ellipsometry and process pressure of the
TALD AlF3 growth; (a) shows the film thickness over the full process, 40 cycles,
while (b) and (c) show the thickness and process pressure of the 20th–21st
cycles, respectively. The dashed line in (a) indicates the end of the inhibited
growth period. In (b) and (c) is an expanded plot of the process indicating the
cycle duration and location of precursor and purge steps for the 20th cycle. The
film thickness is offset to zero after the nucleation period.
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surface hydroxyls. In particular, it was noted that after the initial 40
cycles of the ALD AlF3 processes, the hydroxyl peak was present
for the TALD process but not the PEALD process. As such, two
additional TALD processes were performed where either an HF
step [Fig. 5(b)] or an H2-plasma step [Fig. 5(c)] was performed
prior to the start of the TALD AlF3 process [Fig. 5(a)].

The ellipsometry shown in Fig. 5 indicates that the nucleation
period may be extended or reduced depending on the initial
surface treatment. In Fig. 5(b), the use of an initial HF step prior to

the TALD process seemed to remove the perceived increase in
thickness from the first TALD cycle. Incidentally, the nucleation
period was reduced by ∼2 cycles. In comparison, the initial
H2-plasma treated surface [Fig. 5(c)] showed a large drop in per-
ceived thickness on application of the H2-plasma similar to the
PEALD process [Fig. 4(a)]. Unlike the PEALD process, the nucle-
ation delay was present and was extended by ∼2 cycles relative to
the normal TALD process. Repeated application of the H2-plasma
may be required for removal of the nucleation period. These results
indicate that the initial large increases or decreases in thickness
may be representative of modification of the hydroxylated surface
due to HF or atomic H for the TALD and PEALD processes,
respectively. Additionally, it is likely the nucleation delay would not
be observed for other surfaces that are not spontaneously fluori-
nated by HF.

Neither TALD AlF3 process variations (Fig. 5) resulted in a
significant change in the nucleation period. After the films had
nucleated, the GPC was measured to be the same as the normal
TALD process. The GPC of the TALD AlF3 process was measured
to be 1.1 Å, which is close to the 1.4 Å reported using the same pre-
cursors and temperature.40 The PEALD AlF3 GPC of 0.7 Å was
36% less than the TALD AlF3 GPC, at the same temperature. The
reduction in the growth rate could be related to the appearance of
Al clusters in the PEALD film.

FIG. 4. Film thickness, from in situ ellipsometry, and process pressure of the
PEALD AlF3 growth. The optical model accounts for Al impurities in the AlF3
layer. (a) shows the corrected film thickness over the full process, 40 cycles,
while (b) and (c) show the measured corrected thickness and process pressure
of the 20th–21st cycles, respectively. In (b) and (c) is an expanded plot of the
process indicating the cycle duration and the location of precursor, purge, and
plasma steps for the 20th cycle. The film thickness is offset to zero after the
first H2-plasma exposure.

FIG. 5. In situ ellipsometry of the first 14 cycles for three TALD AlF3 processes.
Shown in (a) is the TALD AlF3 process, (b) the TALD process with an initial HF
step, and (c) the TALD process but with an initial H2-plasma step. The dashed
line indicates the first TMA exposure of the TALD processes. The dotted lines
indicate the end of the nucleation period.
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XPS analysis of the PEALD AlF3 film indicated the presence
of a third Al 2p chemical state at 72.9 eV. This low binding energy
Al 2p state indicates Al-rich cluster impurities inside the PEALD
film at ∼14% of the AlF3 layer. It was observed that decreasing the
purge times led to a decrease in Al cluster concentration to 5% and
an increase in the growth rate.6 The observed decrease in Al cluster
concentration could originate from residual HF due to the shorter
purge times. Previous work found that the incorporation of Al-rich
clusters in PEALD AlF3 films resulted in a large extinction coeffi-
cient, 0.30, at wavelengths between 200 and 400 nm. It was evident
that the Al-rich clusters led to increased absorption at low wave-
lengths.6 The XPS also indicated that the Al 2p Al-F core level had
an FWHM of 1.9 eV for TALD and 1.6 eV for PEALD. The larger
FWHM of the TALD layer could indicate less uniform short-range
ordering compared to the PEALD layers.

The energy spacing between the Al-O and Al-F Al 2p core
levels was 2.9 eV for TALD and 2.4 eV for PEALD. Reported and
reference values for the Al-O to Al-F core level energy spacing are
typically ∼2 eV.44,63,69 Since these peaks originate from adjoining
layers, the differences in Al-F and Al-O energy spacing from
reported values may represent a change in the band alignment of
AlF3 on Al2O3. The Al impurities in AlF3 are expected to act as a
p-type dopant, which may contribute to the decrease in energy sep-
aration between the Al-O and Al-F core level peak positions.71

The cause of the Al clusters, in PEALD AlF3, is unknown but
suspected to be due to the application of an H2-plasma, as the clus-
ters were not present in TALD AlF3 films. When second TALD
AlF3 film was exposed to long (>30 min) H2-plasmas, small
amounts of Al clusters were detected at ∼6% per volume. The

TALD AlF3 surface was observed to be significantly more fluorine
deficient (Fig. 6) after the long H2-plasma exposure. The small
increase in oxygen incorporation is attributed to the application of
a long plasma and possibly sputtering of the quartz tube.
Variations in plasma power and pressure could also be employed to
minimize the formation of Al clusters. Further analysis of the Al
clusters formation is required to specifically determine the surface
reactions leading to Al-Al cluster formation.

V. SUMMARY AND CONCLUSIONS

In this study, AlF3 thin films were deposited by both thermal
and remote plasma enhanced atomic layer deposition on amor-
phous Al2O3 using TMA, HF-P, and H2-plasma. Growth was mon-
itored by in situ multiwavelength ellipsometry while x-ray
photoelectron spectroscopy was used for surface composition and
impurity determination. Thermal and plasma enhanced ALD AlF3
films were observed to have growth rates of 1.1 and 0.7 Å per cycle,
respectively, at 100 °C. During deposition, it was observed that
TALD growth was inhibited for eight cycles while PEALD AlF3
growth was immediate. The most significant observation is the
presence of Al clusters in the PEALD layer at a concentration of
∼14%. Neither film showed a detectable amount of carbon origi-
nating from the deposition process, indicating that carbon contami-
nation was not significant in either process. The PEALD process
did not lead to a noticeable reduction of impurities in the films.
The comparison of these TALD and PEALD AlF3 processes shows
that TALD has significant advantages for optical and electronic
applications.
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