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Unveiling surface reactivity: the crucial role of auxiliary ligands in
Gallium amidinate-based precursors for Atomic Layer Deposition

Eva Pugliese,>® Damien Coutancier,? Paul-Alexis Pavard,? Julien Hervochon,? Bram van der Linden,%¢
Nicolas Casaretto,? Sophie Bourcier,? Geoffrey Pourtois,® Muriel Bouttemy,¢ Audrey Auffrant,® and
Nathanaelle Schneider®*

Two novel gallium precursors for Atomic Layer Deposition (ALD), LGaMe, and LGa(NMe;), with L = N,N’-di-
tertbutylacetamidinato, were successfully synthesised from a carbodiimide and gallium trichloride. The compounds were
characterised by NMR spectroscopy and HR-mass spectrometry, confirming their monomeric nature. Their surface reactivity
under ALD conditions with H,O and H,S co-reactants was explored using in-situ quartz crystal microbalance (QCM)
measurements. LGaMe;, bearing methyl ligands, was found to inhibit film growth, with deposition halting after three cycles.
In contrast, LGa(NMe.), facilitated the successful growth of films using both H,O and H,S leading to Ga,0; and Ga,S;
respectively, as confirmed by additional thin film ex-situ characterisation.This study underscores the critical role of auxiliary
X ligands (here Me or NMe,) in determining ALD process efficiency, and emphasises the complexity and unique nature of

surface chemistry compared to solution-phase behaviour.

Introduction

In homogeneous organometallic catalysis, functionalised hybrid
ligands are of utmost importance to tune the electronic and
steric properties of the metal.'™™ Generally, the reaction
employs a precatalyst of the type [LMX] where L is a
functionalised ligand, M the metal centre, and X an auxiliary
ligand. In the reaction conditions this precatalyst is transformed
into the active species, through the modification of the X ligand,
often a halide, which can be substituted by an hydride,>® or a
carbon-based group’'?, with in some cases a change in the
oxidation state of the metal. The catalytic process can also be
initiated by the migration of the X group, as in polymerization
involving a coordination-insertion mechanism where X is
generally alkoxide or an amide.’3-1> But in all those cases, the
functionalised multidentate ligand remains intact and it is
essential for the catalysis as its strong interaction with the metal
participates to ensure optimal catalytic properties and in some
cases stereoselectivity.1¢1° However, the fate of the
functionalised ligand may not be similar in surface chemistry. In
the field of surface organometallic chemistry, heteroleptic
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complexes of the LMX type generally react with a silica surface
by release of the X anionic ligand.2° In Atomic Layer Deposition
(ALD), organometallic compounds are used as metal atom
sources. The ligand design has the essential function of tuning
the volatility, stability and surface reactivity of the metal
complex. The use of heteroleptic complexes has gained growing
interest in recent works, thanks to the dissymmetry they
induce, often associated to a better volatility and reactivity.2!
Amidinate ligands are already present in different commercial
ALD precursors and are subject of numerous studies on the
development of novel precursors.22-25 Most commonly, they
are used in homoleptic complexes, mainly with different first or
second row transition metals (Co, Ni, Fe, Zr, Cu, Mn, Mo, Sn, Ca,
...), 26735 but also in combination with cyclopentadienyl ligands
in the case of the large lanthanide ions (La, Ce, Gd, Dy, Er, ...).36~
39 The surface reactivity of heteroleptic complexes has been
investigated either by computational models?34° or also in
combination with operando mass spectrometry.3® The ligand
lability of complexes bearing an amidinate and alkyl ligands has
also been studied using ex-situ solid-state NMR (SS-NMR), with
findings in agreement with homogeneous catalysis principles.*!

Gallium oxide (Ga,0s) is a wide-bandgap semiconductor
with significant potential in applications such as power
electronics, UV photodetectors, and transparent conductive
oxides, attributed to its high breakdown voltage, excellent
thermal stability, and electrical properties.*2~#* Gallium sulphide
(GayS3), another promising wide-bandgap material, has
attracted attention for optoelectronic and catalytic
applications, particularly in light-driven processes, due to its
tunable bandgap and favourable electronic characteristics.*>47
Both Ga,0s and Ga,Ss are polymorphic and have been
synthesised using various techniques, but the growth of
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stoichiometric species with controlled phase remains a
significant challenge.

ALD is particularly advantageous in this context, as it enables
precise control over composition, phase, and thickness. Recent
efforts to fabricate Ga containing films using ALD, mostly Ga,Os,
GaN, GaP and Ga,S, have relied on a limited number of gallium
precursors, namely trimethyl*¥%2 and triethylgallium,>0.63-79
gallium chloride,®%-83 tris(dimethylamido) gallium (TDMAG),34-%0
and gallium acetylacetonate,®® highlighting the need for new,
optimised precursor molecules. As pointed out earlier,
amidinate ligands, known for their thermal stability and
tunability, have shown promise as components in precursor
design.

In this study, we explore the ALD chemistry of gallium amidinate
complexes to address the challenges associated with the
growth of Ga,0; and Ga,Ss thin films. We developed two novel
amidinate gallium complexes as precursors for the ALD of GaS,
and GaO, materials. Their reactivity, which could not be
expected from assumptions based on solution chemistry,
prompted us to perform a mechanistic study based on mass
evolutions followed by Quartz Crystal Microbalance (QCM), thin
films characterization and modelling by Density Functional
Theory (DFT).

Results

Synthesis of the Ga-based metal-organic compounds

Dagorne et al. have described the synthesis of a series of
sterically crowded amidinate gallium dichloride and dimethyl
complexes by reaction of the gallium chloride with the
preformed amidinate reagent, followed by reaction with
Grignard reagent.®? To achieve a volatile and thermally stable
complex, we employed a small nucleophile (CHs™) and a
symmetric carbodiimide without a-hydrogens on the nitrogen
atoms, while ensuring sufficient steric hindrance to protect the
metal center; therefore, N,N’-Di-tert-butylcarbodiimide was
selected. Inspired by this, we synthesised LGaCl, with L= N,N’-
steps  from di-
tertbutylcarbodiimide with a 41 % yield over two steps (Scheme
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Scheme 1 - Synthesis of LGaMe, and LGa(NMe;), complexes (L=tBuNCMeNtBu).
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To increase the volatility of the complex and avojd the useof
halide substituents, we then substituted¢hldHEESPHY TR
and dimethylamide groups using MeLi and LiNMe, respectively
(see Experimental for further details). For each step, the
products were characterised by 'H-NMR, 3C-NMR and HRMS
(see Experimental Section and Sl). Single crystals were obtained
for LGaCl, (see Figure 1, Table S1) and LLi (Figure S9), while
LGaMe, and LGa(NMe,), obtained as oily products could not be
crystallised despite several attempts. LGaCl, crystallises as a
monomer where the gallium adopts a tetrahedral geometry
(see Figure 1). Compared to the {tBuC(NtBu),}GaCl, complex
described by Dagorne et al.,?? the LGaCl, complex presents a
larger N1-C9-N2 angle and smaller C1-N1-C9 and C5-N2-C9
angles due to the reduced steric hindrance of the methyl group
compared to the tert-butyl amidinate described in the
literature. The bond lengths within the ligand (N1-C1 and N2-
C9) are shorter, while the Gal-N coordination bond is slightly
longer in our case than what was reported for the
{tBuC(N!Bu),}GaCl, complex. The substitution of chlorides by
methyl and dimethylamido groups was confirmed by *H-NMR
spectroscopy and HR-mass spectrometry. NMR data also allow
ascertaining the monomeric nature of both LGaMe, and
LGa(NMe,), (Figures S1-S8).

v\/
| Gat

Figure 1 - X-ray structure of LGaCl, (with thermal ellipsoids drawn at the 20%
probability level). The H atoms are omitted for clarity. Selected bond lengths [A] and
angles [°]: Gal-N1= 1.943(2); Gal-Cl1= 2.1546(7); N1-C1 = 1.476(3); N1-C9 = 1.331(3);
N1-C9-N2 = 109.5(2); C1-N1-C9 = 131.6(2); C5-N2-C9 = 131.0(2).

Atomic Layer Deposition (ALD) of Ga-based inorganic thin films

The two gallium complexes LGaMe, and LGa(NMe;), were used
as gallium precursors in ALD reactor for the deposition of GaO,
and GaS, by using H,O and H,S co-reactants respectively. To
understand their impact on film growth, surface reactivity was
elucidated by in-situ quartz crystal microbalance (QCM)
measurements, which recorded mass variations occurring
during each pulse/purge times of the deposition process. The
deposition temperature was set at 150 °C, and the Ga precursor
source was kept at 50 °C. Figure 2 shows the mass variations
measured during the deposition process combining LGaMe,
and LGa(NMe,), with H,O (Figure 2a) and H,S (Figure 2b) over
15 cycles. The QCM curves obtained with the LGaMe; precursor
indicate that material growth ceases after the first two or three
cycles, regardless of whether H,0 or H,S is used as co-reactants.
In contrast, under the same conditions with the LGa(NMe;),

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 - Mass variations measured by in situ QCM measurements during ALD of GaOx
(a) and GaS, (b) at Tgep = 150°C from the gallium precursors LGaMe, and LGa(NMe,), .
The lower part of the graphs indicates the pulse sequence.

precursor, the QCM curves exhibit linear growth over time after
the initial five cycles, which is characteristic of an ALD process.
To better visualise this striking difference, 15 cycles are overlaid
(Figures 3, S11, S12). For reference and to validate the
methodology, similar experiments were conducted using the
commercial gallium precursor tris(dimethylamido)gallium
(TDMAG) and the resulting QCM profiles were compared
(Figure S10, S13, S14).

LGaMe, LGa(NMe,),

n

o G
@ o

Mass variation (a.u.)
°
°

20 40 60
At (s) At(s)

Figure 3 - Overlay of 15 consecutive cycles of ALD of GaO, measured by in situ QCM
using LGaMe; (a) and LGa(NMe;), (b) as gallium precursors. Green traces indicate
initial cycles and red traces the last ones (15 total cycles).

Properties of Ga-based inorganic thin films

To further characterise the precursors and materials produced
via the ALD process, GaO, and Gas, films were deposited on Si
substrates with native oxide, producing sufficiently thick films
to analyse their morphology and composition. The number of
cycles were set according to mass variations determined by
QCM measurements to ensure the deposition of films with
comparable thicknesses. Hence, GaO, films were obtained with
150 cycles or 400 cycles using TDMAG or LGa(NMe,), as gallium
source respectively. The films were characterised by
ellipsometry, which gave 13.6 nm and 22.9 nm film thicknesses
(Figures S17, S18), corresponding to growth per cycle (GPC)
values of 0.91 A/cycle and 0.56 A/cycle for TDMAG and
LGa(NMe,;), respectively. Same number of cycles were applied
for the deposition of GaS, films, which yielded 19.7 nm film
using commercial TDMAG precursor, and 5.1 nm film with
LGa(NMe;), precursor (Figures S19, S20), corresponding to GPC
values of 1.31 A/cycle and 0.13 A/cycle. Film thicknesses were
also evaluated by XRR, finding comparable values (Figures S21-
S24).

The composition and chemical fine structure of the thin films
were determined by XPS (X-ray Photoelectron Spectroscopy,

This journal is © The Royal Society of Chemistry 20xx
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see corresponding survey spectra in Figure S25). Except.Silicon
detection in the case of the ultrathin Ga%filmleepBsrRedWith
LGa(NMe,),, only the constitutive elements and adventitious
carbon appear on the spectra. Notably, the XPS probed depth is
approximately 10 nm, ensuring that for the other samples the
acquired data represent more than half of the layer. High-
energy resolution spectra were collected at the surface of the
deposited films, without sputtering to eliminate the surface
contamination, to avoid preferential sputtering artefacts. Figure
4 and Figures S26 and S27 show the high energy resolution XPS
spectra of the main elements - Ga 2p, S 2p, O 1s, N 1s, and C 1s
- across all films. For quantification, the Ga 2p peak was
preferred to Ga 3s, which partly overlaps with O 2s at high
binding energy. As shown in Figure 4a and Figure S26a3, all the
Ga-containing films exhibit the characteristic doublet peaks of
Ga 2p with energy position of the main Ga 2p 3/, peak at 1118.4
eV and 1118.3 eV when LGa(NMe,),/H,0 or LGa(NMe,),/H,S
was used. No metallic Ga contribution is detected at 1116.5 eV*3
neither from Ga 3d region examination (contribution at 18.7
eV?%). Ga 2p energy position is then associated to the oxidation
states of Ga"' in both cases, consistent with literature values.?>
To identify other potential Ga-containing phases, the Ga 3d
transition spectral region was explored in the low binding
energy region, and contribution of Ga-N bonding (expected at
19.74 eV?*) can be excluded. When H,S is used, the S 2p core
level spectra overlaps with Ga 3s but can be deconvoluted,
leading to S 2p;/; positions at 163.2 eV (TDMAG) and 162.9 eV
(LGa(NMe,),). No evidence of sulfates or sulfites, whose signals
typically appear in the S 2p region around 169-170 eV (not
shown), was detected in the films.®* A high O 1s signal is
observed for Ga-O films with a main contribution at 531.2 eV
assigned to oxygen-metal bonds, consistent with gallium oxide
references®® to the oxide environment. A second contribution
at higher binding energy is measured for all films and attributed
to the adventitious surface contamination as confirmed by C 1s
peak deconvolution (Figure S27). The N 1s spectral region is
superimposed with Ga Auger signals Ga L, My sM, s preventing
N detection as it is also supposed to only concern residues of
precursor. Interestingly, C-N and C=N bonds are necessary to fit
the C 1s peak, in addition to conventional C-C and C-O, C=0 and
COOH bonds inherent to carbonaceous surface contamination
(Figure S27). The carbon content was measured as 10 to 15 at.
% of the total elements for the oxides grown with TDMAG and
LGa(NMe,), precursors, respectively. In the sulphides, higher
carbon contamination around 25 at. % was observed (Table S2).
Finally, the XPS analysis revealed an average atomic
composition of 36.4 % Ga, 49.9 % O and 44.6 % oxide, 13.2 % C
and <1 % N when H,0 was used, and 28.2 % Ga, 30.5 % S, 10.6
% 0, 27 % C and = 4 % N when H,S was used (more details can
be found in Table S2). These values correspond to the Ga/Y
ratios (Y=0, S) of 0.88 and 0.75 for GaO, obtained from TDMAG

J. Name., 2013, 00, 1-3 | 3
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Figure 4 - High energy resolution spectral regions of the main elements of Ga-containing
films obtained from LGa(NMe,), precursor (a) Ga 2p (b) S 2p/Ga3s (c) O 1s.

and LGa(NMe,), respectively; and of 0.87 and 1.0 for the GaS,
films deposited with TDMAG and LGa(NMe,), respectively. The
theoretical Ga/Y ratio for a Ga,Ys stoichiometry is 0.67, which
supports the presence of Ga"' species in both the oxide and
sulphide materials. Variations from the theoretical value can be
attributed to the additional oxygen content in Ga-S films.

Discussion

Ga,03 and Ga,S; thin films were successfully prepared via ALD
using the novel Ga-amidinate based precursor, LGa(NMe;),, in
combination with H,O or H,S on Si wafer substrates. XPS
analysis confirmed the Ga,Ys; stoichiometries of the resulting
films. However, when the amido ligand is replaced with a
methyl group, as in the case of LGaMe,, ALD growth stops after
just 3 cycles. This striking difference in surface reactivity
between the two gallium amidinate precursors prompted
further investigation into the film growth mechanism.

Due to their heteroleptic nature, the LGaMe, and LGa(NMe;),
complexes can react with the surface sites following two
possible ways, described as two simplified models (see Scheme
2). Either the auxiliary ligands X can be released (model A,
Scheme 2), or the chelating L ligand will be exchanged to form
bonds with the surface (model B, Scheme 2). Previous studies in
solution chemistry of gallium complexes of the LGaX,-type (with
L indicating a generic bidentate ligand and X an alkyl or
alkylamido ligand) report that model A is expected to be more
favourable, in reacting both with oxygen®’=°° or sulphur sources.
100 To investigate our specific case, we first used Density
Functional Theory (DFT) to calculate the enthalpies of the two
reactions of the proposed models for both precursors. To speed
up the calculations, the surface reactions were simplified as gas-
phase reactions at 0 K between the precursor molecule and a
Si(OH); molecule that simulates the Si wafer substrate. Details
of the reactions considered can be found in the SI (Figure S28

4| J. Name., 2012, 00, 1-3

and Table S3). The reactions that correspond i, madel ;A
(detachment of the X ligands) yielded emtPlalgy VAEPP4ES
eV for LGaMe; and of -0.14 eV for LGa(NMe,),. On the other
hand, model B (detachment of the amidinate ligand), yielded
enthalpies of 0.23 eV for LGaMe; and 0.17 eV for LGa(NMe,),,
which indicates less favourable thermodynamics, in agreement
with the reported solution studies. Calculations with larger Si-
based clusters to mimic the SiO, surface such as (HO);Si-O-
Si(OH)3 and (HO)Si(OSiH3)3,1%! with incorporation of a DFT-D3
Grimme dispersion correction,%? led to the same trends. Model
A is thermodynamically favoured over model B and results in a
much larger energy release for LGaMe,;, whereas model B
results in similar reaction energies for both precursors. For
example, model A leads to enthalpy values of -1.55 eV for
LGaMe, and -0.82 eV for LGa(NMe,), with (HO)3Si-O-Si(OH)s,
while model B yields 0.25 eV for LGaMe, and 0.26 eV for
LGa(NMe,), with (HO)Si(OSiHs)s. Because in the calculations we
are only looking at the very first adsorption step on the Si,,/Si
surface, with a simplified model and without considering
kinetics, the results of DFT do not match what we observed
experimentally in QCM.

Me
,\N/tBu
tBu\ /X 66\%\ tB“/N‘//\
N_Ga,X *\\\I\O OH oy QO oH OH oy
- . |
-
AN 1 x
Me tBu z,,w\ &d
O, OH OH
X= Me, NMe, dorg™ "o T T
LGaX,

Scheme 2 - Interaction of the LGaMe, and LGa(NMe,), complexes with the substrate
surface sites upon metal precursor pulse.

In fact, in the case of model A, we would expect the two
precursors to have comparable film growth. Additional
investigations are thus necessary to explain the experimental
observations.

Experimentally, it is possible to analyse the QCM profiles of
mass gain and loss during each pulse, to gain information about
the fragments released — and consequently, the relative lability
of the ligands. To achieve this, we adapted the model proposed
by Meng et al. & for the growth or Ga,S; from TDMAG and HS,
and extended it to the case of TDMAG/H,0 (see Figure S16 and
eq. S3, S4). A detailed description of the simpler case involving
the homoleptic complex TDMAG is provided in the SI.

When considering the heteroleptic complexes LGaMe, and
LGa(NMe,),, we can write out the equations that describe the
surface reactions of the generic complex LGaX, (with X=Me or
NMe,) with H,Y (with Y=0 or S) for each simplified model, as
follows.

Model A — release of X type ligand upon metal precursor pulse

F ¢ %7 AR G e Y L+ 2
—n) HX

This journal is © The Royal Society of Chemistry 20xx
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Where “ F” represents the surface, “n” the number of surface
sites reacting and all the reactants not bound to the surface are
in the gaseous phase.

124 Model A
+ Model B
i
© 10
10+
[
1]
he]
c
©
2
o 27
=
...... - R 3 Max L=1
0 T - T
*9 :2‘:? » 9 , ?
@V o X A
06“‘ (7'$ ‘\\x\w é®0
v v & &
A" A"

Figure 5 - Fitting of the experimental measured by QCM mass variations, averaged over
10 cycles. Orange dots: data fitting following model A; blue dots: data fitting following
model B. Dotted lines: maximum theoretical values in the two models due to the
stoichiometry of the complexes.

From here we can extract the expressions for Am (mass
variation after one cycle) and m; (mass variation after the pulse
of metal precursor), being:

Am =Y, s5Ga(YH),, — (YH),, = GaY5

my =Y,GalX_n) — (YH), = Ga+ 2X+ L —n HX,

On the other hand, if L ligand is the one reacting with the
surface we will have:

Model B—- release of L ligand upon metal precursor pulse

(Y LGaX (= X HL

|— QnE%&i(lj‘l) 271 5 VS %a N am 3y (1 —ynL
+ 2 HX

With the corresponding equations:

Am =Y, s5Ga(YH),, — (YH),, = GaY5

my =Y,GaXpL(1—ny — (YH),=Ga+2X+L—nHL

By combining the mass variation equations with the
experimental ratio calculated for Am/m,, we can extract “n” as
an index of the number of sites reacting with the same metal
precursor.

By fitting the experimental data with the two proposed models,
it was determined that, for both LGaMe, and LGa(NMe,),
complexes, the L chelating ligand is the first to dissociate during
the surface reaction (model B; see Figure 5 and Scheme 2). In
Figure 5, we can observe a good match between the
experimental data fitted with model B (blue dots) and the
maximum theoretical value of number of ligands detaching (one
for the L ligand given its 1:1 stoichiometry with the Ga metal
centre, and two for the X ligands; see dotted lines).This
unexpected finding highlights how the reactivity in solution and
on surfaces can be very different, and explains the different film
growth behaviour observed in our study and by others.4857-
62,86,103,104 For LGaMe,, the dissociation leaves F YGaMe,
moieties on the surface, which do not react with H,Y co-
reactants. This behaviour can be compared to that of the
commercial trimethyl gallium precursor, which requires more
reacting co-reactants than H,O to grow a film of Ga,03 (ozone>®-
61, 0, plasma?857,58:61,62,103,104) Thjs very low reactivity can be
attributed to the very stable Ga-Me surface groups. Indeed high

This journal is © The Royal Society of Chemistry 20xx
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activation barriers were calculated to remove the methyl group
through water Ea(Ga-CH;) = 151.0 kJ/mBRMOIGIAFAEPRE TPRAGSTS
not reactive with H,S for the growth of Ga,S; films.8¢ In contrast,
the LGa(NMe;), complex dissociates to leave + YGa(NMe;),
moieties on the surface, a scenario analogous to the well-known
TDMAG precursor. This makes LGa(NMez), well-suited for the
growth of Ga,0; and Ga,Ss; films, as highlighted in the results
section. When comparing the TDMAG precursor and
LGa(NMe,),, the faster growth rate observed for TDMAG can be
attributed to the smaller steric hindrance of the NMe, ligand
compared to L chelating ligand, allowing for greater surface
sites coverage.

Conclusions

Two novel gallium precursors for ALD, LGaMe, and LGa(NMe;),,
featuring amidinate ligands, were successfully synthesised and
characterised. Their surface reactivity was investigated using in-
situ quartz crystal microbalance (QCM) measurements. It was
found that LGaMe,, which bears methyl ligands, does not allow
film growth with either H,0 or H,S co-reactants, as growth halts
after only three cycles. In contrast, LGa(NMe,;), enables the
successful formation of ALD films with both H,0 and H,S.

This contrasting behaviour highlights the crucial role played by
the auxiliary X ligands (here Me or NMe;) in the ALD process,
which appears to have a greater influence on the film growth
than the chelating amidinate. These findings, in contrast with
classic coordination chemistry dogma, highlight the complexity
of surface chemistry and its distinct nature compared to
solution chemistry.

By combining QCM analysis, film characterisation and DFT, this
work provided valuable insights into the surface reaction
mechanisms, offering a foundation for the design and
developments of future molecular precursors optimised for ALD
applications.

Experimental

Molecular Synthesis

LLi: Meli (8.1 mL; 13.0 mmol; 1.0 equiv.) was added dropwise
to a solution of ditert-butyl carbodiimide (2.5 mL; 13.0 mmol;
1.0 equiv.) in diethyl ether (20 mL) at 0 °C. After 30 min of
stirring at room temperature, the solvent was evaporated. The
product was isolated as a white solid and washed with pentane
(1.38 g; 60%). 'H-NMR (THF-dg): 6 1.94 ppm (s, 3H, CMe,); 1.11
ppm (s, 18H, CMej3). 13C-NMR (THF-dg): 6 169.0 ppm (s, NCN);
50.4 ppm (s, NCMe3s); 34.2 ppm (s, CMe3); 19.2 ppm (s, CMe).
LGaCl,: LLi: (800.4 mg; 4.5 mmol; 1.0 equiv.) was dissolved in
THF (20 mL) and placed at -78 °C. The gallium trichloride salt
(815.4 mgin 20 mL of THF; 4.6 mmol; 1.0 equiv.) was added with
a canula to the ligand solution and the crude was left stirring
overnight upon warming back to room temperature. The
solvent was evaporated under vacuum and the solid was
purified by sublimation at 85 °C and 5*102 mbar, yielding a
white solid (0.96 g; 68%). *H-NMR (THF-dg): 6 2.38 ppm (s, 3H,
CMe); 1.34 ppm (s, 18H, N*Bu). 13C-NMR (THF-dg): 6 176.0 ppm
(s, NCMeN); 53.2 ppm (s, NCMe3); 31.4 ppm (s, CMe3); 17.0 ppm
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(s; CMe). HR-MS Pos (APCI): [LGaCl]* calcd. m/z 273.0644 for
C10H,1ClGaN,*; found m/z 273.0655.

LGaMe,: Meli (1.6 mL; 1.6 mmol; 2.2 equiv.) was added
dropwise at -78 °C to a solution of LGaCl, (230.6 mg; 0.7 mmol;
1.0 equiv.) in diethyl ether (10 mL). The crude was then stirred
at room temperature overnight. The solvent was then
evaporated by vacuum at -40 °C and the final complex was
purified by distillation, yielding a transparent oil (98.0 mg; 49%).
IH-NMR (THF-dg): 6 2.12 ppm (s, 3H, CMe); 1.19 ppm (s, 18H,
NtBu); -0.34 ppm (s, 6H, GaMe;). 13C-NMR (THF-dg): § 169.6 ppm
(s, NCMeN); 51.4 ppm (s, NCMe3); 31.9 ppm (s, CMe3); 17.9 ppm
(s, CMe); -6.0 ppm (s, GaMe,). HR-MS Pos (APCI): [LGaMe,]*
calcd. m/z 269.1503 for C1,H,3GaN,H*; found m/z 269.1510.
LGa(NMe,),: LiNMe, (472 mg; 9.25 mmol; 2 equiv.) was added
at room temperature to a solution of LGaCl, (1.42 g; 4.60 mmol;
1 equiv.) in Et;0, 20 mL. The reaction mixture was stirred
overnight. The solvent was removed by evaporation under
vacuum. LGa(NMe,), was then obtained after distillation as a
colourless oil (3.53 mmol; 77 %). *H-NMR (THF-dg): 6 2.70 (s,
12H, GaNMe,), 2.22 (s, 3H, CMe), 1.34 (s, 18H, NtBu). 13C-NMR
(THF-dg): 6 171.9 ppm (s, NCMeN); 50.8 ppm (s, NCMes); 42.5
ppm (s, NMe,); 31.4 ppm (s, CMe3z); 16.7 ppm (s, CMe). HR-MS
Pos (APCl): [LGa(NMe;),H]* caled. m/z 327.2034 for
C14H3,GaN,*; found m/z 327.2033.

Thin film fabrication by ALD

Thin films were prepared in a BENEQ TFS-200 ALD reactor. TDMAG
([Ga(NMe,)s3],, 98%, Strem Chemicals), LGa(NMe;),, LGaMe,, H,S
(99.5%, Air Liquide), and deionised water were used as gallium,
sulphur and oxygen sources respectively. Nitrogen (N,, 99.9999%, Air
Liquide) was used as both carrier and purging gas. Ga sources were
heated in a hot solid source system Beneq HS300 at 50°C
(LGa(NMe;),, LGaMe,) or 70°C (TDMAG), while other precursors
were kept at room temperature. Experiments were performed at Tgep
= 150°C, and the pressure in the reaction chamber was kept in the
range of 1-2 mbar. Thin films were deposited on single polished n-
doped Si (100) wafer with a native oxide top layer. Prior to
deposition, substrates were cleaned in a detergent solution (RBS 35
Concentrate, 2% in water, 5 min) and rinsed with deionised water.
A gallium oxide (or sulphide) growth cycle, i.e., {GaO,} or {GaS,},
corresponds to {GaO,} (or {GaS,}) = {[Ga]/N,/H,0 (or H,S) /N, =
[0.8/0.03/0.3/1.6]/5/0.8/5 s}, and “combination” mode was chosen
to ensure proper mass transport of Ga source. “Combination” mode
is composed of four steps ([t1/to/ta/ts]). First, N, is injected in the Ga
source (t;), then all valves are kept closed (t;), and the Ga precursor
is pulsed (t3). Finally, N, is injected with a simultaneous precursor
pulse (t;). For the final films, the ALD sequence was repeated for 150
cycles in the case of TDMAG precursor, and for 400 cycles for the
LGa(NMe,), precursor.

Thin film characterization

Film characterizations were carried out on the as-deposited thin
films. Thickness was determined by spectroscopic ellipsometry (SE)
using a Horiba Jobin Yvon Uvisel 2 ellipsometer. The SE measurement
was performed at incidence angle of 70° in energy range between
1.5 and 5.0 eV with step of 0.05 eV, and the data were fitted using
DeltaPsi2 software modelled with TaucLorentz oscillators functions
with parameters adapted from Fujiwara and Collins. 1% X-ray
reflectivity (XRR) measurement, using PANalytical Empyrean
equipment with Cu Ka radiation source (A =0.15418 nm) operated at
45 kV and 40 mA, was performed for further determination of the
thickness, the roughness, and the density of fabricated thin films. The
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surface and in-depth chemical compositions were analysed, using X
ray photoelectron spectroscopy (XPS) with Thermo Eleetren™NEXSA
spectrometer equipped with a monochromatic Al-Ka x-ray source (hv
= 1486.6 eV). The spectrometer was calibrated using Cu and Au
samples following the ASTM-E-902-94 protocol. A X-ray beam
diameter of 400 um was used for both surface points and depth
profiles. The flood gun was not necessary. The survey scans (0—1350
eV) were collected at a pass energy of 200 eV, 100 ms dwell time,
and a step size of 1 eV. High-energy resolution spectra were
measured at a pass energy of 20 eV, 100 ms dwell time, with a step
size of 0.1 eV. An energy calibration was realised with respect to the
C 1s peak at 284.8 eV. Avantage Software was employed for
quantification and atomic composition determination using RSF from
the constructor.

In Situ Quartz Crystal Microbalance (QCM) Measurements

In situ QCM measurements were acquired with a Colnatec Eon-LT
monitor system, using an HT quartz crystal covered by an aluminum
alloy (6 MHz initial oscillation frequency) located on the cover lid of
the reactor. The signal was recorded every 0.1 s, the lowest thickness
step precision was 0.04 A, and the signal averaged over 10 cycles. The
conversion of the signal to mass variation was made using impedance
acoustic value of Zf = 1.00 and density of 5.88 g cm~3 for GaO,, and
3.365 g cm™3 for GaS,, as input parameters. Measurements were
done after a stabilization time of 1 h to reach a uniform and constant
temperature in the whole reaction chamber (AT + 1.5 °C) and on 15
nm-Al,03. Longer pulse and purge times were chosen to account for
the larger reactor volume in QCM configuration and ensure an
effective saturation state.

Density Functional Theory (DFT) calculations

The reactivity between gallium precursors and SiO, substrate was
studied with gas-phase reactions with Si(OH), (g) representing the
substrate. The reaction energies were computed with the Density
Functional Theory (DFT) software package CP2K with exclusion of
entropy, zero-point energy and PV where P represents the pressure
and V the volume. %7 Consequently, the reaction energies shed light
on precursor reactivity and coordination chemistry, but they do not
address the full surface chemistry. All DFT simulations were done
with the Generalised Gradient Approximation (GGA) exchange-
correlation functional established by Perdew, Burke and Ernzerhof,
with molecularly optimised Double-Zeta Valence Polarised (DZVP)
Gaussian basis functions, and with pseudopotentials established by
Goedecker, Teter and Hutter.108-110 At the start of each DFT
calculation, each molecule was placed in a periodic box with 10
Angstrom of vacuum applied to each side to avoid interaction
between molecules from different boxes. For each simulation, the
plane-wave cutoff of the finest grid in real space fell in the range from
400 Ry to 900 Ry, and the cutoff that controlled the mapping of
Gaussian’s on the real-space grids fell in the range from 30 Ry to 60
Ry. A Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm was
used to optimise atomic positions such that the maximum and
root-mean-square (RMS) atomic force were less than 1-10*
Ha/Bohr, and such that the maximum and RMS change in
molecular configuration between two optimization steps were
less than 1-10°2 Bohr and 5-10°3 Bohr, respectively. After each
relaxation of atomic coordinates, the molecular frequencies
were computed. In case of at least one imaginary frequency, the
coordinates corresponding to the largest imaginary frequency
were used to modify the relaxed molecular structure, and the
atomic positions of this modified structure were optimised
again. This procedure was repeated until all imaginary modes

This journal is © The Royal Society of Chemistry 20xx
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had vanished, thus ensuring that we found the proper
molecular configuration. All final optimised atomic positions are
listed in the Supplementary Information.
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