¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

A mass spectrometrical surface chemistry study
of aluminum nitride ALD from tris-dimethylamido
aluminum and ammoniaf

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5, 9259

 Houyem Hafdi, @22 Jonas Lauridsen,” Oscar Alm,°
©and Henrik Pedersen () *?

Pamburayi Mpofu,
Tommy Larsson

Dialkylamido compounds, such as tris-dimethylamido aluminum (TDMAA, Al(NMe,)s) and tetrakis-
dimethylamido titanium (TDMAT, Ti(NMe,)s) are interesting precursors for depositing nitrides using
atomic layer deposition (ALD) due to their high volatility and reactivity at low temperatures. In this study,
we explored surface chemistry using mass spectrometry and discovered that the surface mechanisms
involved B-hydride elimination and ligand decomposition, as well as transamination and hydrogenation
reactions which facilitate ligand exchange. This is mainly based on the —N(Me), and HN(Me), detected
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during both TDMAA and NHsz pulses, and CH,4 signals detected during the NHz pulse stage. The expected
reductive elimination of the two dimethylamido ligands, via a direct nitrogen—nitrogen coupling reaction was
not observed, suggesting that it is less thermodynamically favorable compared to reduction by NHs. Arrhenius
analysis between 150 and 300 °C found activation energies (E,) = 27-30 kJ mol™! and pre-exponential
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1. Introduction

As atomic layer deposition (ALD) processes continue to be
developed, the necessity for investigating reaction mechanisms
remains important to understand both new reaction chemis-
tries and existing processes. Thus, studying reaction mechan-
isms is crucial for identifying appropriate reactions to achieve
desired materials and material combinations, especially as thin
films in device structures reach thicknesses achievable within
just a few ALD cycles." The trend towards shrinking device
dimensions necessitates, for example, the deposition of thinner
films within higher aspect ratio holes and vias. In this context,
ALD is an ideal method for depositing conformal films as it
operates through two consecutive self-limiting reactions that
take place between a gaseous precursor and the solid substrate,
depositing a thin film through iteratively executing these
surface reactions.

Aluminum nitride (AIN) is a wide-gap semiconductor known
for its wide bandgap of around 6.2 eV,> a thermal conductivity
comparable to that of metals of 285 W m~ ' K ', a high melting
point of 2750 °C, and electrical resistance of 10"* Q cm, making
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factors (A) = 3-5 s~ for the reaction between TDMAA and NHs.

it a highly promising material for utilization in micro- and
optoelectronic applications.®> ALD of AIN typically relies on
trimethyl aluminum (TMA) and ammonia (NH;3) as
precursors.”” The deposition of AIN from TMA, with alumi-
num-carbon bonds, often suffers from carbon impurities and
an efficient carbon-cleaning surface chemistry is needed.®
Precursors with aluminum-nitrogen bonds could possibly
reduce this problem when depositing AIN. The homoleptic
amide precursor tris(dimethylamido)aluminum(ur) (Al(NMe,)s,
TDMAA), is therefore an interesting alternative, but it is less
explored for ALD.” TDMAA has been used for AIN in thermal®
and in plasma ALD® with NH; as a co-reactant but neither
theoretical nor experimental surface reaction studies for ALD of
AIN from TDMAA have been reported to date.

The dimethylamido ligand has been extensively used for ALD
of titanium nitride (TiN) in the tetrakis(dimethylamido)-
titanium(wv) (Ti(NMe,),;, TDMAT) precursor. TiN is a commonly
employed diffusion barrier material'® known for its hardness,
refractory properties, and boasts a bulk resistivity of 20 pQ cm.?
The decomposition and reaction mechanisms of TDMAT have
been extensively studied."*™* Another study on gas phase decom-
position and reactions of different tris(dimethylamido) pre-
cursors, utilizing Fourier transform infrared spectroscopy and
molecular beam mass spectrometry found that gas-phase decom-
position of tris(dimethylamido)stibine (TDMASb) leads to the
production of several stable products™ including methylmethyl-
eneimine (MMI), dimethylamine (DMA), and methane (CH,).
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These species are analogous to the pyrolysis of tris(dimethyl-
amido)arsine (TDMAAs) and tris(dimethylamido)phosphine
(TDMAP)." Therefore, one could hypothesize that TDMAA could
have a similar gas phase chemistry to these precursors.

To the best of our knowledge, no earlier study has investi-
gated or described a detailed reaction mechanism for TDMAA,
making its surface chemistry less understood. Studies of other
dimethylamido precursor can provide insights into the TDMAA
surface chemistry. Hence, in this study, the surface chemistry
of TDMAA for ALD of AIN was investigated for both plasma and
thermal ALD, with NH; as the co-reactant, using mass spectro-
metry. Comparisons between TDMAA and TDMAT was also done
to probe similarities between the possible reaction pathways of
the two dimethylamido precursors.

2. Experimental details

A hot-wall Picosun R-200 Advanced ALD reactor, equipped with
a Litmas remote inductively coupled plasma (ICP) source, was
used for deposition. The reactor operated at 4 mbar with a
continuous flow of 400 scem high-purity N, (99.999% with
further drying using a getter filter) into the chamber, which
was also used as the purge gas. TDMAA and TDMAT from
Sigma-Aldrich (both < 100%) were sublimed at 120 °C and
60 °C respectively, and vapor was drawn by opening a valve to
the low-pressure reactor. The thermal processes used NHj
(AGA/Linde, 99.999% and further purified by a getter filter) as
the nitrogen precursor whereas the plasma ALD processes used
a plasma discharge in a mixture of 75 sccm NH; and 100 sccm
Ar (99.999% and further purified by a getter filter). The ICP
plasma source was located approximately 75 cm above the
substrate and ignited the plasma with a 2800 W plasma power.
Prior to deposition, approximately 2 cm x 2 cm Si(100)
substrates were cleaned with acetone and isopropanol for
10 minutes each to remove surface contaminants before
blow-drying them with N, gas. To avoid unwanted effects, the
reactor was conditioned by doing long passivation runs of
either nitrogen/NH; plasma or thermal treatment in N, flow
for at least 24 hours while maintaining it at 4 mbar operating
pressure and 150 °C on both substrate and wall temperature.
In situ quadrupole mass spectrometry (QMS) for gaseous
species measurements was conducted using a Hiden Analytical
HPR-30 residual gas analysis (RGA) vacuum process sampling
system that includes a HAL 201 RC mass spectrometer in
multiple ion detection (MID) mode and bar scan mode with
the Faraday detector (source voltage for electron impact ioniza-
tion set at 70 eV to ensure efficient reactant molecule fragmen-
tation). The mass spectrometer is placed approximately 80 cm
from the main reaction zone (substrate stage). It is important to
acknowledge that the surface-generated species detected in the
QMS analysis may arise from all surfaces in the reactor. Given
that the reactor wall surfaces are relatively much larger than the
substrate size, species originating from the walls can signifi-
cantly impact the measured signal. To guarantee that all
identified reaction products stem from reactions occurring
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at a consistent temperature, it is essential to maintain uniform
temperatures across both the walls and substrate. In this study,
temperatures were standardized at 150 °C to ensure that the
measured reaction products were representative of reactions
taking place.

The system was differentially pumped and the operating
pressure during typical measurements is kept in the order of
10~° mbar to enable mean free paths that allow collisionless
particle transport of the ions from the orifice to the detector.
The bar scan measurements covered a mass range of 1 to
50 atomic mass units (amu), which was suitable for detecting
all relevant masses while maintaining a high scanning speed.
To analyze the formation of reaction products and the utiliza-
tion of reactant species, a series of MID measurements were
carried out. The MID-scan involved five complete ALD cycles
(both precursor and reactant pulses).

The measurement procedure for the process involved mon-
itoring mass-to-charge (m/z) values in the same pressure ranges
simultaneously. This monitoring encompassed three distinct
sets of measurements: five ‘background’ ALD cycles with no
precursor, co-reactant or plasma power turned on; five ‘normal’
plasma ALD cycles with both precursor and co-reactant and five
‘normal’ thermal ALD cycles. Selected m/z values were chosen
from the bar scans to make up MID scans based on similar
pressure ranges for easy comparison e.g., grouping them as
m/z = 15 and 16; m/z = 29 and m/z = 42, 43, 44 and 45.
By structuring the measurement procedure in this manner,
all sets of cycles were designed to induce similar pressure
fluctuations as those experienced during a standard ALD cycle.
This approach aimed to minimize any potential impact of
pressure variations on the measured signal, ensuring a more
accurate assessment of the process dynamics and reaction
products. The obtained data was analysed using MASsoft 10
(Hiden Analytical) software.

3. Results

3.1. Film growth

Fig. 1 and 2 show that the TDMAA and NH; surface reactions
are self-limiting, suggesting that reactions should produce
atomic layer controlled growth of AIN films. The strong
increase in growth per cycle (GPC) at temperatures above the
temperature window for both plasma and thermal processes
indicates that the deposition in those temperature regions is
governed by a decomposition chemistry with a significant gas
phase component, i.e., decomposition of the TDMAA precursor.
TDMAA is a dialkylamide precursor and since the thermal
stability of dialkylamides is generally limited, substrate tempera-
tures must be kept below the decomposition temperature.'® For
TDMAA, the decomposition temperature is at least 250 °C, if we
consider data points outside of the temperature window where
‘CVD-like’ growth starts to occur (Fig. 1b and 2b). The growth
rate of the AIN films was slightly above 1 A per cycle for the
plasma process and approximately 0.8 A per cycle for the
thermal process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Saturation curves for the plasma process, showing the effect of the TDMAA pulse time and the NH3 plasma pulse time on the GPC (a). The plasma
process growth dependence on process temperature is shown in (b) while film thickness dependence on number of cycles, showing no nucleation delay,

for the plasma process is illustrated in (c).

Fig. 2(a) shows that the thermal process, just like the plasma
process, has a low temperature window which is, however,
slightly narrower.

The linear trend lines show that no incubation cycles are
required before nucleation begins from ALD cycles versus film
thickness in both processes (Fig. 1c and 2c). The fact that the
fitted curve intersects the thickness axis above the origin
suggests that the TDMAA based processes have substrate-
enhanced growth. This can occur if the number of reactive
sites on the substrate is higher than on the ALD grown film."”"*
The GPC is then high at the very start of the deposition. For all
processes, based on the respective saturation curves, 4 s pulse
time for TDMAA was used while NH; pulse time was kept at 12 s.

3.2. Reaction products

Several species, summarized in Table 1, were detected during
the ALD process as illustrated in Fig. 3. The main species
included:

(i) Dimethylamine (NMe,, DMA), i.e., the intact ligand, with
m/z = 44. The protonated ligand, i.e., HNMe, with m/z = 45 was
also detected.

(if) N-Methyl methyleneimine (CH;N—CH,, MMI) with m/z = 43.
MMI is a likely product from decomposition of the dimethylamido
ligand.

© 2024 The Author(s). Published by the Royal Society of Chemistry

(iii) Methane (CH,) with m/z = 16. Methane can be released
as a byproduct during the decomposition and reaction of
TDMAA with NH, species. The formation of methane may also
occur through the cleavage of bonds within the TDMAA mole-
cule, i.e., ligand decomposition. It should be noted that nitride
processes with NH; adds uncertainties to the interpretation of
the m/z = 16 signal, as it can also be NH, from NH; decom-
position/ fragmentation in the QMS.

Mass spectrometry species from an electron impact energy
of 70 eV show that the detected ions primarily consisted of
fragments from the effluent molecules, with no portion of the
spectrum representing parent molecular ions. This is illustrated
in Fig. 3 for both the plasma and thermal processes in compar-
ison to the background where no parent precursor is pulsed.

DMA is characterized by known peaks at m/z = 45, 44, 30
(HNCH;"), and 15 (CH;").>* The presence of peaks at m/z = 28
(N=CH,"), 27, and 26 is indicative of N-methylmethaneimine
(MMI, CH;N=CH,).>> MMI can also be identified by the peak
at m/z = 43 or 42 (CH,—N-CH,")."* Additionally, a fraction of
the peak at m/z = 15 (CH;") may result from the fragmentation
of MMI, a common byproduct from the decomposition
of dimethylamido-metal precursors.'>'>?*** Therefore, in
low-temperature ALD utilizing TDMAA, it is important to con-
sider possible reactions in the gas phase or on the surface that

Mater. Adv, 2024, 5, 9259-9269 | 9261
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Fig. 2 Saturation curves for the thermal process, showing the effect of the TDMAA pulse time and the NHz pulse time on the GPC (a). The thermal
process growth dependence on process temperature is shown in (b) while film thickness dependence on number of cycles, showing no nucleation delay,

for the thermal process is illustrated in (c).

Table 1 Observed m/z signals from TDMAA, and their corresponding fragments

mjz Fragment Comment

2 H," Reaction product: NH; decomposition

14 N*/N,**/CH," Carrier gas/ligand decomposition

15 NH'/CH;" Co-reactant/ligand decomposition

16 NH,"/CH, Co-reactant fragmentation®/ligand decomposition'®
17 NH;* Co-reactant

18 H,0" Residual water vapor: outgassing

27 HCN' Intermediate reaction product

28 N,'/N=CH," Carrier gas/ligand decomposition

29 N,'/NCH;" Co-reactant/ligand decomposition

30 C,He"/HNCH," Ligand decomposition

43 (CH,)=N(CH,)" Disproportionation or decomposition reaction
44 N(CHs),"/CO," Unprotonated ligand/ambient

45 HN(CH3)," Protonated ligand, hydrogenation®!

could result in the formation of MMI since MMI should be
reactive towards the surface. The signal at m/z = 18 is assigned
to H,0", residual water vapor could be present in the reactor
chamber given its background pressure of 4 hPa or introduced
with the TDMAA precursor which was loaded in a stainless-steel
container in a glove box but inserted in the ALD reactor in air.
This handling could expose the TDMAA briefly to air. Although

9262 | Mater. Adv, 2024, 5, 9259-9269

mass spectrometry data predominantly show DMA as a major
product from the ligand, distinguishing between gas phase
decomposition reactions and surface reactions poses a challenge.
Competitive reactions could also result in the formation of addi-
tional byproducts such as MMI and CH, as will be explained
later. Additionally, another species, hydrogen cyanide (HCN),
was detected at m/z = 27 during the process, while cyanide (CN),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Bar scan spectra showing the background (green) with no pre-
cursor, co-reactant or plasma power turned on and detected masses
during ALD cycles when TDMAA and NHz were pulsed at 150 °C for the
plasma (violet) and thermal (red) processes. Small mass offsets in m/z
values on the horizontal axis were introduced for visual clarity.

reported as a decomposition product in ALD of TiN from TDMAT,>
was not detected.

When time-resolving the evolution of reaction products
from Fig. 3, DMA-related species m/z = 44 and m/z = 45 were
initially chosen based on prior research and existing knowledge
for alkylamido precursors.>” This is illustrated in Fig. 4.

Evolution of selected additional significant intermediate spe-
cies (m/z = 16 and 29 assigned to CH, and HN—CH, respectively)
(Fig. 5), show that CH, is only released during the NH; pulse in
both thermal and plasma processes while HN—CH, is released
during the NH; pulse only in the plasma process.

3.3. Comparison to TDMAT

TDMAT is a well-studied precursor and has been used extensively
for TiN deposition.""**?%?>*” The suggested main decomposition
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mechanisms for TDMAT shown in Fig. 6 can be summarized as:
(i) B-hydride elimination, where a hydrogen atom located on the
B-carbon (adjacent to the Ti metal center) is eliminated. Subse-
quently, a double bond between the f-carbon and the adjacent
atom is formed, resulting in the creation of hydride species and
N-methyl methyleneimine (CH;N—=CH,);*® (ii) an intramolecular
insertion metallacycle generation reaction®® which results in the
formation of a metallacycle Ti-C-N ring, that can participate in
consecutive reactions and (iii) the transfer of a proton (trans-
amination and hydrogenation)'®*' to a dimethylamido group,
leading to the formation of dimethylamine.

These species are formed as intermediates during the
decomposition and reaction processes involving TDMAT on
Si. Generation of methane (CH,) during the gas phase decom-
position of TDMAT at elevated temperatures (>350 °C) was
proposed to be a gaseous radical disproportion reaction.*°

We carried out a mass spectrometric survey scan to see the
residual reaction species and by-products leaving the ALD
reactor during TDMAT-NH; processes (Fig. 7a and b). The
main residual species from the reactor (other than co-reactant
NHj3, carrier gases N and Ar, and residual H,0) are CH,/NH,,
and the signals corresponding to m/z = 27, 29, 30, 42, 44 and 45.
Considering that m/z = 44/45 to be the main reaction products,
we studied and monitored their evolution with time as illu-
strated in Fig. 7c and d. It can be noted that both m/z = 44/45
signals are detected but with higher intensity during the NH;
pulse compared to the TDMAT pulse. A similar observation was
made during the TDMAA-NH; process.

4. Discussions

AIN growth from TDMAA and NHj, is likely similar to the much
more researched TDMAT and NH; for ALD of TiN.'**! we
therefore did thermal- and plasma ALD experiments with
TDMAT for comparisons to TDMAA. From the mass spectra
in Fig. 7(a) and (b), we note prominent peaks around m/z = 44
signalling DMA as well as m/z = 16, 27, 29 and 30 which we also

a) Plasma b) Thermal
150 °C TDMAA pulse  NH; pulse mz-44 1150 °C TOMAApulse  NH;pulse [
£l E)
& &
o ?
2 2
A I3
Q | _ ~—
Iy N - N NN e A e
g ~— \R N A \— S
o
0 200 400 600 800 1000 o 200 400 600 800 1000
Time (s) Time (s)

Fig. 4 Main reaction products (m/z = 44 and m/z = 45) created during the plasma (a) and thermal (b) processes at 150 °C probed and monitored over

time by the mass spectrometer.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv,, 2024, 5, 9259-9269 | 9263


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00922c

Open Access Article. Published on 28 October 2024. Downloaded on 10/30/2025 1:26:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a)

TDMAA pulse NH; pulse miz = 29 plasma

m/z = 29 thermal
)
&
g
=
(71
0
<
Q.
s
=
©

i ul 1\1 N . -

F —

T T T T
0 200 400 600 800 1000

Time (s)

View Article Online

Materials Advances

b)
TDMAA pulse  NH; pulse m/z =16 plasma
m/z = 16 thermal
Bl
&
(]
=
=]
7]
n
e ‘
Q.
E ‘ L
5 AN A A I\
c I ; ‘ ‘
‘ | I
T T T T
0 200 400 600 800 1000

Time (s)

Fig. 5 Mass spectrometric time behaviour of other detected species m/z = 29 (a) and m/z = 16 (b), during five AIN growth cycles in plasma and thermal

processes.
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Fig. 6 The main proposed gas-phase decomposition pathways as applied to TDMAT.

identified in the TDMAA-NH; process. Looking at how TDMAT
and TDMAA compare in the mass spectra, we believe that the
reaction mechanisms for TDMAA are the same or at least very
similar to the ones for TDMAT. In literature,'® TDMAT has been
suggested to decompose and react through an insertion-
elimination reaction or a hydrogenation reaction leading to a
transamination exchange, consisting of an attack on the Ti
centre of TDMAT by the N lone electron pair of ammonia (H,N-
H). This reaction is characterized by elimination of -N(CHj),
ligands at m/z = 44 or 45 (as dimethylamine) and insertion of
ammonia (as NH,) where a proton is transferred to a dimethyl-
amido group, which leaves as dimethylamine."®

As was observed in TDMAA, complex surface reactions and
intermediates do take place in TDMAT-NH; process as well,
including the release of methane (m/z = 16) and signals at m/z =
27 and 30. However, the outstanding question at this point is
the source of nitrogen in the deposited AIN films. There are two
possible sources: TDMAA and NH;. It is also important to
note that results of TiN deposition with TDMAT and NH; as

9264 | Mater. Adv,, 2024, 5, 9259-9269

precursors, from isotopic labelling studies have concluded that
all of the N in a ‘clean’ TiN thin film is derived from NH; via an
intermolecular process®®* which facilitates transamination.
We believe this could be the case as well for the TDMAA-NH;
process, even though mass spectrometric results alone cannot
drive us towards that same conclusion.

4.1. Reaction mechanisms

4.1.1. Main reaction products. Based on the main reaction
product intensities monitored at 150 °C in Fig. 4, we propose that
HN(CH3), is liberated both during the TDMAA pulse, and during
the NH; pulse. This is supported by analogous results regarding
the reaction mechanism in the plasma-assisted ALD process of
TaN, using similar ligand precursors, Ta(NMe,); and H, plasma®?
and thermal ALD of TiN from Ti(NMe,), and NH;>"** and can be
illustrated through transamination exchange reactions:

2||-NH* + Al(N(CHs),); — [-NLAIN(CH;),* + 2HN(CHs),(g)
1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Bar scan spectra showing detected masses during ALD cycles when TDMAT and NHs are pulsed at 200 °C during a plasma process (a) and a
thermal process (b). Mass spectrometric time behaviour of detected N(CH3z), (m/z = 44) and HN(CH3), (m/z = 45) during TiN growth from TDMAT and
NHz at 200 °C for a plasma process is displayed in (c) while the thermal process is displayed in (d).

H—NzAIN(CH:;)Z. + 4/3(NH3)(g) - ”—NzAINHZ.
+ 2HN(CH3),(g) + 1/6N,(g) (2)

Additionally, it has previously been suggested that the N-C
bond on the ligand can only be broken at elevated tempera-
tures, or by using plasma, leading to loss of the entire intact
ligand." The combination of a weak metal-N bond and high
volatility in metal alkylamides generally facilitates effective
deposition at lower temperatures.*” Our results are in line with
this as we only detect the assumed ligand decomposition
product, NCH;", with m/z = 29, during the NH; plasma pulse
(Fig. 5a). This activation process is occasionally achieved using
plasma®® containing hydrogen, or nitrogen radicals (NH,
plasma in this case). Presumably, NH; undergoes oxidation
during the reaction process to produce molecular nitrogen®” as
a byproduct, reaction (2). The oxidation of the reducing agent is
a key step in the overall reaction mechanism, where it plays a
role in facilitating the reaction with the metal center and the
formation of AIN.

Because HN(CHj3), is detected during both TDMAA and NH;
pulses, (Fig. 4a and b) while CH, is only detected during the
NH; pulse (Fig. 5b), it is reasonable to assume that CH, evolves
as either a ligand decomposition (illustrated later in reaction
(7))," or a reductive elimination product, that has possibly

© 2024 The Author(s). Published by the Royal Society of Chemistry

undergone hydrogenation reactions upon interaction with
NH;,*? which acts as an atomic H source and this reaction
pathway can be illustrated as follows:

[|-N,AIN(CHj;),* + 4H® — ||-N,AINH,* + 2HN(CHj3),(g)
+ 2CH,(g) )

It is worthwhile to note that it’s difficult to conclude if the
detected signal at m/z = 16 is CH,", NH," or a combination
of both.

4.1.2. Intermediate species. When dimethylamine radicals
(N(CHj3),*) from the main reaction products are released into
the gas phase, they can potentially undergo a disproportiona-
tion reaction,” resulting in DMA (HN(CHj),) and MMI
(CH,=—N-CH3;) which were both observed at m/z = 45/44 and
43 respectively, and illustrated by reaction (4).

N(CH;)," + N(CH;),* — HN(CH,),(g) + CH,~—N-CHj,(g)
(4)

Dimethylamine radicals can also produce CH;N (observed at
m/z = 29) and methyl radicals (m/z = 15) upon collision with
charged particles, reaction (5). Methyl radicals that can recom-
bine to form ethane (m/z = 30). Dimethylamine can further
decompose’ to HN—=CH, (m/z = 29) and methane (m/z = 16)
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during the plasma process, illustrated by reaction (7) and
shown in Fig. 5 for TDMAA and CH, in Fig. 7(a) and (b) for
TDMAT.

N(CH;),® —» N-CH; + CH;* (5)
(6)
HN(CH;), — HN=CH,(g) + CH,4(g) (7)

CH;® + CH;3* — C,Hg(g)

Additionally, mass spectral data indicates the presence
of B-hydride elimination mechanisms if we consider that
m/z = 43 (CH,=—N-CH3) corresponds to the products from the
B-hydride elimination reaction as shown by previous TDMAT
studies,"™'*?%?>7*7 further split off*® giving out methane (m/z =
16) and HCN (m/z = 27) as follows:

CH,=N-CH; — CH,(g) + HCN(g)

(8)

This scenario underscores the dynamic characteristics and
complexity of alkylamido based chemical reactions and the
various pathways that may unfold when their active radicals are
introduced into a gas-phase setting.

It is important to acknowledge that the presence of plasma
necessitates consideration of dissociation and recombination
reactions, as they may have a significant impact on the deposi-
tion process.®” Furthermore, dimethylamine radicals can parti-
cipate in reductive coupling and elimination reactions®®
leading to the formation of tetramethylhydrazine, highlighting
their further potential role in the complex gas phase chemistry.

)

The recombination of two dimethylaminyl radicals to pro-
duce tetramethylhydrazine is a potential reaction pathway, that
has been seen in other alkylamino precursor reaction mechanism
studies.>® However, tetramethylhydrazine was not detected as a
product in our study. We assume that the formation of a hydrazine
from the reductive coupling of two amido ligands in the TDMAA
molecule is hindered when NHj; is introduced into the reaction

N(CH3;),* + N(CH3),* — (CHj3),N-N(CHj3),(g)

View Article Online
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mixture. Instead, the presence of NH; promotes the reductive
elimination by hydrogenation of the dimethylamido ligands,
leading to the production of the corresponding amine, which in
this case is DMA. This phenomenon can be explained by NH;
acting as a competing reactant or coordinator in the reaction
system. NH; may interact with the Al metal center or the ligands,
altering the reaction pathway and favoring the hydrogenation
process over the reductive coupling to form hydrazine. As a result,
the formation of hydrazine is suppressed, and more dimethyla-
mine is produced due to the increased hydrogenation of the amido
ligands. In a way, the presence of NH; influences the reaction
selectivity by shifting the equilibrium towards the hydrogenation
pathway, thereby affecting the overall product distribution in the
decomposition and reactivity of TDMAA.

4.1.3. Overall mechanism. The proposed reaction and film
growth mechanisms between TDMAA and NH; from observed
signals is illustrated in Fig. 8. The unprotonated and proto-
nated ligand with m/z = 44 and 45 detected during the TDMAA
pulse suggest that the first half reaction of TDMAA on the
presumably -NH, terminated surface is a ligand exchange
whereas the second half cycle is a transamination reaction
resulting in the protonation and release of the ligand which
can possibly decompose in the gas phase, forming a variety of
intermediate species, and retaining the initial NH,-terminated
surface.

4.2. Reaction kinetics

A kinetic analysis of the reaction with NH; on a TDMAA
terminated surface by an Arrhenius analysis is shown in Fig. 9:

From Fig. 9, activation barriers were calculated using the
Arrhenius equation, which connects the rate constant of a
reaction to temperature and activation energy. The Arrhenius
equation is expressed as:

k = A.e—E/RT)

where k is the rate constant, A is the pre-exponential factor,
E, is the activation energy, R is the gas constant, and T is the

H,C CH

3 3 CH
N Hsc\N CHy  HC
| |
Al
HiC /" '\ CHs H
' t
H,C  CH, :

N |
|
/AI
NH, NH, WO
= =
TDMAA pulse

% /
e o
/ /
[ HsC Ny /C H,

CH;, H,C CH,
W W
| ) HN=CH,
x . CH,
A \\\ “‘
N ,
Nle //" -
NH, NH,
i

Fig. 8 Anillustration of the AIN ALD showing TDMAA reacting with an NH,-terminated surface, emitting protonated and unprotonated dimethylamine
gas from two of the protonated ligands, leaving the surface terminated in aluminum dimethylamide, completing the first half of the reaction. In the
second half, the introduced ammonia removes the surface bound dimethylamide as dimethylamine gas that can also undergo ligand decomposition
releasing methane and other intermediates, retaining the initial NH,-terminated surface. With purging in between, this completes one ALD cycle, and the
process can be repeated any number of times to achieve the desired thickness.
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Fig. 9 Arrhenius plot for NH3 reaction on a TDMAA-terminated surface,
emitting dimethylamine, in plasma (black line) and thermal (red line)
processes, during the NHsz pulse. Straight lines (not shown) represent a
weighted linear fit to the data, from which the corresponding Arrhenius
parameters were drawn.

temperature in Kelvin. To extract activation barriers from
experimental data, we conducted kinetic measurements at
different temperatures, monitoring changes or decay in partial
pressure over time to determine the rate constants. By plotting
the natural logarithm of the rate constants (Ink) against the
inverse temperature (1/7), a linear relationship was observed,
allowing us to calculate the activation energy from the slope of
the Arrhenius plot. The slopes and intercepts reveal activation
energy and frequency factor values at the different tempera-
ture regimes. The activation energy is around 27 k] mol™* and
30 kJ mol ™" while the frequency factor is around 3s ' and 55"
for the plasma and thermal process respectively, during the
NH; half reaction on a TDMAA-terminated surface.

5. Conclusions

We utilized mass spectrometry to investigate the reaction
mechanisms involved in plasma and thermal ALD of AIN using
Al(NMe,); and NH;. The formation of different gaseous mole-
cules was demonstrated by the different m/z values detected,
and the reaction products during the growth of AIN were
identified. The QMS pattern was dominated by HNMe,-
related species. Several reactions were observed including the
expected hydrogenation to dimethylamine, -hydride elimina-
tion to N-methyl methyleneimine, decomposition to methane
and hydrogen cyanide. During the exposure to Al(NMe,);, the
detection of the reaction product HNMe, indicated its inter-
action with the surface groups formed from the NH; ambient,
leading to the detection of HNMe, and CH,, mainly formed
during transamination exchange and hydrogenation-reduction
reactions respectively, and CH,~—NMe through disproportiona-
tion reactions, as the main reaction products. NH; plasma
exposure resulted in the presence of molecular nitrogen and
further ligand fragmentation, thereby limiting the expected

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ligand dissociation and radical combination reactions. NH;
molecules within the plasma also triggered transamination
exchange reactions, leading to the generation of the anticipated
reaction product, HN(CH;3),. A comparison with the well-
studied TDMAT-NH; process showed similarities, leading us
to conclude that the reaction of Al(NMe,); with NH; falls into
the general class of metal nitride deposition processes known
as transamination reactions.
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