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Trimethylaluminum (TMA, Al(CH3)3) is one of the most
commonly used metal-organic sources in various industries.
It is an important precursor for the preparation of III-V
compound semiconductors1 and has been used in catalytic
applications for a long time.2 More recently, TMA has been
the main metal precursor for atomic layer deposition
(ALD) of high dielectric gate oxide Al2O3 in real device
integration.3 Because of its importance in the microelec-
tronics industry, numerous theoretical and experimental
studies have been performed to characterize Al2O3 films
grown by ALD with TMA and various oxygen sources.4

In particular, the Al2O3 ALD process using TMA and
water has been extensively studied and the reaction
mechanisms are now well understood.

Due to its inherent high reactivity and volatility, O3 is
currently under investigation as an alternative oxygen precur-
sor for ALD applications. One of the motivations for using
O3 is the desire to greatly reduce the incorporation of
impurities, such as hydroxyl ions (OH-) in the resulting
film.5 Some studies have reported superior structural and
electronic properties for metal-oxide films deposited using

O3 sources in comparison to those deposited using H2O.6

However, under similar reaction conditions, the growth rate
of O3-based ALD is often lower than for H2O and decreases
with higher deposition temperature. The difference in ALD
efficiency between O3 and H2O suggests dramatically dif-
ferent reaction mechanisms and surface chemistry.

Despite the interest in and importance of O3 as an ALD
oxygen source, the surface reaction mechanism is not well
understood. On the basis of cluster model DFT calculations
and mass spectroscopy measurements, an initial report by
Schröder and co-workers7 suggested that O3 reacted with
surface dimethylaluminum (-Al(CH3)2) leading to release of
ethene (C2H4), which ultimately produced surface hydroxyl
groups in preparation for reaction with TMA. Subsequent
work by Elliott et al.,8 combining experimental O3/TMA
ALD and DFT simulations also adopted a O3 surface reaction
pathway leading to the desorption of C2H4, proceeding from
an initial reaction step involving the oxidation of surface
methyl groups. They concluded that the relative O3 ALD
growth rate behavior could be attributed to an inhomoge-
neous -OH surface distribution and the thermal desorption
of H2O at higher temperatures. Recently, Goldstein and
George presented a preliminary study using IR spectroscopy
to investigate surface reactions during O3/TMA growth of
Al2O3 on nanopowders.9

Here, we study the initial Al2O3 growth mechanism using
ozone and identify the formation of an intermediate that bears
on the relative efficiency of O3 as an ALD precursor. Using
in situ transmission Fourier transform infrared spectroscopy
(FTIR), formate is detected after ozone exposure (second
part of the TMA/O3 ALD cycle), resulting from the further
oxidation of surface methoxy groups. To support the
observed IR band assignments, vibrational calculations using
the density functional theory (DFT) code DMol3 are carried
out,10 using all-electron calculations with the gradient-
corrected PBE11 functional along with a double numeric
polarized basis set (DNP). The vibrational modes associated
with O3 ALD surface structures are calculated using fully
periodic Al2O3 surface models, as well as simple cluster
models, for comparison with experimental data.12

The initial reaction mechanisms are inferred from vibra-
tional spectra as follows. First, the intensity of the sharp
Si-H stretching mode at 2083 cm-1 (not shown in Figure
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1) is observed to decrease by ∼80% after the first TMA
pulse, confirming that TMA chemically reacts with the
atomically flat H-terminated Si(111) surface as previously
reported.13 Second, the absorption of the methyl deformation
mode (observed at 1215 cm-1 with a shoulder at 1206 cm-1

in Figure 1a) is a useful indicator of the bonding environ-
ment. According to a single unit cell cluster calculation, the
CH3 umbrella mode of Si-O-Al-CH3 is ∼6 cm-1 higher
than that of Si-Al-CH3. This suggests that Al-CH3 of TMA
is attached to Si atoms either directly or through O atoms.
The oxygen insertion, as evidenced also by a broadband
around 1000 cm-1 (Si-O and Al-O bonds) has been
attributed to oxidation of gas phase TMA by residual water
inside of the reactor or in the source. The strong modes at
770 cm-1 and 1248 cm-1 are assigned to the rocking and
symmetric deformation modes of methyl groups bonded to
Si, respectively, suggesting that methyl groups from TMA
can react directly with Si during the initial cycle. Such methyl
groups are very stable and most likely cause for C contami-
nation of the interface as discussed below.

The ozone reaction with Si-CH3 and Si-Al-CH3 (or
Si-O-Al-CH3) are indeed different as evident after the first
full cycle (labeled “1c”) in Figure 1a. Ozone attacks the
surface Al-C bond, as evidenced by the disappearance of
the (O)Al-CH3 band at 1206-1215 cm-1, but does not
eliminate the Si-CH3 bending mode at 1248 cm-1, which is
merely shifted toward ∼1270 cm-1 because of the oxygen
insertion into all three Si backbonds. This indicates that a
complete (∼1 ML) interfacial oxide layer has been formed,
as confirmed by the presence of SiO2 phonon modes in the
1000-1200 cm-1 region. This oxide phonon band is
disrupted after each TMA pulse (see intensity loss in spectra
“1.5c” and “2.5c”) because of the chemical bonding between
the surface Si-O-Si matrix and TMA.

For comparison, a H/Si(111) surface was exposed to the
same amount of ozone. The integrated area of the resulting
SiOx band was found to be similar to that formed by ozone
exposure of a previously TMA-exposed H/Si(111) surface.
The presence of a partial methyl layer therefore does not
significantly prevent silicon oxidation by ozone.

The presence and evolution of sharp vibrational modes in
the 1200-1700 cm-1 spectral region upon sequential TMA
and ozone exposures provide information for understanding
the reaction of O3. Figure 1b shows the differential IR spectra
of the subsequent 19th TMA and ozone exposure. Upon
ozone exposure, several new bands are observed to ac-
company the quenching of the -Al(CH3)2 bending mode at
1217 cm-1. A weak band at ∼1470 cm-1 indicates the
presence of methoxy species (-Al(OCH3)2) on the surface
after an ozone pulse. Importantly, two strong bands at ∼1400
and 1610 cm-1 give clear evidence for the presence of
formate (-OOCH) at the surface.9 The band at 1610 cm-1

is assigned to the asymmetric OCO stretching vibration,
whereas the band at ca. 1400 cm-1 is composed of sub-
bands at 1405, 1385 and 1360 cm-1. Those bands are
assigned to OCO deformation, CH in-plane bending and the
symmetric OCO stretching vibration of the formate species,
respectively.14,15 At 300 °C, the formate species can de-
compose to gas-phase CO, producing OH groups on the
surface (discussed below).16 These hydroxyl groups out of
the formate decomposition are most likely the origin of the
OH stretching band at 3750 cm-1 after each ozone pulse.

To support these assignments and rule out other known
surface species, we have carried out periodic and cluster-
based calculations. Figure 2a shows the calculated vibrational
density of states from periodic Al2O3 surface models and
Figure 2b shows the computed vibrational frequencies with
corresponding intensities from cluster adsorbate models,
along with the experimental spectra (top panel) for com-
parison. The shaded vertical areas represent characteristic
wavenumber regions and are included to facilitate compari-
son between the experiment and theory. The surface species
considered in the calculations include methyl -Al(CH3)2 (red
bar), methoxy -Al(OCH3)2 (yellow bar), formate -Al(OOCH)
(gray bars) and hydroxyl -Al(OH)2. Comparison of the
observed IR spectra with the computed spectra for both the
periodic (Figure 2a) and cluster models (Figure 2b) supports
the assignments made here. The predicted frequencies for
the -Al(CH3)2 umbrella modes at 1211-1240 cm-1 can be
compared with the observed frequency at 1217 cm-1. The
computed frequencies of 1473-1483 cm-1 for the methoxy
species correspond to the -Al(OCH3)2 deformation seen in
the IR at 1470 cm-1.

As shown in Figure 2, only the formate surface structure
is predicted to have vibrational modes at both ∼1400 and
1610 cm-1. The symmetric and asymmetric OCO stretching
vibrations are calculated to be at 1350 and 1622 cm-1,
respectively, in good agreement with experimental values
(1360 and 1610 cm-1). In general, there are two different
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Figure 1. (a) In situ differential FTIR spectra of H/Si(111) exposed to
sequential pulses of TMA (0.5c, 1.5c, 2.5c) and ozone (1c, 2c, 3c) at
300 °C up to the third ALD cycle and (b) the differential spectra of the
18.5th referenced to that of the 18th cycle (TMA, red curve) and the 19th
referenced to that of the 18.5th cycle (ozone, black curve).
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formate-aluminum bidentate geometries: a chelating struc-
ture, in which each formate binds to a single Al center, and
a bridging structure, where a formate bridges between two
Al centers. The computed νas(OCO) and νs(OCO) modes
were comparable for these two possibilities. However, the
CH in-plane bending vibration for the chelating structure was
ca. 100 cm-1 lower than for the bridging structure. The
δ(CH) vibration is observed at 1385 cm-1 which corresponds
to the calculated bridging formate mode at 1393 cm-1.

Our analysis conclusively shows that a major intermediate
in the O3 ALD reaction pathway at TMA derived Al2O3

interfaces is the bidentate bridging formate species. Upon
O3 exposure, possible initial surface reaction products include
Al-OCH3 and Al-CH2OH species. Our calculations show that
methoxy is the thermodynamically preferred product by 1.54
eV, in agreement with previous work by Elliott et al.8

Formate is a known intermediate in the catalytic decomposi-
tion of methanol over metal-oxide catalysts.17 Interestingly,
methanol adsorption on metal-oxides leads to the formation

of surface methoxy species, similar to those produced during
the initial Al2O3 ALD process. The formation of formate
during Al2O3 ALD may be enhanced as O3 has been shown
to dissociatively adsorb on acidic oxides such as Al2O3

evolving O2 and depositing reactive atomic oxygen,18 which
can readily react with coadsorbed methoxy forming formate
at 300 °C. As summarized in Table 1, the characteristic O3

ALD formate wavenumbers reported here compare well with
those measured in previous studies of the catalytic decom-
position of methanol over Al2O3 substrates.14,17

Unaided, formate can decompose along two pathways,
resulting in release of either CO or CO2. Acidic oxides such
as Al2O3 are believed to selectively promote the dehydration
of formate to CO and H2O; particularly in cases where there
is an oxygen deficiency in the surface layer.19 The previously
proposed O3 ALD reaction mechanism7 was largely moti-
vated by the detection of a signal of mass 28 u upon O3

exposure, interpreted to be due to loss of C2H4. However,
CO also has a mass of 28 u. A recent mass spectroscopy
study by Kessels and co-workers20 examined the related
TMA/O2-plasma ALD process. They determined that in the
O2-plasma half-reaction, CO, CO2, and H2O were the main
reaction products.

The results presented here corroborate and extend initial
efforts9 to critically examine the key species in the O3/TMA
ALD process. The reaction mechanism for O3 ALD is much
more complex than might be assumed. Ligand oxidation to
formate and subsequent decompositon to volatile COn species
results in active O depletion of the growing Al2O3 film,
severely limiting the final surface hydroyxl density.
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Figure 2. Periodic model vibrational density of states (VDOS) (a) and cluster
model IR calculations (b) of each surface structure. The top differential
spectra are the same experimental data as in Figure 1b.

Table 1. Observed and Calculated Vibrational Frequencies (cm-1)
and Band Assignments for the O3/TMA ALD Surface Formate;

Experimental Data for Formate from Other Al2O3 Surfaces
Included for Comparison

Al2O3/MeOH

obsd calcda ref 14 ref 17a ref 17b mode

1360 1350 1368 1378 1377 νs (OCO)
1385 1393 1395 1393 1394 δ (CH)
1610 1622 1600 1596 1597 νas (OCO)

a PBE/DNP calculated frequencies of a 2×2 Al2O3 supercell with
OOCH adsorbate in bridging mode.
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