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A B S T R A C T   

Atomic layer deposition (ALD) has the excellent advantage of precisely controlling the thickness of thin films at 
the atomic scale owing to the self-limiting chemisorption of precursors, but its low growth-per-cycle (GPC) is a 
weakness in applications requiring thick films. Under the saturation process conditions for the self-limiting 
growth behavior in Al2O3 ALD using trimethylaluminum (TMA) and H2O, the GPC values are limited to 
approximately 1–1.2 Å/cycle in the temperature range of 80–250 ◦C. However, in the practical use of the Al2O3 
ALD, abnormally high GPC often occurs, which is generally regarded as the failure to control saturation con
ditions such as insufficient water purge. Based on comparisons of the normal ALD processes and various modified 
ALD processes with abnormally high GPC, we report that the unusually high GPC in the Al2O3 ALD is not only 
caused by the residual H2O but also due to the dimeric nature of TMA. Dimeric aggregate fragments of TMA and 
dimethylaluminum hydroxide were identified by quadrupole mass spectrometry during TMA exposure and Ar 
purge steps. This observation supports the dimeric interaction of TMA with the residual H2O.   

1. Introduction 

Atomic layer deposition (ALD) is a deposition technique to grow thin 
films via the chemical adsorption of precursor molecules [1]. ALD has 
several advantages such as outstanding conformality and precise 
thickness controllability at atomic scale owing to its self-limiting growth 
behaviour [1–3]. As the semiconductor industry demands more compact 
and miniaturized structures, ALD has emerged as an indispensable 
process for depositing ultrathin and conformal films [4–6]. ALD is often 
compared to chemical vapor deposition (CVD) in that both techniques 
chemically deposit thin films from precursor vapors in a vacuum 
chamber. Since the precursors in CVD are simultaneously supplied to the 
substrate at high temperatures, various chemical reactions occur in the 
gas phase and/or at the interface of gas and solid phases including 
thermal decomposition. However, in ALD, thin film growth is achieved 
at low temperatures only by chemical adsorption by repeating an ALD 
cycle. For binary thin films such as Al2O3, the ALD cycle generally 
consists of four sequential steps: the first precursor exposure (e.g., Al 
precursor), purge, the second precursor exposure (e.g., O precursor), 
and purge. Since each exposure of the two precursors is separated by the 
purge step to remove byproducts and residual precursors, the growth of 

the thin film is attributed to chemical adsorption and is self-limiting 
against the exposure of precursors. 

The thickness increment per cycle under saturation conditions for the 
self-limiting chemisorption is called growth-per-cycle (GPC). The GPC of 
ALD is limited by the theoretical maximum of monolayer thickness [7]. 
For an amorphous Al2O3 film with a density of 3.3 g/cm3, the theoretical 
monolayer thickness is ~2.95 Å [8]. In general, the growth rate (i.e., 
GPC) of ALD is much lower than that of CVD. Since the low GPC of ALD 
is a critical problem in industrial applications for mass production, 
various attempts have been made to overcome the low GPC by 
improving the throughput of ALD with a modified chamber design [9]. 
Gordon et al. reported an intriguing approach for rapid ALD which de
posits conformal films of silicon oxide and aluminum oxide nano
laminates with trimethylaluminum (TMA) and tris(tert-butoxy)silanol 
via catalytic insertion of silanol molecules into the Al–O bonds with a 
GPC value of 12 nm/cycle [10]. However, since GPC is inherently 
dependent on the surface chemistry of precursor molecules and the 
adsorption sites, the GPC values are usually determined by the choice of 
the ALD precursors. As another approach to achieve higher GPC values, 
exposure of multiple short-pulses, instead of a single pulse of precursor 
molecules, has been proposed to further utilize the adsorption sites 
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sterically hindered by the bulkiness of ligands [11–13]. However, the 
thickness increment per cycle by the exposure of multiple short-pulses 
cannot exceed the theoretical monolayer thickness of the material (e. 
g., ~2.95 Å for Al2O3) because the number of adsorption sites is limited 
on the surface. 

Al2O3 ALD is one of the most extensively studied processes among 
various ALD chemistries. TMA and water (or a combination of TMA and 
ozone) are the most used precursors for Al2O3 ALD. The generally 
accepted mechanism consists of two half-reactions upon exposure to 
TMA and water, respectively.  

n ⊩OH + Al(CH3)3(g) → (⊩O)nAl(CH3)3-n + nCH4(g)                        (1)  

⊩Al(CH3)3-n + (3-n)H2O(g) → ⊩Al(OH)3-n + (3-n)CH4(g)                   (2) 

where the symbol ⊩ denotes the surface species and n = 1 or 2 in general 
[14]. In the temperature range of 80–250 ◦C, the GPC values of the 
TMA/water process are approximately 1–1.2 Å/cycle under the satura
tion conditions for self-limiting growth [8,15,16]. However, in practice, 
users of ALD equipment often experience abnormally high GPC with 
poor uniformity. This is generally believed to be mainly due to insuffi
cient purge of water, resulting in CVD-like reactions [17]. Recently, 
Salami et al. reported anomalously high GPC values of Al2O3 ALD using 
TMA and water, which are more than twice the GPC value of ~1.1 Å/ 
cycle obtained under the saturation conditions [18]. The unusually high 
GPC values were observed when the TMA dose was switched to under
dosing conditions as the TMA dose was reduced while the water dose 
was held constant. Furthermore, the Al2O3 films grown under the 
underdosing condition exhibited excellent thickness uniformity as the 
films grown under the saturation conditions. They concluded that the 
underdosing of TMA produces a partially methylated surface, thus water 
molecules supplied in the subsequent step can be additionally adsorbed 
on the surface through hydrogen bonding with surface hydroxyl groups, 
and the molecular adsorption of water provides additional pathways for 
Al2O3 growth. 

On the other hand, TMA exists mostly as a dimer (Al2Me6) in vapor 
and liquid phases at room temperature since Al atoms prefer a tetra- 
coordinated structure rather than a tri-coordinated structure [19–21]. 
The dimer structure contains two penta-coordinated carbon atoms in the 
bridged methyl groups (Scheme 1a) [22,23]. Note that there are two 
kinds of methyl groups in the dimers, bridged and terminal CH3 groups. 
The dissociation energy of the dimer is ~20.2 kcal/mol (i.e., 84.5 kJ/ 
mol or 0.88 eV) [19], which is comparable to the heat of adsorption of 
water on alumina [24]. Since the dimeric TMA dissociates readily at 
higher temperatures, the average molecular weight of TMA decreases 
from the molecular weight (144.17 g/mol) of the dimer to that (72.09 g/ 
mol) of the monomer with increasing temperature. For example, the 
degree of dissociation of the dimer increases with increasing tempera
ture as follows: ~0.075 (100.3 ◦C), ~0.118 (115.0 ◦C), and ~0.340 
(155.7 ◦C) [19]. 

According to several previous reports [25–29], TMA molecules are 
chemically adsorbed forming dimeric adsorbates at low temperatures (e. 
g., room temperature) when exposed to various surfaces such as silica, 
alumina, and silicon. In addition to the chemisorbed layer, TMA also 

forms a weakly bound multilayer consisting of molecular dimers 
[25,26,29]. Salaneck and co-workers reported that the TMA adsorbed on 
Si exists as a dimer whose long molecular axis is approximately 
perpendicular to the surface [26]. Furthermore, due to the significant 
amount of dissociation energy of dimers, the multilayered TMA mole
cules can be removed by prolonged evacuation (~10 min) at room 
temperature [29]. Gow et al. reported that the TMA dimers adsorbed on 
Si at low temperature dissociate into monomers upon heating to 
300–400 K [27,28]. Moreover, Hackler and co-workers recently identi
fied the dimeric methylalumina surface species at 70 ◦C during Al2O3 
ALD on Ag from TMA and water using operando surface-enhanced 
Raman spectroscopy (Scheme 1b) [30,31]. 

Given the non-negligible dissociation energy of dimeric interaction, 
we infer that the dimeric interaction of TMA can occur on the surface 
and may affect the GPC of Al2O3 ALD using TMA and water depending 
on the process conditions. Here we systematically performed ALD se
quences which are modified to split the exposure times of TMA and/or 
water into equal pulse times while the cumulative exposure time of each 
precursor is held constant. Split exposures of TMA after sufficient water 
exposure results in higher GPC with increasing the number of splits. In 
this work, the abnormally high GPC values are discussed in terms of the 
dimeric nature of TMA. 

2. Experimental 

Al2O3 films were deposited on boron-doped Si (100) wafers (6 in., 
10.0 ohm⋅cm, LG Siltron, Inc.) in laminar flow-type ALD equipment with 
a cold-wall reactor (ATOMIC-CLASSIC, CN1 Co., Ltd.). TMA (99.999%, 
iChems Co., Ltd.) and deionized water were used as precursors of 
aluminum and oxygen, respectively. Both precursors were stored in each 
canister at room temperature and delivered to the reactor by vacuum 
without carrier gas to avoid confusion in mass spectrometric analysis. 
Since TMA has a high vapor pressure of ~8.4 torr at room temperature 
[19], surface saturation for the self-limiting growth can be achieved by 
delivering TMA without a carrier gas (see Fig. S2). The gas delivery lines 
were maintained at 100 ◦C to prevent condensation of the precursors 
before reaching the reactor. After each precursor exposure, nitrogen gas 
(99.999%, Daedong Seongdong Oxygen) was flowed at a flow rate of 
400 sccm to purge the reactor for removal of residual precursors and 
byproducts. ALD was performed in a temperature range of 80 to 250 ◦C, 
and the process temperature was calibrated with a thermocouple- 
implanted silicon wafer under an N2 atmosphere of 1 torr. 

In this work, two types of ALD processes were performed for com
parison: the normal process and the modified process. Both the normal 
process and the modified process can be expressed as:  

[(TMA − purge)x+1 − (water − purge)y+1]n                                              

where n is the number of ALD cycles, and x and y represent the number 
of splits for TMA and water, respectively (Fig. S1). Given a cumulative 
TMA exposure time (tTMA) per cycle, each TMA pulse time (t′TMA) in one 
cycle is related as t′TMA = tTMA/(x + 1). Similarly, t′Water = tWater/(y + 1) 
for water. The normal ALD process corresponds to the case of x = 0 and 
y = 0 and can be expressed as [(TMA – purge)1 − (water − purge)1]n. 
Thus, t′TMA = tTMA and t′Water = tWater in the normal ALD process. In this 
work, the normal ALD process was performed with tTMA = t′TMA = 1.2 s 
and tWater = t′Water = 1.2 s, and the purge times were 10 s. If the cu
mulative TMA exposure time (tTMA = 1.2 s) is split once (x = 1 and y = 0) 
for the modified process, it is expressed as [(TMA − purge)2 − (water −
purge)1]n, where t′TMA = tTMA/2 = 0.6 s and tWater = t′Water = 1.2 s. 
Unless otherwise stated for the modified process, the cumulative expo
sure time per cycle was 1.2 s for both TMA and water, and the purge 
times were 10 s. 

A spectroscopic ellipsometer (SE, MG-1000, Nano-View Co., LTD.) 
was used to measure the thicknesses of Al2O3 films. The spectral range of 
SE was 1.5–5.0 eV, and the incident angle of the light was fixed at 70◦. Scheme 1. Dimeric structures of TMA in gas/liquid phases (a) and on surface 

(b) reported in literatures (Me = CH3) [21,31]. 

S.-Y. Ham et al.                                                                                                                                                                                                                                 



Applied Surface Science 571 (2022) 151282

3

The native oxide thickness (~15 Å) was measured before each ALD 
process and was excluded when measuring the Al2O3 film thickness. X- 
ray photoelectron spectroscopic (XPS) analysis was performed with a 
Thermo K-alpha XPS system (Thermo Fisher Scientific) using a mono
chromatic Al Kα X-ray source. During XPS measurements, electrons were 
sprayed with a flood gun to prevent peak shifting due to the charging 
effect. For depth profiling by XPS, Al2O3 films were sputtered with an 
argon ion beam (2 keV). 

Quadrupole mass spectrometer (QMS, Dymaxion Residual Gas 
Analyzer, AMETEK) was used to monitor fragments of gaseous species 
during Al2O3 ALD. Samplings of the gaseous species from the ALD 
reactor to the mass spectrometer were accomplished using a 150 μm 
orifice, and the delivery line between them was heated to 80 ◦C to 
prevent condensation. The ionization energy was 70 eV, and the dwell 
time was set to 30 ms. For the QMS analysis, the sequence of Al2O3 ALD 
was TMA (40 s)–Ar (400 s)–H2O (40 s)–Ar (560 s), and the purge gas was 
replaced with argon because nitrogen gas has a peak overlapping with 
TMA at m/z = 28. 

3. Results and discussion 

Fig. 1 shows the thickness variation of Al2O3 film grown at 80 ◦C for 
100 cycles against the number of splits. As explained in the experimental 
section, x and y indicate the number of splits for TMA and water, 
respectively. The thickness of Al2O3 grown by the normal ALD (the data 
at x = y = 0 in Fig. 1a and b) is 112 Å (±3.3) which is in good agreement 
with previous reports [15,16]. However, in Fig. 1a wherein the TMA 
exposure time (tTMA = 1.2 s) was split x times while the water exposure 
time (tWater = 1.2 s) was not split (y = 0), thickness grown by the 
modified ALD tends to increase as the number of splits for TMA (x) in
creases, depending on how many times the cumulative TMA exposure 
time (tTMA = 1.2 s) is split. For the case of x = 3 and y = 0, the Al2O3 
thickness is ~334 Å (±21), which is three times the thickness by the 
normal process and is thicker than the theoretical monolayer thickness 
of Al2O3 (~2.95 Å). However, the uniformity of films expressed as the 
standard deviation in a 6-in. wafer is severely poor in the modified 
process. XPS depth profiles of the films grown at 80 ◦C by the normal and 
modified processes (Fig. S3) are in good agreement with the stoichio
metric ratio (O/Al = 1.5) of Al2O3. The carbon residues (1–3%) are 
observed in both thin films. Therefore, there is no significant difference 
in the composition of both thin films despite the three-fold difference in 
GPC. 

In Fig. 1b, both exposure times (tTMA = tWater = 1.2 s) of TMA and 

water were split while maintaining x = y. However, increasing the 
number of splits for water does not result in a further increase in Al2O3 
thickness comparing to Fig. 1a. This reveals that insufficient water purge 
is not the main cause of the abnormal GPC since the cumulative water 
purge time increases from 10 (y = 0) to 40 s (y = 3) with the number of 
splits for water. 

Fig. 2 compares the splitting effect of TMA exposure time at depo
sition temperatures of 80, 150, and 250 ◦C. The thickness increase by the 
split pulses of TMA was also observed at 150 ◦C similarly to 80 ◦C, but 
not at 250 ◦C. Because a high temperature of ~200 ◦C is required to 
remove water molecules adsorbed on the Al2O3 surface [24], the 
absence of abnormally high GPC at 250 ◦C raises suspicion of the 
insufficient water purge. However, this is not the case as explained in 
Fig. 3. For comparison with Al2O3 ALD, we performed ZnO ALD at 
150 ◦C using diethylzinc (DEZ) and water by the modified process in 
which the DEZ exposure time (tDEZ = 1.2 s) was split x times while the 
water exposure time (tWater = 1.2 s) was not split (y = 0). Since DEZ 
undergoes a vigorous exothermic reaction with hydroxyls and water as 
much as TMA, if residual water molecules were the only cause of the 
abnormally high GPC, the splitting effect should also appear in ZnO ALD 
at 150 ◦C. However, there was no splitting effect in ZnO ALD in Fig. 3. It 
is worth noting that DEZ, unlike TMA, has a monomeric structure in gas 
and liquid phases.[32] Thus, it reveals that the abnormally high GPC is 
related to the dimeric nature of TMA. The detailed discussion regarding 
the dimeric interaction will be presented in the following paragraph for 
QMS analysis. 

For comparison, we performed Al2O3 ALD using two combinations of 
precursors (TMA/water and TMA/O3) by modified processes. In Fig. 4, 
the TMA exposure time (tTMA = 1.2 s) was split x times while the 
exposure time of oxygen precursor (tWater = 1.2 s or tOzone = 1.2 s) was 
not split (y = 0). Unlike the TMA/water combination, the modified 
process using TMA/O3 does not result in any splitting effect on film 
thickness. According to previous infrared studies of surface reactions in 
Al2O3 ALD using TMA and ozone [33,34], surface hydroxyls are pro
duced when the TMA-pulsed surface is exposed to ozone, although the 
surface hydroxyl concentration is lower than that of the TMA/water 
process. Therefore, it can be inferred that the abnormal thickness in
crease by the split of TMA exposure time is caused by the cooperative 
effect of the dimeric nature of TMA and residual water molecules 
adsorbed on the surface, rather than the effect acting alone by the 
dimeric interaction or residual water molecules. 

As aforementioned in Fig. 1, the key steps for the abnormally high 
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GPC are TMA exposure and its Ar purge steps. To find evidence that the 
dimeric interaction and the residual water molecules cooperatively 
contribute to the unusually high GPC, mass spectra were obtained in the 
mass/charge (m/z) range of 15–145 at 80 ◦C using QMS during the TMA 
exposure and Ar purge steps (top panel in Fig. 5.). The bottom panel in 
Fig. 5 shows the magnified spectra in the m/z range of 60–140 for 
clarity, and the relative abundances of the principal fragments are listed 
in Table 1. 

Mass spectrum in Fig. 5a was obtained at 1 s after the onset of TMA 
exposure onto the hydroxylated surface which was exposed to water for 
40 s and then purged for 560 s. According to a previous report by 
Winters et al. [35], the most abundant peak from TMA was observed at 
m/z = 57 for the monomeric fragment of Al(CH3)2

+ and the dimeric 
species was detected in extremely low abundance for Al2(CH3)5

+ species 
(m/z = 129) (see Table 1). However, the spectrum (Fig. 5a) obtained 
during the TMA exposure under the presence of a hydroxylated surface 
(and residual H2O) shows some differences in the detected fragments 
and their relative abundances (Table 1). The strongest peak among Al- 
containing species in Fig. 5a was observed at m/z = ~57.5, which is 

assigned to a mixture of Al(CH3)2
+ (m/z = 57) and AlOCH3

+ (m/z = 58) 
species. The abundance of Al(CH3)3

+ (m/z = 72) was extremely low, but 
rather AlO(CH3)2

+ (m/z = 73) was detected with the second-highest 
abundance among Al-containing species. Furthermore, the dimeric 
fragment of TMA was detected at m/z = 131 rather than m/z = 129 of 
the Al2(CH3)5

+ species. The peak at m/z = 131 is believed to be due to 
the presence of Al2(CH3)4OH+ species in which the OH group is bridged 
between two Al atoms in the dimer (see Table S1). The detection of H2O 
with a non-negligible relative abundance supports the existence of re
sidual water during the TMA exposure step. 

During the TMA exposure step, the fragments of methane evolved by 
the ligand exchange reaction were observed at m/z = 15 and 16 with 
high relative abundances (see the top panel of Fig. 5a and Table 1). 
However, the methane fragments became relatively less abundant dur
ing the Ar purge step (see the top panel of Fig. 5b–e and Table 1). This 
indicates the ligand exchange reaction was almost completed before the 
Ar purge step. The dimeric fragments containing the OH group were 
additionally observed at m/z = 116.5 and m/z = 102 during the Ar 
purge. The former is assigned to a mixture of Al2O(CH3)2OH+ and 
Al2(CH3)3OH+ species, and the latter to Al2H(CH3)2OH+ species (see 
Table S1).[37–39] Their intensities decrease with the purge time (see 
the bottom panel of Fig. 5b–c). In addition, dimethylaluminum hy
droxide (DMAH) was detected at m/z = 74 due to the presence of 
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residual H2O. Halls and co-workers proposed DMAH as a side-reaction 
product between TMA and residual H2O which was responsible for the 
formation of the interfacial SiOx layer in ALD of Al2O3 on Si [36]. From 
the observations of the OH– and O-containing species in dimeric and 
monomeric fragments, it is inferred that TMA (monomer and/or dimer) 
reacts incompletely with the residual H2O in the gas phase or on the 
surface to form methylaluminoxane (MAO)-like clusters. 

MAO is a generic term for the products of incomplete hydrolysis of 
TMA. MAOs play a critical role as an activator in catalytic olefin poly
merization [40]. The formation of MAOs can be expressed as 0.5(n + m) 
Al2(CH3)6 + nH2O → (CH3AlO)n(Al(CH3)3)m + 2nCH4 where n = degree 
of oligomerization and m = number of associated TMA molecules 
[41,42]. If all TMA molecules are dissociated from MAO, its chemical 
formula is simplified to (CH3AlO)n, and the methylaluminumoxide 
(MAOx, CH3AlO) is the structural unit of MAO. Despite decades of active 
research, the structures, compositions, formation mechanisms, and 
catalysis of MAOs are still controversial [40]. However, it is generally 
accepted that MAO clusters have oligomeric structures of various shapes 
as n and m increase in the formula of (CH3AlO)n(Al(CH3)3)m. Interest
ingly, the repeating moiety (CH3AlO) of MAO is also found in the 
chemical adsorption step (Eq. (1)) of TMA in Al2O3 ALD. The incomplete 
hydrolysis of TMA in Eq. (1) is controlled by the limited number of hy
droxyl groups on the surface. However, the CH3AlO moiety is 
completely hydroxylated to form Al2O3 layers upon exposure to water 
(Eq. (2)). 

According to a recent report on the MAO formation by Glaser et al. 
[39], the incomplete hydrolysis of TMA initially results in the formation 
of DMAH (Al(CH3)2OH) as shown in Scheme 2. The structural unit 
MAOx (CH3AlO) is formed from DMAH by its intramolecular 1,2-elimi
nation of CH4. Their dimeric aggregates with TMA or another DMAH 
play the role of intermediate in the initial steps of MAO formation.[39] 
All OH– and O-containing dimeric or monomeric fragments in Table 1 
(or Table S1) can be found in Scheme 2 or be formed by fragmentation 
(see Scheme S1). This supports that the dimeric nature of TMA and 
TMAH cooperatively contributes to the incomplete hydrolysis of TMA by 
the residual H2O for the formation of MAO-like clusters. In addition, 
methane gas is evolved in several steps of the MAO formation according 
to Scheme 2 (Ref. [39]). Therefore, the methane fragments detected 
during the prolonged Ar purge step (top panel of Fig. 5b–e) may be 
attributed to the formation of MAO-like clusters as well as the ligand 
exchange reaction. 

The mass spectrum of Fig. 5b, obtained at 1 s after the onset of Ar 
purge step, shows the relative abundance of the dimeric fragment 
(Al2(CH3)4OH+) is largely reduced to <0.1 comparting to the value (4.3) 
of Fig. 5a. Considering the relative abundance was referenced to the 
peak intensity of the monomeric fragments (AlOCH3

+ and Al(CH3)2
+), 

this reduction indicates that the abundances of the dimeric fragments 
more rapidly decreases than the monomeric fragments during the purge 
step. The higher abundance of the monomeric fragments during the 
purge step is due to the dissociation of dimeric adsorbates as previously 
reported [29]. It is expected that the monomers of TMA and DMAH in 
the purging step may enable the formation of MAO-like clusters under 
the existence of residual H2O. A plausible pathway for the formation of 
MAO-like clusters by split exposure of TMA in the presence of residual 
H2O was shown as an example in Scheme S2. Even though the mecha
nism for the abnormally high GPC still remains elusive, it is inferred that 
the formation of DMAH and the dimeric interaction of the Al-containing 
species via the bridged methyl and/or hydroxyl groups contribute to the 
formation of MAO-like clusters on the surface and subsequently they are 
completely hydroxylated to form Al2O3 layers upon exposure to water. 

4. Conclusion 

The GPC of Al2O3 ALD using TMA and water was investigated by 
modifying the ALD sequence to split the TMA exposure time while 
keeping the water exposure time constant. Abnormally high GPC was 
observed at 80 and 150 ◦C, but not at 250 ◦C. When ozone was used 
instead of water, no abnormally high GPC was observed by splitting the 
TMA exposure time. In addition, there was no thickness increase by 
splitting the DEZ exposure time in ZnO ALD using DEZ with a mono
meric structure. Therefore, the abnormally high GPC is believed to be 
due to the cooperative effect of the dimeric nature of TMA and the re
sidual H2O. This is supported by the observations of the OH– and O- 
containing dimeric aggregates during the TMA exposure and purge 
steps. As a plausible pathway, we suggest that the formation of MAO-like 
clusters may be involved in the abnormally high GPC. 

Table 1 
Relative abundances of the principal fragments formed from TMA in this work 
and Ref. [35].  

Fragmentsa m/z Relative abundances 

Fig. 5a Fig. 5b Ref. [35] 

Al2(CH3)4OH+ 131 4.3 <0.1 – 
Al2(CH3)5

+ 129 – – 0.2 
Al2O(CH3)2OH+ 117 – 0.1 – 
Al2(CH3)3OH+ 116 – 
Al2H(CH3)2OH+ 102 – 0.1 – 
Al(CH3)2OH+ 74 – 0.2 – 
AlO(CH3)2

+ 73 15.9 5.3 – 
Al(CH3)3

+ 72 – – 4.9 
AlOCH3

+ 58 100 100 – 
Al(CH3)2

+ 57 100 
AlH(CH3)+ 43 – 4.7 3.4 
Al(CH3)+ 42 – 11.4 6.3 
Al(CH2)+ 41 – – 1.0 
AlH2

+ 29 – 5.3 2.3 
AlH+ 28 10.8 4.8 – 
Al+ 27 3.1 49.3 36.5 
H2O 18 5.9 < 0.1 – 
CH4

+ 16 127.6 12.1 – 
CH3

+ 15 106.3 16.3 21.3  

a Structures of the listed fragments or alternative species for each value of m/z 
were listed in Table S1. 

Scheme 2. Initial steps of MAO formation reported in Ref. [39] (Me = CH3).  
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Figure S1. Representative ALD sequences of the normal and the modified processes per‐
formed in this work.  
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Figure S2. Al2O3 thickness variation as a function of TMA exposure time. Al2O3 films were 
grown at 150 ℃ for 100 cycles by the normal process (x = y = 0).  
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Figure S3. XPS depth profiles of Al2O3 thin films grown for 100 cycles at 80 ℃ by (a) the 
normal process (x = y = 0) and (b) modified process (x = 3 and y = 0).  
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Table  S1.  Structures  of  the  fragments  and  alternative  species  for  each  value  of m/z 
listed in Table 1.  
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Scheme S1. The plausible fragmentation process for each fragment listed in Table S1.  
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Scheme S2. A Plausible pathway for the formation of MAO‐like clusters by split expo‐
sure of TMA in the presence of residual H2O.  
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