7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Self-reducing precursors for aluminium metal thin
films: evaluation of stable aluminium hydrides for
vapor phase aluminium depositiont

{ M) Check for updates ‘

Cite this: Dalton Trans., 2024, 53,
7711

3 Rita Mullins,® Michael Nolan xacde

Niklas Huster, ®and Anjana Devi
Thin films of Al as interconnect materials and those of AIN as wide bandgap semiconductor and piezo-
electric material are of great interest for microelectronic applications. For the fabrication of these thin
films via chemical vapor deposition (CVD) based routes, the available precursor library is rather limited,
mostly comprising aluminium alkyls, chlorides, and few small amine-stabilized aluminium hydrides.
Herein, we focused on rational precursor development for Al, their characterization and comparison to
existing precursors comprising stabilized aluminium hydrides. We present and compare a series of poten-
tially new and reported aluminium hydride precursors divided into three main groups with respect to their
stabilization motive, and their systematic structural variation to evaluate the physicochemical properties.
All compounds were comprehensively characterized by means of nuclear magnetic resonance spec-
troscopy (NMR), Fourier-transform infrared spectroscopy (FTIR), elemental analysis (EA), electron-impact
ionization mass spectrometry (EI-MS) and thermogravimetric analysis (TGA). Promising representatives
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were further evaluated as potential single source precursors for aluminium metal formation in proof-of-
concept experiments. Structure and reaction enthalpies with NHz or H, as co-reactants were calculated
via first principles density functional theory simulations and show the great potential as atomic layer depo-
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Introduction

Aluminium (Al) is one of the more earth abundant elements,
with huge variety of applications, ranging from simple appli-
cations like packaging material to light weight material for
aerospace applications, while being comparably inexpensive in
contrast to many transition metals or rare-earth metals." For
the microelectronic industry Al and especially Al-composite
films have become indispensable,®® with trimethylaluminium
(TMA) as one of the prominent precursors for vapor phase
deposition and the TMA/H,O as one of the most studied
atomic layer deposition (ALD) processes.'” Although the
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sition (ALD) precursors for Al and AlN thin films.

majority of Al-related chemical vapor deposition-based pro-
cesses are targeted towards the deposition of Al,O; thin
films,"" AIN and Al thin films recently have drawn increased
interest for applications in microelectronics as insulator and
wide bandgap semiconductor (AIN),"*™* gate electrode
material (Al)° or for hydrogen storage applications.'>™"”

For the fabrication of such thin films chemical vapor depo-
sition (CVD) and its above-mentioned variant ALD are the
methods of choice. Whereas Al,O; thin films and the respect-
ive processes for their fabrication are well investigated and
established, processes for the deposition of AIN and especially
Al-metal thin films are less explored and usually require
strongly reducing process conditions like NH;, N,H,, or H, co-
reactants or plasmas,'®'® owing to the highly negative electro-
chemical potential (AI*" < Al° = E° = —1.66 V).?° A strategy, pro-
viding those reducing conditions directly from the precursor
and thus avoiding rather harsh (plasma) or hazardous (NHj3,
N,H,) process conditions, is to employ Al-hydride (or alane)
complexes as precursor. For CVD and ALD of AN, the utiliz-
ation of such complexes, in the form of simple amine stabil-
ized aluminium hydrides (such as dimethylethylamine alane
or dimethylamido alane), has been reported before.>' > For Al
thin films, the reports for depositions employing aluminium
hydrides are mostly limited to CVD.>*>° Ternary material
systems like AITiN have been fabricated using alane precursors
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such as dimethylethylamine alane in combination with tita-
nium tetrachloride and ammonia.*’

A concept which should be mentioned here is the exploita-
tion of a rationally designed balance between stabilization and
directed decomposition pathways for a targeted (thermal)
decomposition during a process. Such balanced precursors
could in principle function as single source precursors (SSP) in
CVD. First reports for vapor phase depositions of Al-metal thin
films can be dated back to the mid 90’s, employing dimethyl-
ethylamine alane in CVD and laser assisted CVD as reported
by Karpov et al.>**” and Han et al.*® More recent publications
by Blakeney et al.*'? investigating alanes as precursors in ALD
are describing the deposition of Al metal thin films in a
thermal ALD process employing the diamine stabilized alane
Al(Me,NCH,CH,N'Bu)H, with AICl; as co-reactant. The growth
of Al thin films could be shown in a low temperature range of
100-140 °C, with calculated bulk resistivities of 3.03 pQ cm for
a 77 nm film deposited at 120 °C. The deposition of AIN using
[AIH,NMe,]; and NH; plasma as the co-reactant was reported
by Buttera et al. in a temperature range of 100-250 °C.*"

Following these concepts, we focused on the chemistry of
aluminium hydride complexes targeting application as precur-
sors for vapor phase deposition processes, with respect to
influence of precursor ligand and coordinationsphere on the
physicochemical properties, especially thermal properties,
combining thermal stability and high volatility, and long-term
stability for high shelf-life times.

When designing precursors for the material systems Al and
AlN, certain parameters must be considered. As Al is prone to oxi-
dation, oxygen must be avoided in the precursor’s ligand and
especially in the coordinationsphere and thus, inhibiting poten-
tial oxide formation during the process by incorporation of
oxygen atoms originating from the precursor itself in CVD
process. Hence, the focus of this comparative study lies on C and
N coordinating ligands. A further issue which must be con-
sidered is the rather low stability of AI-H bonds, which can be
addressed by stabilization through dative bonds, through intro-
duction of multidentate ligands or a combination of both.
Structural variations of sidechains and substituents can further-
more be exploited to fine-tune the thermal properties and reactiv-
ity of a potential precursor and tailor them for a specific process.

Herein, we present the synthesis and characterization of
nine different mono- and bi-dentate nitrogen coordinating and
nitrogen dative bond stabilized alanes (Scheme 1). All com-
plexes are characterized by means of nuclear magnetic reso-
nance (NMR) spectroscopy, elemental analysis (EA), fourier
transform infra red spectroscopy (FTIR) and in case of 1 and 2
by electron-impact ionization mass spectrometry (EI-MS). In the
case of compound 1, the solid-state structure was analyzed by
means of single crystal X-ray diffraction (SCXRD). Thermal pro-
perties were investigated via thermogravimetric analysis (TGA)
as well as thermal stability tests. We employed computational
methods namely density functional theory (DFT) studies to elu-
cidate the structure of selected representatives and their reactiv-
ity towards NH; and H, was investigated to gain insights for
their potential applications in ALD.
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Scheme 1 Overview of investigated Al compounds categorized into
groups by the stabilizing ligands. Structural modifications undertaken in
the ligand surroundings are highlighted in blue.

Results and discussion
Precursor synthesis

To provide a strong stabilization motif for the relatively
unstable alane scaffold, the concept of this work was to intro-
duce and investigate different ligand systems and coordination
motifs and evaluate the impact on the physicochemical pro-
perties of the resulting compounds and their applicability as
potential precursors for vapor phase deposition processes.

Herein, three different dimethylaminopropyl (DMP) based
compounds, namely the previously reported dihydride bis(di-
methylaminopropylalane) (1, [Al(DMP)H,],),** and two new
monohydride compounds dimethylaminopropylchloridoalane
(2, AI(DMP)HCI), and dimethylaminopropylmethylalane (3, Al
(DMP)HMe) were synthesized. The DMP ligand features an
excellent balance of reactivity and stabilization through dative
bonding of the amine group, which could be shown previously
for the potential TMA substitutes reported by Mai et al>**°
Furthermore, this ligand features decomposition pathways for
clean, targeted decomposition as previously shown by Zanders
et al.,*®* where DMP was employed as ligand for a zinc alkyl
reducing agent for ALD of cobalt films.

Starting from Al(DMP)Cl,, which was synthesized according
to the procedure described by Mai et al.,>**> 1 and 2 were pre-
pared via salt-metathesis reaction with one or two equivalents
of LiH, respectively. While the reactants for 1 were employed
as solids and dissolved in Et,O at —50 °C, for the synthesis of
2 a slurry of LiH in Et,O was added to a solution of Al(DMP)
Cl, in Et,O via cannula. Work-up of the crude products was
done via sublimation for the solid compound 1, and via distil-
lation in case of 2. Crystals of 1 suitable for SCXRD could be
picked directly from the sublimation finger after work-up, con-
firming and refining the previously reported structure of

This journal is © The Royal Society of Chemistry 2024
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Diimichen et al.*® Crystallographic data are given in the ESI
(Tables SI 1, SI 2 and Fig. SI 11). Compound 2 is being isolated
for the first time and it is a highly reactive liquid at room
temperature, slightly fuming at O, concentrations as low as
15 ppm, presumably under HCIl elimination, and solidifies
amorphous at —30 °C. Thus, no suitable crystals of 2 could be
isolated for SCXRD. However, the liquid aggregation is favored
for the application as precursor, ensuring constant surface for
evaporation. It is also worth mentioning, that this is the only
liquid compound among the series of starting reagent Al
(DMP)Cl,, and products [Al(DMP)H,], and Al(DMP)HCL.

Synthesis of 3 was done by treating 2 with a stoichiometric
amount of methyl lithium (MeLi) at —80 °C. It should be noted
that the stability of 3 is significantly lower than for the ana-
logues 1 and 2, resulting in rather limited proof for distinct
compound characterization. Work-up via distillation of the
liquid crude product of 3 resulted in decomposition, which
also takes place upon dissolution in dried and degassed NMR
solvents (C¢Ds, CDCl;). Thus, compound formation can only
be assumed and supported by FTIR (yarm) = 1690 cm™') as
well as "H NMR spectroscopy showing a mixture of 3 and its
decomposition product, matching to those of the free ligand
(dimethylaminopropane) and its fragments; however, a dis-
tinct signal assignment or integration was not possible due to
strong signal overlap and would have limited significance.
Considering the targeted application and the prerequisite in
terms of thermal stability, further attempts to isolate, and
characterize this compound were not undertaken. Attempts to
synthesize the amide analogue Al(DMP)(NMe,)H by treatment
of 2 with one equivalent of lithium dimethyl amide were not
successful.

As a comparative standard, the simple amine stabilized
alane trimethylamine alane (4, AlH;:NMe;) and the amides tris
(dimethylamido alane) (5, [AIH,NMe,];) and diethylamido
alane (6, AIH,NEt,) were synthesized in a conventional salt
metathesis reaction of LiAlH, and the hydrochloride of the
respective amines in a one-pot synthesis and could be isolated
in yields of 90-95% via crystallization. Procedures were
adapted from Ruff et al.>” Those compounds are fairly facile to
synthesize, but lack shelf-life and are highly reactive upon
contact to the ambient. Even though no pyrophoricity as
strong as for TMA is observed, contaminated paper tissue
starts fuming and even burning with higher amounts of com-
pound upon air contact.

For further comparison of stabilizing coordination motifs,
the all nitrogen coordinating 2-dimethylaminoethane-1-(tert-
butylamido)alane (7, AI(N‘Bu)CH,CH,(NMe,)H,), previously
reported by Blakeney et al.,*' was synthesized alongside the
dimeric methyl substituted analogue bis(2-dimethyl-
aminoethane-1-methylamidoalane) (8, [Al(NMe)
CH,CH,(NMe,)H,],) reintroducing and allowing p-H elimin-
ation, which was aggravated in the previous precursor design
of 7 by Blakeney et al. By introduction of a tert-butyl substitu-
ent, the p-H elimination decomposition pathway was blocked
for increased stability. Pushing the reintroduction of facilitated
decomposition further, the amine derivative 2-dimethyl-
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aminoethane-1-amidoalane (9, Al(NH)CH,CH,(NMe,)H,) was
synthesized. However, this compound readily decomposes,
resulting in significantly lowered yields and degradation of the
complex over time, forming a brittle foam under H, release
(Fig. SI 2). Compounds 7-9, were synthesized reacting the
respective diamine with in situ prepared AlH;3® as described
by Blakeney et al.>* While 7 could be isolated spectroscopically
pure in high yields of 92%, 8 was isolated in a significantly
lower yield of 41%, while yields of 9 are unreliable due to
limited stability and mixture of product and decomposition
by-product.

Depending on the solubility, all compounds were character-
ized via "H and "*C NMR spectroscopy. Additionally, elemental
analysis (CHN-EA) was performed, confirming the expected
composition. For the less stable compounds 8 and 9 devi-
ations of ~2% can be seen for the C and N content, which can
be attributed to self-decomposition as well as decomposition
upon air and moisture contact, as a short exposure to the
ambient is inevitable during sample submission.

Infrared spectroscopy

As a complementary analysis tool to EA and NMR spec-
troscopy, FTIR was performed, as shown for three representa-
tive cases (2, 4 and 7) of each group of stabilized alanes
(Fig. 1). As the signal of aluminium bond hydrides in "H NMR
often is significantly broadened due to coupling with the *’Al
nucleus®® and thus may differ from expected values for the
integration, or are not visible at all, FTIR can supplement com-
pound characterization, as the Al-H bond gives a vibrational
frequency signal in range of 1750-1900 cm '.>'?%* Same
applies for the less stable compounds decomposing in solu-
tion (3, 8 and 9). The respective v signals can be seen for
all investigated compounds. The vibrational modes of the
atomic structures of complexes 2, 4 and 7 can also be calcu-
lated using the aoforce program in TURBOMOLE. The Al-H
vibrational modes are at 1788.93 cm™', 1830.32 cm™' and
1770.01 cm™ " for AlH;:NMe;, AI(DMP)HCI and Al
(Me,NCH,CH,N‘Bu)H, respectively which are all comparable
to the experimental vibrational modes in Fig. 1.

Ve

2, A(DMP)HCI
4, AlH;NMe,
7, Al(Me,NCH,CH,N'Bu)H,

Transmittance (a.u.)

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 1 FTIR spectroscopy of compounds 2, 4 and 7.
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Mass spectrometry

Apart from NMR, EA and FTIR measurements, compounds 1
and 2 were investigated by means of EI-MS (Fig. 2 and
Table 1). Besides confirming the formation of the targeted
compounds, this method provides possible decomposition
pathways under harsh EI-MS conditions, although the frag-
mentation cannot be directly compared to the decomposition
that occurs during a CVD process. Especially for alanes, the
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Fig. 2 EI-MS spectra of compounds 1 (top) and 2 (bottom).

Table 1 Prominent fragments in EI-MS of compounds 1 and 2

1 2
Compound

Rel. Rel.
Fragment m/z abund. (%) mjz abund. (%)
M,]* 299.22 3.52 — —
[Al(DMP),]" 199.24  8.68 199.24  6.91
[M, — DME] 158.18  3.37 — —
M]"/[Al(DMP)CL]" — — 148.12  5.67
[M]/[A(DMP)H]"  114.11 100 114.15  3.48
[DMP]* 86.11  16.23 87.12 273
[M — NMe,]" 72.05  30.50 — —
[NMe,]" 58.08  86.22 58.08 100
[Pr]*/[NMe,]" 42.05  18.15 42.04  10.67
[AL]" 26.99  28.78 — —
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tendency of dimer formation for intermolecular stabilization
can be traced, which has been observed before for complex
1. For the dihydride 1 the expected dimer [M,]* signal at m/z
299.22 can be seen with a relative abundance (rel. abund.) of
3.52%, whereas the monomer peak [M]" at m/z 114.11 gives the
strongest signal with 100%. For 2, no dimer formation can be
seen and only the monomer [M]" signal is found at m/z 148.12,
5.67%. For both compounds a peak at m/z 199.24 is found,
most likely corresponding to a [Al(DMP),]" species, indicating
in situ ligand exchange reaction/rearrangement, as such
signals are not found in NMR, which would show character-
istic coupling effects in the respective spectrum. This shows
the versatile nature of the DMP ligand and Al(DMP)-com-
plexes, being able to rearrange and coordinate in multiple
ways, as well as form volatile decomposition products.***° For
dimer 1, a peak ([M, — DME]") at m/z 158.18 (3.37%) is found
corresponding to fragmentation of the dimer with the cleavage
of a dimethyl ethylamine fragment (DME, NMe,Et). Additional
peaks below m/z 100 can be assigned to the cleaved DMP
ligand and its fragmentation, as well as the Al metal center of
the complexes.

Thermal analysis

To evaluate the thermal properties of the synthesized com-
pounds, aiming for the potential application as precursors in
CVD and ALD, TG is an important method to determine the
thermal characteristics of a precursor. Thus, TG was con-
ducted within a temperature range from 35 to 450 °C. Fig. 3
shows the respective TG graphs divided into three groups, (a)
DMP-stabilized alanes, (b) amine stabilized and (c¢) diamine
stabilized alanes. Onsets of volatilization (T, ) were deter-
mined via 1% mass loss and are summarized in the ESI, in
Table SI 3.1 All compounds show single step evaporation,
except 9, which shows decomposition at temperatures below
100 °C. This is in good accordance with decomposition over
longer storage times (~1 week) even at —30 °C, where the com-
pound forms a “solid foam” (Fig. SI 27), most likely attribu-
table to hydride elimination of the adjacent Al-hydride and
amine-hydrogen. While such decomposition of compound 9 at
room temperature and slightly above does not favor it as a
CVD/ALD precursor, the intended concept of targeted
decomposition via hydrogen elimination can be validated.

The DMP-stabilized compounds 1-3 (Fig. 3(a)) exhibit Ty,
ranging from 56.8 °C for 3 to 87.5 °C for the chloride derivate
2, with the dimeric alane 1 in-between those temperatures
with a Ty, of 74.1 °C. The residual masses (r.m.) are found to
be within a range of 1.9 wt% for 2 to 13.1 wt% for 1, indicating
a higher thermal stability for 2, than for the dihydride 1 and
methyl-hydride 3. As an overall trend, the DMP-stabilized
alanes prove to be less volatile in direct comparison to the
amine stabilized alanes 4-6, which is expected considering the
higher molecular mass.

Among the diamine stabilized compounds (Fig. 3(c)), the
tert-butyl derivate 7 is with an onset of evaporation of 67.2 °C
and a r.m. of 2.8 wt% the most volatile and most stable repre-
sentative in this group. The methyl analogue 8 shows a higher

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 TG of compounds (a) 1-3, (b) 4—6 and (c) 7-9 in a temperature
range from 30 °C to 450 °C. Stuctures and names given as monomers
for clarity.

residual mass of 9.2 wt%, as the potential decomposition
pathway via p-hydrogen elimination at the MeN group is poss-
ible in contrast to 7, where no f-hydrogen is present at the
‘BuN group. The rapid decomposition of 9, already observed
during synthesis and storage, is also observed in TGA resulting
in a high r.m. of 61.9 wt%, while the respective T, must be
looked at critically due to the high tendency for decompo-
sition, which affects the mass loss and thus the 7, derived by
1% mass loss.

Residues inside the TG crucibles, as far as visible, have a
grey metallic appearance, hinting for the formation of Al, thus
having the potential to be used as a single source precursor
(SSP) for metallic Al thin films. To further investigate this

This journal is © The Royal Society of Chemistry 2024
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observation, SSP tests were conducted as discussed in the fol-
lowing section.

Single source precursor tests

As a preliminary test to estimate the potential use as SSP, with
respect to the intrinsic reducing capability of the Al hydrides
upon exposure to thermal stress (elevated temperatures), the
compounds were heated in a Schlenk tube under vacuum (~1
x 10> mbar). These conditions were chosen to mimic the con-
ditions in vapor phase deposition processes, where the precur-
sor is decomposed thermally, either via substrate heating
(CVD) or from energy assisted deposition techniques such as
plasma enhanced (PE-) or photo assisted ALD."" Fig. 4 shows
the representative compounds amongst each group (com-
pounds 2, 4 and 7), as synthesized and post-heating, as well as
a powder X-ray diffractogram (XRD) of the metallic deposits
collected as powder from the flask wall.

The recorded powder XRD diffractograms match the refer-
ence for Al metal (reference pattern: JCP2.2CA:00-004-0787),
confirming decomposition to form Al

These observations clearly indicate and confirm the SSP
concept reported in previous publications®®® for amine
stabilized alanes transferable to the comparable and more
stabilized compounds 1-3, 7 and 8 presented in this study.
These findings also show a high reactivity in general and more
specific towards relevant co-reactants such as NH; and H, that
could enable thermal ALD for AIN and Al thin film deposition,

. P
/ N
)?d\Cl /
o \----AlH,

2, ADMP)HCI
JCP2.2CA: 00-004-0787

4, AlHzNMe,
JCP2.2CA: 00-004-0787

7, Al(Me,NCH,CH,N'Bu)H,
JCP2.2CA: 00-004-0787

Intensity (a.u.)
Intensity (a.u.)

o l .

um‘ (200)

()

@i 00

i o @) o)
Il 1

“© 5 E) ) ) EY & ) W B & )
200) 20() 20()

Fig. 4 SSP testing of compounds 2, 4 and 7, with images of the
respective compound before and after heat treatment and powder XRD
patterns of the metallic residue.
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respectively. Thus, to substantiate this hypothesis, in terms of
structure and reactivity of these precursors, we conducted a
detailed computational study of three representative precur-
sors, namely compounds 2, 4 and 7.

Density functional theory simulations of Al hydride complexes

The structure of the three aluminium hydride complexes AlH;:
NMe; (4), AI(DMP)HCI (2) and Al(Me,NCH,CH,N‘Bu)H, (7)
were investigated using first principles density functional
theory (DFT).

Bond dissociation energies Epp for the loss of ligand, L,
were calculated using:

Egp = (EL + EpL) — Ep

The computed total energy of the precursor molecule and a
free ligand are denoted by Ep and Ej, respectively, while the
computed total energy of the precursor after loss of a ligand,
L,is Ep_r.

The relaxed geometries of the aluminium complexes are
shown in Fig. 5. The bond lengths and bond angles for all
three complexes are shown in Tables 2 and 3. All Al-H bond

Fig. 5 Atomistic structures of relaxed Al-hydride complexes from DFT:
AlH3:NMes (4), AUDMP)HCIL (2) and Al(Me,NCH,CH,NBu)H; (7). AL N, C,
H and Cl are blue, orange, brown, pink and green respectively.

Table 2 Bond lengths of the molecular structures AlHs;:NMes (4), Al
(DMP)HCI (2) and Al(Me,NCH,CH,N'Bu)H, (7) calculated using DFT

AlH;:NMe, Al(DMP)HCI Al(Me,NCH,CH,N'Bu)H,
Al-N 2.09 A¢ 2.114¢ 1.86 AN1 & 2.08 A N2
Al-H 1.62 A 1.61 A 1.62 A
Al-C 2.00 A
Al-Cl 2.17 A

“Dative Al-N bond. Empty cells are bonds that are not present in the
respective compound.

Table 3 Bond angles of the molecular structures AlHz::NMes (4), Al
(DMP)HCI (2) and Al(Me,NCH,CH,N'Bu)H, (7) calculated using DFT

Al

(Me,NCH,CH,N‘Bu)
AlH;:NMe, Al(DMP)HCI H,
H1-Al-H2  117.28° H-Al-Cl  113.37° H1-Al-H2  115.70°
H2-Al-H3  117.25° C-Al-H 121.37°  H1-Al-N1  103.88°
H3-Al-H1  117.26° C-Al-N 89.93°  H1-AI-N2  119.70°
H1-Al-N 99.64° N-Al-Cl  105.03° H2-Al-N1  103.60°
H2-Al-N 99.58° H-AI-N  102.69° H2-Al-N2  118.81°
H3-Al-N 99.65°  Cl-Al-C ~ 117.93°  N1-Al-N2 86.82°
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lengths in AIH;:NMej; are the same and the dative AI-N bond
is consistent with the value of 2.06 A from Gundersen et al.
1972."

To understand the experimental results regarding reactivity,
we consider the energetics of ligand elimination from each
precursor. The computed energies for elimination of H by
breaking the Al-H bond are 137.42 kJ mol ™", 136.37 kJ mol ™"
and 132.58 k] mol™* for AlH;:NMe;, Al(DMP)HCI and Al
(Me,NCH,CH,N'Bu)H, respectively. These are relatively low
energies, essentially identical across all Al-hydrides, suggesting
facile loss of H from each precursor.

Considering AlH;:NMe; (4), the energy required to elimin-
ate NMe; through breaking the Al-N bond is 125.92 kJ mol™*
showing, as expected from the structure of the complex, a
weaker bond is present between Al and N, which is more
favourable to dissociate compared to the Al-H bond. This is
consistent with the abundance of [NMe;]" found in the mass
spectrometry data (Table 1).

In compound 2, Al bonds to the DMP ligand through an Al-
C bond and the energy needed to eliminate the DMP ligand is
418.94 kJ mol ™", significantly higher than the corresponding
Al-H energy and suggesting a high stability of this metal-
ligand coordination. There is also an Al-Cl bond in Al(DMP)
HCI with bond dissociation energy 378.35 k] mol™* which is
more stable than Al-H but less stable than Al-C. In 7, Al
(Me,NCH,CH,N'Bu)H,, Al bonds to the Me,NCH,CH,N'Bu
ligand through N labelled 1 in Fig. 5 with a computed bond
dissociation energy 456.82 kJ mol™".

To provide an initial assessment of the chemical reactivity
of these precursors for vapor phase deposition, we consider
the interaction of the three hydride complexes with H, to
assess H, as a co-reactant. The interaction energy is computed
as:

Eini=» Ep— > Ex

where Ep and Ey are the energies of the products and the sep-
arated reactants, respectively. In Fig. 6 the atomic structures
show that the H, molecule does not react with AIH;:NMe; and
Al(Me,NCH,CH,N‘Bu)H, and we compute very weak inter-
action energies of —1.41 kJ mol™* and —3.11 k] mol ™" respect-
ively. However, H, reacts favorably with A(DMP)HCI breaking

Fig. 6 Atomistic structures of complexes AlH3:NMes (4), AUDMP)HCL (2)
and Al(Me,NCH,CH,N'Bu)H, (7) after the interaction with H,. Colour
scheme is the same as in Fig. 5.
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Fig. 7 Atomistic structures of complexes AlH3:NMes (4), AUDMP)HCI (2)
and Al(Me,NCH,CH,NBu)H, (7) after the interaction with NHs. Colour
scheme is the same as in Fig. 5.

the Al-C bond to form new C-H and Al-H bonds with a mod-
erate computed interaction energy —36.79 kJ mol™".

As a consequence, the Al-N dative bond in Al(DMP)HCI is
now shorter, changing from 2.11 A in the precursor to 2.08 A
after interaction with H,. Therefore, with H, present, complex
2 can decompose through a favorable insertion of H into the
original Al-C bond to DMP.

In Fig. 7 NH; can interact with all three precursors with
favorable interaction energies, —36.00 kJ mol™! for AlH;:NMes,
~76.95 kJ mol™" for AI(DMP)HCI and —19.51 k] mol™" for Al
(Me,NCH,CH,N'Bu)H,. The Al-N dative bond in AlH;:NMe;
breaks and Al forms a new Al-N bond with NH; making mono
(ammonia)alane.** In Al(DMP)HCI, NH; donates a H to form a
C-H bond resulting in the formation of dimethylproplylamine.
Al forms a new Al-N bond with NH, with a bond length of
1.82 A. Similarly for Al(Me,NCH,CH,N‘Bu)H,, N1 forms a new
N-H bond and Al forms a new Al-N bond with NH, of 1.85 A.
This results in the formation of N,N-dimethyl-N'-(2-methyl-2-
propanyl)-1,2-ethanediamine. Compared to H,, NH; is shown
to be a more reactive reducing agent with these Al complexes,
which therefore shows some promise for AIN deposition.

Conclusion

In this study we targeted aluminium hydrides as potential
single source precursors for chemical vapor phase deposition
processes of Al metal, with the scope of improving the lack of
thermal stability in existing Al complexes, through ligand
stabilization. Three different ligand classes were chosen,
namely small alkyl amines, dimethylaminopropyl and dia-
mines. The significant impact of coordination sphere and
ligand design on the complexes stability and intermolecular
coordination behavior is demonstrated from comparative FTIR
and NMR analyses. Thermal decomposition and residual mass
analysis yielded metallic aluminium as the main decompo-
sition product, indicating the potential for the targeted appli-
cation as CVD precursor. This was further confirmed by DFT
simulations, where in addition to the relaxed geometries of
the complexes, bond dissociation energies were computed,
giving insight into favored decomposition pathways. To assess
the potential as a possible ALD precursor, reaction enthalpies
for reactions with H, and NH; were calculated, revealing NH;
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as the more reactive potential co-reactant for all three investi-
gated compounds. With this study we aim to highlight the
great potential of stabilized aluminium hydrides as a currently
underestimated precursor class for chemical vapor phase
deposition processes, especially for the more sensitive material
systems Al and AIN. Future work will focus on validating these
exciting results in ALD process development for Al and AIN
thin film deposition.

Experimental
Precursor synthesis and characterization

All reactions and handling of air- and moisture sensitive com-
pounds were carried out under dried argon atmosphere (Air
Liquide, 99.995%) using conventional Schlenk techniques.
Glassware were baked out and silanized prior to use. Sample
preparation for further analysis was carried out in an Argon
filled glovebox (Mbraun). All commercially available chemicals
were used without further purification. Solvents were dried by
a solvent purification system (MBraun) and stored over mole-
cular sieves (4 A) under an argon atmosphere. NMR-solvents
were degassed and dried over activated molecular sieves (4 A).

Starting reagents were prepared as described in literature.
Al(DMP)CI, was synthesized following a route described by
Mai et al.** Literature known compounds, either for compari-
son or for first time thermal evaluation were synthesized
according to the respective reported procedures: compound 7
was synthesized as described by Blakeney et al.,*' and 4-6 fol-
lowing the procedure reported by Ruff et al.>”

NMR-spectra were recorded on Bruker Avance III 300 and
referenced to the internal solvent signal (C¢Ds). Spectra ana-
lysis was done with the software MestReNova v10.0.2-15465
from Mestrelab Research S.L. Elemental analysis (EA) was per-
formed on an Elementar Vario Micro Cube. Electron-impact
ionization mass spectra (EI-MS) were recorded at the
RubioSpec Service Center of the Ruhr-University Bochum with
a Varian MAT spectrometer at an ionizing energy of 70 eV. IR
spectra were recorded on a FTIR spectrometer Spectrum Two
by PerkinElmer placed in an argon filled glove box, utilizing
an UATR Two ATR-unit by PerkinElmer. Thermogravimetric
analysis (TGA) was performed on a Netzsch STA 409 PC at
ambient pressure (sample size ~ 10 mg), with a heating rate of
5 K min™" (N, flow rate = 90 sccm), placed in an argon (Air
Liquide, 99.995%) filled glovebox (SylaTech). In the DFT calcu-
lations, all structures were fully optimized with no symmetry
constraints using the TURBOMOLE suite***> of quantum
chemistry programs. All calculations were performed with the
PBE exchange-correlation functional*® and a polarized triple {
basis set (def-TZVPP).*”*® The SCF convergence criterion was
set to 107° Ha and a medium (m3) grid was used for the
integrations.

Bis(3-dimethylaminopropylalane), {{Al(DMP)H,],}, (1)

The procedure from Diimichen et al®’ was adapted and
slightly modified 1.0 g of Al(DMP)CI, (5.43 mmol, 1 eq.) and
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86 mg of LiH (10.87 mmol, 2 eq.) were filled in a Schlenk
flask, cooled to —50 °C and cold diethyl ether (Et,O) was
slowly added under stirring. The reaction mixture was warmed
to room temperature (RT), stirred for 20 h and subsequently
refluxed at 45 °C. Precipitated solids were filtered off and the
solvent was evaporated in vacuum. The remaining colorless
solid was purified via sublimation at 45 °C, yielding 375 mg
(60%) of spectroscopically pure product. Crystals for SCXRD
were collected directly from the sublimation finger.

"H NMR (250 MHz, C¢De): § (ppm) = 4.21 (s, 2H), 1.90 (t,
2H), 1.83 (s, 6H), 1.57 (p, 2H), 0.50 (t, 2H). **C NMR (75 MHz,
CeDg): 6 (ppm) = 63.5, 45.5, 22.5. EA: calc. (%): C: 52.15, H:
12.25, N: 12.16 found: C: 51.97, H: 12.24, N: 13.68. m.p. =
55 °C.

Chloro[3-(dimethylamino)propyl]alane, AI(DMP)HCI, (2)

The synthesis of compound 5 was performed following the
synthesis route adapted for compound 4. To a solution of 3.0 g
of Al(DMP)Cl, (16.3 mmol, 1 eq.) in Et,0, a slurry of 285 mg
LiH (35.86 mmol, 2.2 eq.) in Et,O was added at —50 °C. The
solution was warmed to RT and stirred for 20 h followed by
one hour reflux at 45 °C. Precipitated solids were filtered off
and the solvent was evaporated in vacuum, leaving a colorless,
oily residue. The product was isolated via distillation in
vacuum (~10~> mbar) at 45 °C, yielding 2.05 g (82%) of a spec-
troscopically pure colorless oil.

"H NMR (250 MHz, C¢Dg): 6 (ppm) = 4.35 (s, 1H), 1.89 (br,
2H), 1.82 (br, 6H), 1.37 (br, 2H), 0.25 (t, 2H). *C NMR
(75 MHz, C¢Dg): 6 (ppm) = 62.9, 44.8, 21.2, 20.5. EA: calc. (%):
C: 40.14, H: 8.76, N: 9.36 found: C: 40.22, H: 8.44, N: 9.75. IR
(Cm_l): Ycn) = 2937, V(Al-H) = 1822, 5(C7H) =1467, YicnN) = 1015.

Stability for the following compounds 3, 8 and 9 is very
limited, especially in solution, resulting in ambiguous NMR
data, and slightly higher deviations in EA.

Methyl[3-(dimethylamino)propylJalane, A(DMP)HMe, (3)

To a solution of 1 g of compound 2 (6.68 mmol, 1 eq.) in
20 mL of Et,0, 4.39 mL of 1.6 M MelLi in Et,O (7.02 mmol,
1.05 eq.) was added dropwise at —80 °C. The solution was
warmed to RT and stirred for 20 h. Precipitated solids were fil-
tered off and the solvent was evaporated in vacuum leaving
458 mg (53%) of a colorless liquid. The product was analyzed
as obtained. Attempts for further purification via vacuum dis-
tillation resulted in decomposition of the product, leaving a
viscous colorless oil. The fast decomposition can also be seen
in NMR, as the compound decomposes in solution over time.
Thus, NMR signals given below are accompanied by signals
close by corresponding to by-products resulting from
decomposition.

"H NMR (250 MHz, C¢Dg): 8 (ppm) = 3.81 (br, 1H), 2.29 (qq,
1H), 2.00 (br, 5H), 1.92 (t, 2H), 1.69 (s, 4H), 1.57 (p, 2H), 1.23
(br, 2H), 0.89 (t, 2H), 0.22 (br, 2H), 0.04 (br, 1H), —0.52 (s, 3H).
3C NMR (75 MHz, C¢Dq): 6 (ppm) = 63.0, 45.5, 22.9. IR (cm™):
Yc-n) = 2910, Vl-n) = 1690, 5(C—H) = 1460, Vc-N) = 1184, Vic-n) =
1028.
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1-(Methylamido)-2-(dimethylaminoethyl)alane, [Al(NMe)
CHZCHZ(NMeZ)HZ]Z, 8)

To a slurry of 619 mg LiAlH, in 60 mL Et,0 (16.31 mmol, 3
eq.), a solution of 725 mg AlCl; (5.44 mmol, 1 eq.) in 20 mL
Et,O was added dropwise at —50 °C and stirred for 30 min
while warming to RT. Subsequently the mixture was cooled
down to —50 °C and a solution of 2.0 g of N,N,N'-trimethyl-
ethylendiamine (19.57 mmol, 3.6 eq.) in 20 mL of Et,O was
added dropwise. The reaction mixture was stirred overnight,
and the precipitated solids were removed via filtration followed
by solvent extraction in vacuum. The product was isolated
without further purification yielding 1.06 g (41%) of a white
solid.

"H NMR (300 MHz, C¢D¢) § (ppm) = 2.69 (s, 3H), 2.08 (s,
6H). >C NMR (75 MHz, C¢D¢) 6 (ppm) = 57.3, 51.1, 48.1, 41.6.
EA: calc. (%): C: 46.14, H: 11.62, N: 21.52 found: C: 44.10, H:
10.91, N: 20.92. IR (em™): yic_p) = 2966, V(c-) = 2867, V(al-m) =
1744, 5(C—H] = 1457, yc-n) = 1280, ycn) = 1148, y(c-n) = 1086,
Vio-n) = 1020.

1-(Amido)-2-(dimethylaminoethyl)alane, Al(NH)
CH,CH,(NMe,)H,, (9)

Compound 9 was prepared in an analogous procedure like
for compound 8 using 718 mg LiAlH, (18.91 mmol, 3 eq.),
840 mg AlCl; (6.30 mmol, 1 eq.) and 2.0 g of N,N-dimethyl-
ethylendiamine (22.69 mmol, 3.6 eq.). Precipitated solids
were removed via filtration and the solvent was evaporated
in vacuum. The product was isolated without further purifi-
cation yielding 2.17 g (83%) of a white solid. It should be
stated that the stability of 9 is rather limited and it slowly
decomposes at RT, forming a brittle foam under H, release.
Hence, yield is referring to collected white solid and not
necessarily the desired product. Further analysis vie NMR
showed only decomposed residues of the product. 'H NMR
and *C NMR measurements resulted in decomposition of 9
in solution and thus no reliable NMR data could be
obtained.

EA: calc. (%): C: 41.37, H: 11.28, N: 24.12 found: C: 38.91,
H: 9.45, N: 22.73. IR (em™'): yc-m) = 2835, V(al-n) = 1768, Yaln)
=1660, 6(CfH) = 1459, Vic-N) — 1272, Ve = 1064, Ve = 1022.
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