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ABSTRACT

The controlled synthesis of aluminium oxide (Al,O5) thin films by metal-organic chemical vapour deposition (MOCVD) critically
depends on the gas-phase decomposition behaviour of metal-organic precursors. Aluminium acetylacetonate (Al(acac),) is widely
used owing to its low toxicity and thermal stability; however, its gas-phase chemistry in the presence of reactive carrier gases such
as water vapour and oxygen remains incompletely understood. Here, we present an in-situ mass spectrometric investigation of
the gas-phase decomposition of Al(acac); using vacuum ultraviolet (VUV) synchrotron radiation coupled with double imaging
photoelectron photoion coincidence spectroscopy (i?PEPICO). Temperature-dependent spectra were recorded in humid (Ar+H,0)
and oxygen-containing carrier gas environments, enabling identification of key decomposition products and intermediates.
In the presence of water vapour, Al(acac); decomposes at lower temperatures than under inert conditions, consistent with a
water-mediated weakening of the Al-acetylacetonate bond. This pathway enhances the formation of acetylacetone and acetone,
while suppressing characteristic intermediates. In contrast, oxygen exhibits a fundamentally different behaviour: the precursor
signal remains nearly constant over a broad temperature range. Only above 700 K does oxygen promote alternative gas-phase
decomposition routes. These results highlight the distinct, non-equivalent roles of water vapour and oxygen in MOCVD and their
impact on deposition kinetics.

phase reacts with a surface, resulting in the formation of thin
films. Metal -diketonates are suitable precursors due to their

1 | Introduction

Thin aluminium oxide (Al,O;) layers can be synthesized by
metal-organic chemical vapour deposition (MOCVD) [1]. The
applications for Al,O; layers range from anti-corrosion and
permeation barrier coating [2-4], surface enhancement coating
[2, 5] to an alternative gate dielectric oxide [6, 7]. MOCVD
is a process in which a metal-containing precursor in the gas

relatively high vapour pressure at moderate temperatures and
their thermal stability [8, 9]. A frequently used precursor for
MOCVD is aluminium tris(acetylacetonate) (Al(acac),;), which is
cheap and non-toxic. [10-18] In MOCVD, understanding the gas
phase reactions is crucial as it enables the prediction of the growth
rate and composition of the synthesized layers [1, 19-23].
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Saraie and co-workers [19] investigated the effects of various
atmospheres on the reduced-pressure chemival vapour depo-
sition (CVD) of Al,O; films at low temperatures (473-623 K).
The effects of nitrogen, nitrogen/hydrogen, nitrogen/oxygen, and
nitrogen/water vapour on the MOCVD of Al,O; were analysed
using aluminium triisopropoxide (ATI) as a precursor. The
authors emphasize that the Al,O; films are deposited through
heterogeneous reactions on the substrate surface and not through
homogeneous reactions in the gas phase. The deposition rate
was largely increased by oxygen. Water vapour also provided a
higher deposition rate, even more significant than oxygen [19].
Ciliberto et al., [21]. demonstrated the influence of different
carrier gases on the synthesis of aluminium oxide coatings using
MOCVD. They investigated aluminium tris-dipivaloylmethanate
as a precursor and argon, oxygen, and argon + water vapour
were utilized as carrier gases. The experiments were carried out
in a horizontal hot-wall reactor made of quartz glass with a
constant temperature of 873 K. X-ray photoelectron spectroscopy
and secondary ion mass spectrometry were employed to analyse
the generated aluminium oxide layers. The experiments showed
that the deposition rate increased with oxygen as the carrier gas
compared to argon. The highest deposition rate was observed
in argon saturated with water vapour, suggesting that water
vapour plays a crucial role in accelerating the film growth
mechanism [21]. Kim and colleagues [22] aimed to investigate
the effects of water vapour on the growth rate of aluminium
oxide films by low pressure chemical vapour deposition, using
Al(acac); as a precursor. The authors analysed the thickness
and chemical composition of the synthesized aluminium oxide
layers, which allowed them to make assumptions about the
kinetics of layer growth, film purity, and surface morphology.
Kim et al. investigated Al(acac); MOCVD between 503 and
823 K and reported that high water-vapor partial pressures
yield ligand-free, pure Al, O; films with smoother surfaces
[22]. Furthermore, the growth rate of the layers depends on
the concentration of the water vapour, which confirms the
results of the other studies using water vapour [19, 21]. Sim-
ilarly, Fu et al., [23]. investigated the thermal decomposition
pathway of zinc acetylacetonate (Zn(acac),) and proposed a
two-step mechanism. Initially, Zn(acac), undergoes evaporation
and partial hydrolysis, forming Zn(acac)(OH) and acetylacetone
(Hacac), with water acting either as solvent or being released
as crystal water. In the absence of additional protons, further
decomposition proceeds via an intramolecular proton transfer
from a methyl group to the Zn-O moiety, forming Zn(OH),
and a cumulene intermediate. However, in the presence of
water vapour, a water-mediated proton transfer pathway becomes
accessible, which bypasses the energetically unfavourable four-
membered transition state and thus facilitates a faster decom-
position reaction. With this work, Fu et al., [23]. demonstrated
that water vapour in the gas phase plays a significant role
in the decomposition mechanism and can actively influence
the reaction pathway. The intramolecular proton transfer was
also reported by Rhoten and DeVore [24], who investigated
the thermal decomposition of Al(acac); with water vapour in
the temperature range of 500-900 K with Fourier transform
infrared spectroscopy and gas chromatography-mass spectrom-
etry. According to their findings, the proton transfer constitutes
a crucial step in the decomposition mechanism of Al(acac),,
forming Al,O; and acetylacetone (CsHgO,) when reacting with
water vapour. They found that largely pure Al,O; was formed

between 600 and 700 K, confirming the studies of Kim et al.,
[22].

In MOCVD processes, thin film growth is governed by the
transport and decomposition of volatile metal-organic precursors
in the gas phase. The resulting film properties are highly sensitive
to parameters such as temperature and gas atmosphere, highlight-
ing the importance of understanding precursor decomposition
pathways and reaction mechanisms [25]. However, no compre-
hensive investigation of the gas phase reactions was carried out
considering different carrier and reactive gases. Several questions
remain unanswered, such as why water vapour as a carrier gas
results in a smoother layer. Therefore, it is of particular interest to
elucidate how the gas phase composition evolves in the presence
of reactive carrier gases as a function of temperature, since only
species in the gas phase can reach the surface and directly
influence Al,O; film growth.

For an inert atmosphere, the gas phase decomposition of alu-
minium acetylacetonate was investigated by Grimm et al., [26]
using vacuum ultraviolet (VUV) synchrotron radiation, which
is used as a reference in the present work. Up to 49 gas phase
species were identified at very short reaction times, including
radicals, hydrocarbons, oxygenated species, and aluminium con-
taining molecules. In the initial decomposition step, aluminium
bis(diketo)acetylactonate-H (m/z 224) and acetylacetone (m/z
100) is formed at temperatures above 600 K. The reaction is trig-
gered by a hydrogen transfer from the CH, group of the axial or
equatorial acetylacetonate ligand to the second axial or equatorial
one, which leads to the cleavage of a metal-oxygen bond and facil-
itates the detachment of the ligand from the central aluminium
atom. [26] The studies by Grimm et al., [26] confirm the findings
of Fu et al, [23]. and Rhoten and DeVore [24], showing that
the decomposition of Al(acac), in an inert atmosphere proceeds
with a higher activation energy compared to alternative pathways.
This suggests a kinetically hindered process, which is consistent
with the observed slow reaction kinetics. Furthermore, various
oxygenates like acetylene, acetone, and ketene were detected as
major secondary decomposition products. Additionally, species
with mass-to-charge ratios (m/z) of 210, 186, and z 146 were
found in the gas phase for the first time. Aiming for a similar
approach, we have characterized the gas phase of Al(acac); with
water vapour and with oxygen as carrier gases in the present
work using double imaging photoelectron photoion coincidence
spectroscopy (i’PEPICO) [27] in a quartz glass CVD reactor, but
at much longer reaction times, which are near to the ones under
typical CVD conditions. VUV synchrotron radiation was used
as a soft ionization technique, suitable for MOCVD processes
[28, 29], to unambiguously characterize products considering the
gas phase reactions, while suppressing dissociative ionization
(fragmentation) [26]. The photon energy for ionization is 8.25
and 9.8 eV. First, a series of measurements was carried out with
water vapour in argon (Ar+H,0), with the reactor temperature
varied from 453 to 698 K. Further, the volume flow of the carrier
gas Ar+H,0O was varied at a constant temperature of 648 K. For
the investigations with oxygen as the carrier gas, a temperature
interval from 453 to 873 K was analysed at a constant volume
flow. These measurements were used to generate and analyse
temperature-dependent mass spectra for the gas phase reactions
of Al(acac); with oxygen and Ar + H,O as carrier gases at CVD
relevant residence times of milliseconds.
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TABLE 1 | Ionization energies of selected species relevant for this work.
m/z Formula Name 1IE (eV)
18 H,O Water 12.62 [30]
32 0, Oxygen 12.33 [31]
42 C,H,0 Ketene 9.62 [32]
58 C,H,O Acetone 9.71 [33]
82 C;H,O 2-Methlyfuran Acetylallene 8.38 [34]
9.44 [35]
100 C;H;0, Acetylacetone (enol) Acetylacetone (diketo) 8.90 [35] 9.50 [35]
CsH,,0
122 CyH,,0 2,6-Dimethylphenol 8.05[36]
164 C,,H;,0, Dimethyl-dihydroxodihydropentalene 7.29 [26]
Dimethyl-hydroxo- ketotetrahydropentalene 7.55[26]
225 Al(CsH,0,)," Fragment of Al(acac), 9.10 [37]
324 Al(CsH,0,), Aluminium acetylacetonate 8.17 [37]
2 | Results and Discussion while the signal of acetylacetone and acetone (m/z 58) appears at

First, the temperature-dependent influence of water vapour
on the Al(acac); gas phase signal, and thus concentration, is
presented, and the respective mass spectra are shown. Form
these, temperature-dependent profiles for pertinent species are
calculated and presented. Subsequently, the impact of water
vapour, along with the residence time within the reactor, is
examined. The results with oxygen are presented analogously,
although the oxygen mole fraction was kept constant.

2.1 | Gas Phase Reactions of Aluminium
Acetylacetonate With Water Vapour

Photon energies were chosen to enable detection of the chemi-
cally relevant species within the limited synchrotron beamtime
while keeping photoionization-induced fragmentation low. To
rationalize this choice, the ionization energies of pertinent
species are summarized in Table 1. Based on the previous study of
gas-phase products from Al(acac); pyrolysis by Grimm et al., [26],
temperature-dependent mass spectra were recorded at 8.25 and
9.8 eV. The lower photon energy (8.25 eV) provides near-threshold
ionization for low-ionization energy (IE) species and therefore
minimizes fragmentation, but it cannot ionize several relevant
products with higher ionization potentials. Consequently, 9.8 eV
was additionally employed to extend the detectable species range.
The corresponding mass spectra are shown in Figure 1. In both
mass spectra at 453 K, the peak intensity at m/z 324 corresponding
to the precursor Al(acac); is the highest one (the carrier gas is
not ionized at these photon energies). The mass spectrum with a
photon energy of 8.25 eV shows, in addition to the precursor peak,
another peak at m/z 170, the intensity of which increases with
rising temperature. The mass spectrum at photon energy of 9.8 eV
and temperature of 453 K shows peaks of the precursor Al(acac),,
Al(CsH,0,),* at m/z 225 and acetylacetone at m/z100. According
to the work of Grimm et al., [26] Al(CsH,0,)," is a dissociative
photoionization fragment. Up to a temperature of 698 K, the
intensities of the peaks for Al(acac); and its fragment decrease,

a temperature of 523 K, indicating the decomposition. Moreover, a
small signal at m/z 184 appears starting at a temperature of 523 K,
and its intensity increases progressively with rising temperature.
In the mass spectra recorded in the presence of water in the gas
phase, no hydrocarbons (e.g., ketenes) were detected, whereas
hydrocarbons were observed under inert conditions. This finding
confirms the results by Grimm et al., [26], who showed that
hydrocarbons species are formed during pyrolysis of Al(acac),.
Consequently, our gas-phase observations are consistent with
the findings of Kim et al., [22]. and with literature reports of
ligand-free Al, O; film growth under humid conditions. A
detailed analysis of the mass spectra and the associated peaks is
presented in the following section, along with a proposed reaction
mechanism in the presence of water.

The thermal decomposition behaviour of 5-diketonate precursors
strongly depends on temperature, influencing both reaction path-
ways and product distribution [38]. The temperature dependent
intensities are shown in Figure 2. The signal intensities for the
peaks are integrated, normalized to the initial signal of Al(acac),
at 523 K, and plotted as a function of temperature. The solid
lines illustrate the signals in pure argon, while the dashed lines
represent those with a water vapour mole fraction of 10%. The
intensities for m/z 324 representing Al(acac); initially run parallel
to each other until 673 K. From 673 to 698 K, the signal intensity
in the environment with 10% water vapour decreases, whereas the
signal in the gas phase without water remains constant, implying
faster reactions of Al(acac), with water at these temperatures.

The acetylacetone signal intensity (at m/z 100) without water
vapour decreases constantly, while the intensity with H,O rises
up to a maximum value at 673 K. Additionally, the intensity
of acetone (m/z 58) with 10% water vapour increases from a
temperature of 623 K, while the signal without H,O remains
almost constant. Both compounds are decomposition products
of Al(acac), and reaction products in the reaction with water, as
formulated for the first reaction step with water in Equation (1)
as reported by Rhoten and DeVore [24]. Obviously, the products
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are formed already at lower temperatures in reactions with water,
until some consecutive reactions lead to a drop in the intensity
of acetylacetone, while further acetone is formed. Especially the
reduction in Al(acac); concentration in the presence of H,O is
in line with the reported higher growth rates in heterogeneous
systems.

AI(C5H,0,), + H,0 = Al(CsH,0,),0H + C;H;0, (1)

Figure 3 illustrates the proposed initial decomposition step of
Al(acac); in the presence and absence of water vapour, respec-
tively. Although this scheme represents a working hypothesis that
will be evaluated in the following by the experimental results,
it may ease the understanding of the subsequent discussion.
Under inert conditions, the hydrogen transfer occurs from the
methyl group of the axial or equatorial acetylacetonate ligand
to the second axial or equatorial ligand. This intramolecular
process leads to an energetically unfavourable transition state and
results in the formation of aluminium bis(diketo)acetylacetonate-
H (m/z 224) and acetylacetone (m/z 100). Similar decomposition
pathways have been reported for other -diketonate precursors,
where acetone and related oxygenated species are formed via
ligand fragmentation [39, 40]. In contrast, the water molecule
may coordinate to the aluminium centre via its oxygen atom,
thereby weakening the Al-acetylacetonate (acac) bond. Subse-
quent proton transfer may lead to dissociation of the acc ligand
and formation of m/z 242 Al(C;H,0,),0H and acetylacetone (m/z
100) (see Equation (1) and Figure 3), however mass spectro-
metric evidence could not be directly observed. Recent studies
have shown that water can interact with -diketone ligands via
the carbonyl oxygen, leading to changes in reaction pathways
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FIGURE 3 | Proposed first decomposition steps with water vapour and without water vapour. Note that both m/z 342 and 242 were not directly

observed (given in grey), while the structure of m/z 184 could not be elucidated.

and promoting ligand transformation processes such as proton
transfer and ligand dissociation. This supports the proposed
mechanism, in which water weakens the metal-ligand bond
and facilitates acac removal [41]. The occurrence of the species
at m/z 184 can only be explained by the presence of water in
the gas phase, which accounts for the absence of a detectable
signal at m/z 242 under these conditions. Rhoten and DeVore
[24] demonstrated that acetone (m/z 58) can be formed from
the species at m/z 242, yielding a fragment at m/z 184. Figure 2
shows that the intensity of the m/z 184 signal increases while
the signal attributed to Al(acac); decreases. In addition, the
signal at m/z 58 also increases. This correlation strongly suggests
that both acetone (m/z 58) and the species at m/z 184 originate
from m/z 242. Within this framework, the species detected
at m/z 184 may tentatively be assigned to an Al-containing
intermediate with the composition AIC;H,0,, which has not been
reported previously. Consequently, the reaction mechanism in
the presence of water is proposed to proceed as illustrated in
Figure 3. Since the intermediate at m/z 224 is avoided under
humid conditions, the decomposition of the precursor proceeds
more rapidly compared to that in an inert atmosphere, resulting
in higher amounts of decomposition products such as acetylace-
tone and acetone. Moreover, the mechanism suggests that the
enhanced deposition rate is largely attributed to changes in gas-
phase reaction kinetics induced by the presence of water vapour.

To substantiate the proposed mechanism with further evidence,
Figure 2 also displays the temperature-dependent species profile
of m/z 224 and m/z 225. In the absence of water, a distinct signal at
m/z 224 corresponding to aluminium bis(diketo)acetylacetonate-
H (AlCsH,0,)(CsHg0,)), is observed at temperatures above
600 K, consistent with the findings of Grimm et al., who also
determined its I to be 6.64 €V [26]. Under humid conditions,
however, m/z 224 is not detected at any temperature. Instead,
a signal, at m/z 225 (Al(CsH,0,),") appears in the presence of
water vapour. Furthermore, Figure 1 shows that Al(C;H,0,),*
is only detected at a photon energy of 9.8 eV. The observation
of m/z 225 as a prominent fragment ion under photoionization
conditions strongly suggests its origin from Al(CsH,0,); (m/z
324). The complete absence of the corresponding dimer-related
signal Al(C;H,0,)(CsH,0,) (m/z 224) under humid conditions
suggests that the intramolecular H-transfer pathway required for
its formation is suppressed in the presence of water. Instead, the
data are consistent with a water-assisted decomposition route that
promotes acetylacetonate ligand cleavage.

These gas-phase trends agree with literature reports on Al(acac),
decomposition and deposition under humid conditions. For
example (e.g.), Kim et al., [22]. observed an earlier onset of
precursor decomposition and an increased deposition rate in
the presence of water and reported the formation of ligand
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-free AL,O; films under those conditions. In the present work,
the absence of ketenes and other hydrocarbon fragments under
humid conditions is consistent with more efficient ligand removal
pathways in the gas phase.

Importantly, thin-film properties were not measured in this
study; any implications for film composition or morphology are
therefore based on gas-phase speciation and comparison with the
literature. Furthermore, the increased acetylacetone signal in the
presence of water vapor is consistent with the mechanism pro-
posed by Rhoten and DeVore [24] (see Equation (2)), supporting
the interpretation above.

2Al(C5H,0,), + 3H,0 — ALO; + 6CsH,0, )

The signal at m/z 170 is only observed under humid conditions.
As shown in Figure 2, its normalized intensity decreases up
to ~673 K, indicating that it is associated with the low- to
intermediate-temperature chemistry in the presence of water.
Notably, m/z 170 is detected at 8.25 eV, whereas a neighbour-
ing signal at m/z 184 is only observed at 9.8 eV; however,
this photon-energy dependence alone does not allow a unique
compositional assignment because both ionization-threshold
effects and dissociative ionization can shape the observed mass
spectrum. At present, we therefore refrain from assigning a
specific structure to m/z 170. The signal may originate from an
oxygenated, water-specific reaction product and could involve
Al-containing fragments, but contributions from fragmenta-
tion of larger precursor-related species cannot be excluded. A
conclusive identification and mechanistic interpretation would
require dedicated mass-selected i*PEPICO threshold photoelec-
tron spectra (cf. ref. [27]), and complementary experiments (e.g.,
isotopic labelling), which are beyond the scope of the present
work.

After measuring and analysing the temperature-dependent mass
spectra, the influence of the water mole fraction in the gas
phase was investigated as a function of residence time and is
summarized in Figure 4 for the signals of Al(acac); acetylacetone
(m/z 100), and acetone (m/z 58). The reactor temperature is
kept constant at 648 K, because a relatively high degree of
conversion was obtained in the previous experimental series,
without having a total precursor depletion. The residence times
varied between circa (ca.) 52 and 90 ms. Without water, the
integrated Al(acac), signal falls rapidly with residence time and
remains almost constant for longer residence times. For mole
fractions of 5% and 10%, the intensity is halved with increasing
dwell time, seemingly confirming that water vapour in the gas
phase accelerates the precursor’s reaction. But the signal for
2.5% H,0 is notable compared to the others, as an increase
can be observed with increasing residence time. This could be
explained by some consecutive reaction leading to the formation
of Al(acac);, perhaps of some reaction product reacting back
with acetylacetone, as formulated in Equation (2). Thus, the
acetylacetone signal must be regarded.

For acetylacetone it is seen that the signal levels increase with the
water concentration, speeding up the reaction, while depletion
reactions of Al(acac); are obviously slow at this temperature.
Without water, the signal of acetylacetone decreases until a dwell
time of 63 ms, after which it is slightly increasing until 75 ms

and decreasing afterward. At a water mole fraction of 5%, the
initially constant signal starts to drop after 63 ms. The integrated
signal intensity at 10% H,O increases up until 70 ms, then drops
to a value of 9, which remains constant until the end. As with
Al(acac)s, a clear increase in the integrated signal can be observed
for 2.5% H,O from a residence time of 70 ms.

The signal intensity of acetone without water increases between
63 and 68 ms, after which the intensity remains almost constant.
For a 10% water mole fraction, the integrated signal changes
slightly, falling up until 65 ms and then rising to a constant
intensity. With 5% water, the intensity increases up until 55 ms,
then drops linearly to the original value. The integrated signal for
a mole fraction of 2.5% initinally drops until 57 ms and remains
constant for longer residence times. For most water mole fraction
ranges, the time dependences differ significantly from the ones
of acetylacetone or Al(acac);, so that they are not solely formed
from it and surface reactions could be involved. The results of the
flow variation experiments confirm both, our data and previous
findings. Water vapour clearly promotes the decomposition and
deposition of the precursor, particularly at tempeatures above
650 K. With an increasing water vapour mole fraction, the signals
corresponding to acetylacetone and acetone increase, while the
Al(acac), signal decreases accordingly.

2.2 | Gas Phase Reactions of Aluminium
Acetylacetonate With Oxygen

Once the temperature-dependent mass spectra of the gas phase
of Al(acac), in water vapour and argon have been investigated,
the temperature dependent influence of 10% oxygen in the gas
phase is examined, as illustrated in Figure 5 for the same two
photon energies of 8.25 and 9.8 eV. In the mass spectra at 8.25 eV,
no signals except the ones for the precursor Al(acac); can be
recognised up to a temperature of 673 K. The signal intensity at
m/z 164 representing C,,H;,0, increases up to a temperature of
873 K. At 873 K, the mass spectrum shows various hydrocarbons,
namely (i.e.) CsH,,0 (m/z 82), CgH,,0 (m/z122), C,,H,, (m/z146),

C,0H,0, (m/z164), m/z 170, and Al(acac), (m/z 324).

The mass spectra at an IE of 9.8 eV shows a peak for the
precursor at m/z 324, the characteristic peak for the dissociative
ionization of the precursor (m/z 225), acetylacetone (m/z 100),
and acetone (m/z 58) at the lowest temperature of 453 K. At 773 K,
further characteristic peaks of hydrocarbons appear, which were
previously assigned by Grimm et al., [26], i.e. C,H,0 or C;H,
(m/z 42), acetone (m/z 58), CsH,O (m/z 82), acetylacetone (m/z
100), CgH,,0 (m/z122), C,,H,,0, (m/z 164), DI of Al(acac), (m/z
225) and Al(acac); (m/z 324). The signal intensities of these peaks
increase up to a temperature of 873 K, while the intensity for m/z
324 and m/z 225 decreases.

Figure 6 shows the temperature-dependent normalized intensi-
ties for experiments with 10% O, in the gas phase (dashed lines)
and for pure Ar (solid lines). All signals were normalized to
the Al(acac), signal at the lowest temperature, where conversion
is expected to be minimal. In pure Ar, the Al(acac); signal
decreases with increasing temperature and approaches a low,
nearly constant level above ~810 K.
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In the presence of 10% O,, the Al(acac); signal initially decreases
more rapidly, but then remains approximately constant between
~510 and ~690 K at a higher level than in Ar. This non-monotonic
behaviour indicates that the apparent precursor signal is affected
by additional processes under oxidizing conditions. While oxygen
has been reported to increase deposition rates in related MOCVD
studies (e.g., Ciliberto et al., [21]), a direct one-to-one relation
between deposition rate and gas-phase Al(acac); signal cannot
be inferred from the present data. The observed stabilization
could arise from O,-involving pathways that partially regenerate
Al(acac); from reactive fragments and/or from heterogeneous
contributions such as adsorption-desorption equilibria at reactor
surfaces. At present, this interpretation remains speculative
because no corresponding intermediates can be identified from
the available spectra.

The measured signal intensities for m/z 122 show no significant
differences for the two conditions. The integrated intensities for
the species m/z 164 are nearly parallel, with the signal in the
presence of oxygen exhibiting higher values.

Acetone (m/z 58) shows no significant differences up to a
temperature of 820 K. Beyond 820 K, the integrated intensity
with oxygen as carrier gas increases significantly compared to the
signal without oxygen. This suggests that the formation of acetone
is favoured in oxygen-rich gas phase from this temperature
onward.

A clear difference between the measured values can be recognized
for acetylacetone (m/z 100). In pure argon, there is a drop in the
signal intensity starting at high levels, which can be recognized

over the entire temperature range. In contrast, with oxygen in
the gas phase, a slight increase of the low intensity signal can be
observed up to a temperature of 820 K.

No differences are evident in the data for m/z 82. For ketene
m/z 42, the integrated intensities are initially similar, but above
~700 K the signal increases more strongly in the presence of
O, than in pure Ar. This trend is consistent with additional
oxygen-assisted high-temperature pathways that enhance ketene
formation (e.g., via oxidation of precursor-derived fragments).
In contrast, below ~700 K the gas-phase signals do not show
clear evidence for an oxygen-induced acceleration of precursor
decomposition.

The comparatively stable Al(acac); signal in the presence of
O, suggests that the observed gas-phase signal is influenced by
additional processes under oxidizing conditions. One possible
explanation is an increased contribution of heterogeneous
effects (e.g., adsorption-desorption equilibria and/or surface-
mediated consumption of adsorbed precursor), which
could be consistent with the enhanced deposition rates
reported in oxygen-containing MOCVD environments (e.g.,
Saraie et al., [19]). However, the present experiment does
not provide direct evidence (e.g., surface diagnostics or
reactor-material variations) to quantify or unambiguously
separate surface and gas-phase contributions; therefore,
this interpretation remains tentative. Above ~700 K, the
oxygen case shows pronounced changes in several signals
(Figure 6), indicating that additional high-temperature
reaction channels become important. In this regime, gas-
phase oxidation chemistry is expected to play a larger role,
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FIGURE 7 | Proposed initial reaction step of aluminium acetylacetonate in the gas phase with a mole fraction of 10% oxygen, starting at 700 K.

consistent with literature on oxygen-assisted decomposition
of metal-organic precursors (e.g., Ciliberto et al., [21]).
Figure 7 illustrates a plausible oxygen-initiated step, i.e.
H abstraction from a methyl group on an acetylacetonate
ligand, which would produce HO, and an Al-containing
radical fragment along with acetylacetone. This mechanistic
proposal is illustrative and remains speculative, as characteristic
intermediates (e.g., HO,) cannot be unambiguously identified in
the present dataset. This pathway bypasses the energetically
unfavourable six-membered transition state associated
with the intramolecular proton transfer observed in the
unimolecular decomposition. Such a pathway could lower the
effective barrier relative to unimolecular decomposition and
thereby enhance overall precursor conversion under oxidizing
conditions.

The absence of a detectable m/z 224 signal may be rationalized by
the different temperature windows of intermediate formation and
oxygen-assisted chemistry. Under inert conditions, Grimm et al.,
[26] reported a maximum of the m/z 224 intermediate around
660 K. If oxygen-initiated pathways become significant mainly
above ~700 K in our experiments, this intermediate may already
have been consumed by subsequent unimolecular decomposition
and/or further reactions before the oxygen-assisted chemistry
becomes prominent, which could explain why it is not observed
here.

In comparison to reactions conducted in the presence of water
vapour, it becomes evident that hydrocarbons and ketenes are
detected when oxygen is present. This observation may explain
why only water may promote smoother and ligand-free Al,O;

films. Oxygen appears to promote faster reaction pathways and
to induce precursor decomposition at a lower temperature than
under inert conditions.

3 | Conclusion

The present investigation establishes a mechanistic framework
for understanding the influence of water vapour and oxy-
gen on the gas-phase decomposition of Al(acac);, one of the
most widely applied MOCVD precursors for Al,O; thin films.
Using temperature- and residence-time-resolved synchrotron-
based mass spectrometry, we demonstrate that the two reactants
exert fundamentally different effects on the precursor chemistry.
Water vapour weakens the Al-acac bond, thereby accelerating the
decomposition of Al(acac); and preventing the formation of the
unfavourable intramolecular proton transfer. As a result, ligand
elimination occurs more efficiently, leading to the formation
of larger amounts of acetylacetone and acetone, while pre-
venting the appearance of intermediate aluminium-diketonate
products. Moreover, no ketene species were detected, which
are typically observed under inert conditions. This mechanistic
picture provides a molecular-level explanation for previously
observed improvements in deposition rate and layer purity
when water vapour is introduced during MOCVD, while the
increased surface smoothness may be a surface reaction-diffusion
effect.

By contrast, oxygen exhibits a two-stage influence. At temper-
atures below ~700 K, the Al(acac); signal does not decrease
in the same way as in inert atmospheres but instead remains
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essentially constant over a wide range. This behaviour is consis-
tent with additional O, -involving processes that affect the appar-
ent precursor signal, e.g. through partial stabilization and/or re-
formation of Al(acac); from reactive fragments, and/or through
heterogeneous contributions such as adsorption-desorption
equilibria. Such effects may contribute to the apparent dis-
crepancy between the comparatively stable gas-phase Al(acac),

signal and the enhanced deposition rates reported for oxygen-
containing MOCVD environments. However, the present data do
not allow us to distinguish unambiguously between gas-phase
and surface-mediated contributions. At higher temperatures,
oxygen clearly promotes additional gas-phase decomposition
pathways, leading to ketene and oxygenated aromatic/aliphatic
species, highlighting the complexity of oxygen-driven chemistry
at elevated temperatures.

Taken together, these results underline that the choice of reactive
co-gases can be used to steer precursor decomposition path-
ways under MOCVD-relevant conditions. Water vapor shifts the
gas-phase chemistry toward earlier precursor conversion and
increased formation of acetylacetone/acetone while suppressing
ketene formation, consistent with more efficient ligand-removal
pathways and with literature reports of improved film purity
under humid conditions. Oxygen, in contrast, shows a stronger
temperature dependence: in the intermediate-temperature range,
the largely unchanged m/z 122 signal and the nearly parallel
m/z 164 trends (with higher intensities in the presence of O, )
are consistent with additional O, -involving channels and/or
an increased contribution of heterogeneous effects, but the
underlying mechanism cannot be resolved from the present data.
At higher temperatures, O, clearly promotes additional gas-
phase decomposition pathways. From a process perspective, these
findings suggest that controlled addition of water vapor can be
a practical lever to suppress hydrocarbon by-products, whereas
oxygen should be adjusted with care—particularly when operat-
ing in temperature windows where undesired oxidation-driven
side chemistry becomes significant. Further targeted experiments
(e.g., isotope labelling and mass-selected i*PEPICO analysis) are

needed to translate these qualitative mechanistic insights into
predictive kinetic models.

4 | Experimental Section

All experiments were performed at the vacuum ultraviolet (VUV)
beamline [42] at the Swiss Light Source (SLS) of the Paul Scherrer
Institute (PSI) in Switzerland. The reactor and diagnostic setup
remained unchanged for all measurements; only the mode of
reactant dosing was varied, with oxygen introduced as a gas,
whereas water vapour was supplied via a separate evaporation
unit. Aluminium acetylacetonate was placed in a stainless steel-
bubbler immersed in an oil bath acting as a sublimator. Argon
was flowed through the bubbler and was saturated with Al(acac),
(see Figure 8). To ensure isothermal sublimation conditions,
the oil bath was monitored with a temperature controller. A
silicon dioxide (SiO,) tube, used as the CVD reactor, had a
total length of 600 mm, an inner diameter of 8 mm, and
a heated length of 500 mm. The reactor was heated using
electrical heating tapes to maintain isothermal conditions along
the reactor length. At the reactor outlet, a heated transfer
line was installed, extending over the quartz nozzle to prevent
condensation and ensure efficient transport of the reaction
products to the downstream diagnostics. The pressures inside
the reactor and sublimator were set to 100 mbar. An evaporation
temperature of 453 K was set. Assuming a saturated gas phase,
the mole fraction of Al(acac), at the reactor inlet is 4.155 X
10~*. Owing to uncertainties in the vapor-pressure data, the
temperature stability of the sublimator, and potential deviations
from ideal saturation, the Al(acac); mole fraction is estimated
to be uncertain by approximately +25%. This uncertainty acts
primarily as a multiplicative factor on the absolute precursor
concentration and thus on the absolute signal levels. The present
analysis, however, focuses on temperature-dependent relative
trends and normalized signal intensities rather than absolute
concentrations. Moreover, the short-term stability of the precur-
sor delivery during an individual temperature sweep is expected
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TABLE 2 | Measurement Series for flow variation experiments.
Measurement
Series Xm0 [[]  Volume flow range [sccm]
1 0.1 700-1200
2 0.05 700-1200
3 0.025 700-1200
4 0 700-1200

to be significantly higher due to active temperature control of
the sublimator. Therefore, the stated uncertainty is not expected
to affect the main temperature-dependent trends discussed
here.

The reactor temperature was monitored by external thermocou-
ples attached to the reactor wall. Based on the accuracy of the
temperature controller, thermocouple calibration, and potential
radial temperature gradients, the uncertainty of the absolute
reactor temperature is estimated to be +5 K.

For the series of measurements with water vapour as the carrier
gas, a mixing chamber functioning as an evaporator (Controlled
Evaporator Mixer manufactured by Bronkhorst) was utilized.
Liquid water was fed into the chamber, mixed with argon
(99,9999% purity) to form an aerosol, and then vaporised. The
mass flows of both water vapour and argon were delivered by
Coriolis flowmeters (CFM), allowing precise control over the
amount of water and argon. A constant mole fraction of water
in argon (x;,0 = 0.1) was maintained with a total flow rate of
1000 standard cubic centimtres per minute (sccm). Based on
the accuracy specifications of the Coriolis flow meters and the
evaporator system, the uncertainty of the water mole fraction is
estimated to be within +5% relative. The temperature within the
reactor was varied (T-scan), starting from 453 K, followed by 523,
623, 673, and 698 K. After completing the T-scan, experiments
were conducted in which the volume flow and the mole fraction
of the water vapour were varied (flow-variation). The reactor
temperature is kept constant at 648 K. For clarity, the resulting
series of measurements are shown in Table 2. The volume flow of
the gas mixture was varied within the range of 700-1200 sccm in
increments of 100 sccm. The mole fractions were kept constant
by adjusting the mass flows of the carrier gas and the water
vapour in each case. This set of experiments aimed to investigate
the influence of the amount of water vapour and the effect of
the residence time inside the reactor. The residence time can be
determined by the reactor geometry and volume flow rate.

The set-up was slightly modified for the series of measurements
with oxygen as the carrier gas. Argon flows through the sub-
limator, mixing with the gaseous precursor. Oxygen was then
added to the mixture via a three-way valve. The temperature
was varied by 25 K increments, starting from 498 K up to 873 K.
The oxygen experiments were extended to 873 K to probe the
high-temperature regime under oxidizing conditions; as shown
in Figure 6, several signals continue to change significantly
above ~700 K, indicating an evolving product distribution.
Comparisons between the O,- and H,0-containing atmospheres
are therefore primarily made within the overlapping range of

453-698 K. The oxygen mole fraction was kept constant at x,
= 0.10 at a total flow rate of 1000 sccm controlled by mass flow
controllers (MFCs). Analogous to the water-vapor experiments,
the uncertainty in xq, is estimated to be within +5% (relative).
An oxygen mole fraction of 10% was selected to represent a
typical oxidizing environment for oxide MOCVD and to enable
a controlled comparison of reaction pathways across inert,
oxygen-containing, and water-containing atmospheres. Under
the present conditions, O, is in large excess relative to the
Al(acac), feed (factor ca. 240); accordingly, the focus of this study
is a qualitative comparison between atmospheres rather than
establishing a quantitative dependence on oxygen concentration.

After passing through the reactor, the gas mixture flowed through
a quartz nozzle attached to the reactor outlet, where it expanded
into a vacuum and reached a pressure of 8.3 x 107° mbar.
The resulting molecular beam was subsequently collimated by
a skimmer before entering the ionization region. Ionization was
performed using VUV synchrotron radiation, at which point the
pressure was 1.7 X 107° mbar. The measurement data recorded
in this manner were then analysed using i*’PEPICO. In all
experiments, the ionization energies were set to 8.25 and 9.8 eV.
The conditions were set to achieve a good mass resolution
(space focus), enabling better distinction between neighbouring
masses. A more detailed description of this methodology can be
found in the literature [43, 44]. From the temperature-dependent
mass spectra of the T-scan, integrated signal intensities of the
peaks can be plotted as a function of temperature. The flow-
variation experiments allow the visualization of integrated signal
intensities from the mass spectra as a function of the dwell time.
Both methods facilitate drawing conclusions about changes in the
concentration of relevant species within the reactor.
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