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ABSTRACT: Indium nitride (InN) is characterized by its high electron N

- L. . . . . Pre /2 _IPr
mobility, making it a ground-breaking material for high frequency electronics. N InCI P N\’\ /N
The difliculty of depositing high-quality crystalline InN currently impedes its ,pr_N4’ NNepr | ! r\N\|n/!‘l\/’Pr
broad implementation in electronic devices. Herein, we report a new highly AT N/ \ /\ /N
volatile In(III) triazenide precursor and demonstrate its ability to deposit 7“ "\'
high-quality epitaxial hexagonal InN by atomic layer deposition (ALD). The Pr Pr

new In(III) precursor, the first example of a homoleptic triazenide used in a

vapor deposition process, was easily synthesized and purified by sublimation. Thermogravimetric analysis showed single step
volatilization with an onset temperature of 145 °C and negligible residual mass. Strikingly, two temperature intervals with self-
limiting growth were observed when depositing InN films. In the high-temperature interval, the precursor underwent a gas-phase
thermal decomposition inside the ALD reaction chamber to produce a more reactive In(III) compound while retaining self-limiting
growth behavior. Density functional theory calculations revealed a unique two-step decomposition process, which liberates three
molecules of each propene and N, to give a smaller tricoordinated In(III) species. Stoichiometric InN films with very low levels of
impurities were grown epitaxially on 4H-SiC. The InN films deposited at 325 °C had a sheet resistivity of 920 €/sq. This new
triazenide precursor enables ALD of InN for semiconductor applications and provides a new family of M—N bonded precursors for

future deposition processes.

1. INTRODUCTION

The high electron mobility of indium nitride (InN)"* makes it
a very interesting material for the conduction channel in high
electron mobility transistors (HEMTs) and high frequency
electronics. InN can be integrated in state-of-the-art electronic
devices that are based on aluminum- and gallium nitride (AIN
and GaN) and their alloys, given the close similarities in their
crystal lattices. The implementation of InN into device
structures requires deposition of epitaxially orientated and
stoichiometric InN thin films with negligible impurities on
substrates with high thermal conductivity such as SiC.” The
current chemical vapor deposition (CVD) processes used for
depositing thin films of AIN and GaN, at high temperatures of
800—1000 °C, are not suitable for depositing InN as it
decomposes to In metal and N, gas at approximately 500 °C.*
This sets a strict upper temperature limit for CVD of InN
where the reactivity of the nitrogen precursor, ammonia
(NH,), is very low, forcing N/In ratios in the order of 10° and
thus poorly functioning CVD chemistry.s’6 Atomic layer
deposition (ALD) is a low temperature time-resolved form
of CVD, in which the metal and nonmetal precursors are
pulsed into the reaction chamber sequentially. This process
allows for the deposition of the resulting film to be governed
solely by surface chemical reactions.” The ALD cycle is
repeated hundreds of times to deposit films with controlled
thickness, excellent large-area uniformity, and conformity. We
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envision that ALD is the way forward to realize electronics
based on InN. Although ALD is routinely used in the
production of modern electronic devices, its potential for InN
is yet to be unlocked. This is mostly due to the poor deposition
chemistry afforded at low temperatures by the commonly used
trimethylindium (InMe,) precursor. ALD of InN with InMe,
and either N,*” or NH,'? plasma has produced epitaxial InN
on GaN(0001), Si(111), and sapphire substrates®'"'* but
renders films with high carbon and oxygen impurity levels and
nonstoichiometric In/N ratios.

For successful ALD, it is important to have a metal precursor
with high volatility and thermal stability that cleanly reacts with
the surface to avoid unwanted byproducts.” Efforts have been
made to develop In(III) precursors with favorable surface
chemistry for ALD of InN by replacing the M—C bonds of
InMe; with M—N bonds. Homoleptic tricoordinated M—N
bonded compounds have been reported,"~"” but these often
require bulky ligands to stabilize the In center, which reduces
their volatility. Instead, homoleptic hexacoordinated M—N
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Scheme 1. Synthesis of Tris(1,3-diisopropyltriazenide)indium(III) 1.
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bonded precursors, In(IIl) tris-amidinate (In(amd),),"®
formamidinate (In(famd),),"” and guanidinate (In-
(guan);),””*' have shown increased thermal stability in
comparison to tricoordinated In(III) precursors and were
first used for ALD of In,O;'””' and In,S;”>. Recently,
we investigated these precursors with NH; plasma for ALD
of crystalline InN.>* The best results were achieved with
In(famd),, giving the highest degree of crystallinity, lowest
impurity levels, and an In/N ratio of 1.01. It was further
revealed that smaller and less electron donating substituents on
the endocyclic carbon of the amidinate ligand backbone led to
an improved surface chemistry in ALD of InN films. To further
explore this trend, we envisaged changing the endocyclic
position to an even smaller and more electron-withdrawing
moiety. A ligand that is closely related to the amidinates is the
triazenide, which differs only by the electronegative nitrogen
atom in the endocyclic position of the ligand backbone.
Although the binding modes of amidinates are similar to those
of triazenides, the extra nitrogen atom is thought to make the
chelating nitrogens weaker binders.”*”* This would benefit the
surface reactions of the precursor during deposition by making
the In—N bonds weaker and the In metal center more
electrophilic. There are many examples of homoleptic
triazenide complexes in the literature,” " including an In(III)
complex (In(dptriaz););***® however, these are undesirable for
vapor deposition due to the 1,3-diphenyltriazenide ligand.
Homoleptic 1,3-dimethyltriazenide®” and heteroleptic 1-tert-
butyl-3-alkyltriazenide®*”” complexes have also been reported
for various metals, but these suffer from low volatility and
thermal stability. To the best of our knowledge, there are no
examples of a homoleptic 1,3-dialkyltriazenide complex used
for vapor deposition. Herein, we report the synthesis, structure,
and physical properties of a new In(Ill) precursor, tris(1,3-
diisopropyltriazenide)indium(IIT) 1, and demonstrate it as an
excellent ALD precursor for epitaxial InN thin films on 4H-
SiC.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of In(lll) Triaze-
nide Precursor. Reaction of isopropylazide®™ with isopro-
pyllithium generated the lithium 1,3-diisopropyltriazenide
intermediate, which was reacted directly with indium
trichloride (InCl;) at —78 °C to give tris(1,3-diisopropyl-
triazenide)indium(III) 1 in a 71% vyield (Scheme 1).
Compound 1 was isolated as a colorless solid after purification
by sublimation. It was found to be highly stable at room
temperature in both solid and solution states under an inert
atmosphere; however, exposure to air led to decomposition to
a white insoluble powder thought to be of In,O; The
compound was characterized by nuclear magnetic resonance
(NMR) spectroscopy, mass spectrometry (MS), elemental
analysis, and X-ray crystallography.
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The crystal structure of 1 (Figure 1, Tables S1—S5) showed
the In atom in a distorted-octahedral coordination geometry

Figure 1. ORTEP drawing of 1 with thermal ellipsoids at the 50%
probability level. All hydrogen atoms were removed for clarity.

with the triazenide ligands in a pseudo-C; propeller arrange-
ment similarly to the previously reported In(dptriaz);.*® Two
of the ligands were found to be distorted over four positions
and the third over two positions. The In—N bond lengths (av.
2.21(5) A) were similar to that of In(dptriaz); (av. 2.237(6)
A),*° In(famd), (av. 2.252(13) A),"”” In(amd), (av. 2.236(1)
A),"® and In(guan), (av. 2.260(4) A),”>*' showing that the
alkyl-triazenide ligand has little effect on the In—N bond
distances.

The '"H NMR spectrum of 1 in C¢Dg showed one septet at
4.06 ppm and one doublet at 1.23 ppm for the methine proton
and methyl groups of the isopropyl moiety, respectively
(Figure S1). This indicates that 1 exists as a monomer in
solution state, which is also reflected in the solid-state
structure. MS analysis gave a molecular ion at 500 m/z,
confirming its identity. Compound 1 was found to be highly
volatile and sublimed at 80 °C (0.5 mbar) with no visible solid
remaining. Thermogravimetric analysis (TGA) showed the
new precursor volatilized completely in a single step from 145
to 215 °C, with only 2% of residual mass (Figure 2). A thermal
stress test with a higher mass loading of precursor showed a
slight shift to a higher temperature (160—235 °C) without
signs of decomposition (Figure S3a). The 1 Torr vapor
pressure of 1 was shown to occur at 134 °C (Figure S3b), and
its AH of vaporization was 65.8 kJ mol™" (Figure S3c).
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Figure 2. Thermogravimetric analysis of compound 1.

The heterolytic bond dissociation energy of the In—N bonds
for 1 was calculated by density functional theory (DFT) to be
289 kJ mol™!, which is lower than that of In(famd); (312 kJ
mol™") (Table S6) and indicates a slightly weaker In—N bond.
The natural charges of the In (+1.47) and N (—0.44) atoms of
1 show a less polarized In—N bond character in comparison to
the previously used In(famd); (In, +1.78; N, —0.69) (Table
S7). Both the HOMO 7z and LUMO 7#* frontier orbitals of 1
are localized on the N; moiety of the triazenide ligand (Figure

3a,b). The high electron density on the backbone of the ligand

Figure 3. (a) HOMO (—5.90 eV) and (b) LUMO (—0.69 eV) of 1
from DFT calculations.

could explain the increased volatility of 1 due to electrostatic
repulsion forces in solid state. This is consistent with the
crystal structure, which is highly disordered because of a lack of
intermolecular interactions.

2.2. ALD of InN Using In(lll) Triazenide Precursor.
ALD of InN was tested initially on Si(100) using S s pulse of 1
and 9 s NH; plasma pulse, separated by a 9 s N, purge, while
varying the deposition temperature. These experiments
revealed two temperature intervals where the growth per
cycle (GPC) was constant with temperature, at 220—250 °C
and 300—350 °C (Figure 4a). Saturation curves on Si(100) of
the lower and higher temperature intervals showed saturation
growth behavior with a GPC of 0.4 A/cycle and 1.2 A/cycle,
respectively, after a 5 s pulse of 1 and 9 s pulse of NH; plasma
(Figure 4b,c). These results indicate a self-limiting surface
chemistry for 1 and NHj; plasma at both the lower and higher
temperature regions. The high-temperature interval growth
rate is three and four times that of our previous reports usin
In(famd); (0.4 A/cycle)” and InMe; (0.32 A/cycle)'’,
respectively, with NH; plasma.

Furthermore, the high-temperature interval indicates a
higher thermal stability of the chemisorbed species in
comparison to the previously used In(famd),, which has a
constant GPC over a wide temperature range of 200—280
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°C.*»* A linear growth trend was observed when all the
parameters were kept constant upon increasing ALD cycles at
220 and 300 °C (Figures S7 and 4d).

2.3. Thermal Properties of In(lll) Triazenide Precur-
sor. The presence of two temperature intervals with self-
limiting growth is highly exceptional for ALD. Differential
scanning calorimetry (DSC) analysis of 1 shows two
exothermic events, a sharp peak between 150 and 180 °C,
and a broad peak between 220 and 280 °C (Figure S4). The
onset temperature of the first exothermic event coincides with
the onset volatilization temperature observed in the TGA
(~145 °C), which could indicate decomposition and
volatilization occurring simultaneously. Heating of 1 in solid
state to 180 °C for 16 h showed only slight discoloration of the
sample with no signs of decomposition by 'H NMR analysis.
These results suggest that the first exothermic event does not
correspond to a decomposition pathway. The spike in growth
rate between 250 and 300 °C lines up with the second broad
exothermic event between 220 and 280 °C, which contains
three overlapping peaks at approximately 245, 255, and 270
°C. Heating studies of 1 in solid and solution states (Figure
SS) above 200 °C confirmed this to be a decomposition event,
giving In metal and an unidentifiable brown solid. This is a
strong indication that 1 decomposes in the gas-phase inside the
deposition chamber to a more volatile and reactive species at
~250 °C. It is worth pointing out that even though this is
usually an unwanted ALD precursor property, in this case the
decomposition product still retains self-limiting growth
behavior.

The thermal decomposition of 1 was studied by DFT
calculations at 300 °C showing two possible pathways (Figure
Sa). The first common step of both pathways is a transfer of a
hydrogen from the methyl group of the isopropyl moiety to the
endocyclic nitrogen, releasing a propene molecule to form A.
Compound A can tautomerize through a hydrogen transfer to
the exocyclic nitrogen to give B. The other possible path,
which is more energetically favored, is migration of the
hydrogen onto the exocyclic tertiary nitrogen while simulta-
neously releasing N, to form C. The free energies for the
decomposition path are shown at 300 °C (Figure Sb). The
energy for the final structure C (AG® = —245 kJ mol™) is
much lower than 1 due to the large increase of entropy when
releasing two molecules. This indicates that at higher
temperature and lower pressure, structure C would be
expected to dominate. Further calculations show that all
three ligands decompose simultaneously via this pathway to
give a tricoordinated In(III) species of C (Tables S10 and
S11). Decomposition of the triazenide ligand of 1 is uniquely
different to that of amidinates and guanidinates, which have
been shown to thermally decompose by either carbodiimide
deinsertion or f-hydrogen abstraction.”" This highlights the
reduced hydride reactivity of the f-hydrogen on the isopropyl
moiety by the electron-withdrawing triazenide ligand and
removes the need for a bulky tert-butyl exocyclic substituent to
block this position.

2.4. InN Film Characterization. The films deposited at
both temperature intervals rendered polycrystalline hexagonal
wurtzite InN on Si(100) (Figure S8a—c). Deposition on 4H-
SiC(0001), which has a smaller lattice mismatch with InN,’ at
325 °C with S s pulse of 1 and 9 s NH; plasma pulse rendered
epitaxial wurtzite InN. The 6-20 X-ray diffraction (XRD)
measurement shows InN peaks corresponding to the (0002),
(0004), and (0006) planes indicating growth along the c-axis
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Figure 4. (a) Growth dependence on process temperature using a S s pulse of 1 and 9 s pulse of NH; on Si(100). (b) Growth per cycle behavior of
1 and NH; pulses deposited at 220 °C on Si(100). (c) Growth per cycle behavior of 1 and NH; pulses deposited at 300 °C on Si(100). (d)
Growth behavior of 1 at 300 °C dependent on the number of cycles using a S s pulse of 1 and a 9 s NH; plasma pulse on Si(100). The red line

indicates the linear trend.

(Figure 6a). Grazing incidence XRD (GIXRD) shows no
peaks, indicating no tilted grains (Figure S8d). XRD pole
figures of the InN(10—11) and (10—12) peaks were
constructed to study the in-plane grain orientation and the
crystal relationship between the film and the substrate (Figures
S9 and 6b). Both pole figures show 12 poles, with 6 poles
corresponding to 4H-SiC(hkil) and 6 poles to the InN film.
This is expected for an epitaxially grown hexagonal film on a
hexagonal substrate due to its six-folded symmetry. Note that
in the (10—11) plane (Figure S9), the poles for the substrate
and the InN film overlap. A distinct difference between the
substrate and the InN poles was observed for the (10—12)
plane (Figure 6b), where the inner 6 poles correspond to the
InN film, and the outer 6 poles correspond to the SiC
substrate.

The 6-260 XRD, GIXRD, and pole figure measurements show
that each InN hexagon grows epitaxially on a SiC hexagon,
with in-plane relations InN [10—11] Il 4H-SiC [10—11] and
InN [10—12] Il 4H-SiC [10—12]. This confirms the epitaxial
relationship between the InN film and the SiC substrate along
the c-axis; InN [0002] Il 4H-SiC [0001].
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A top-view scanning electron microscope (SEM) image of
the InN films on 4H-SiC shows homogeneously ordered grains
along horizontal lines with a line width of approximately 130
nm (Figure 6¢). This indicates that the InN films grow on the
terrace of the 4H-SiC substrate, leaving partially uncoated step-
edges.”” We speculate that the step-edge acts as a surface
diffusion barrier for the atoms, forcing them to nucleate at the
step-edge, and the InN film starts to grow along the terrace.
The species on the terrace have a higher surface diffusion
compared to the species on the step allowing them to move
toward the steps to nucleate.””*> X-ray photoelectron
spectroscopy (XPS) of the film deposited on 4H-SiC at 325
°C with § s pulse of 1 and 9 s NH; plasma pulse showed 48.7
+ 2.4 at. % In, 48.6 £ 2.4 at. % N, 2.7 + 0.1 at. % O and no
detectable C (Figure S12). The same amount of oxygen is
bonded to In and N, giving perfect In/N ratio of 1.0. It should
be noted that the InN film was capped with approximately 10
nm of AIN to avoid post deposition oxidation of the InN film.
As preferential sputtering of InN can occur, this was minimized
by applying the lowest sputtering energy and no tilting of the
sample according to previously reported protocols.** The high-
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Figure 5. (a) DFT calculated decomposition pathways for the thermal decomposition of 1 at 300 °C. The change in enthalpy is shown in each step
and is given in kJ mol™". (b) Free energy profile for the decomposition of 1 at 300 °C. The free energies are marked for each pathway and are given

in kJ mol ™.

resolution XPS of In 3ds,, and N 1s was fitted with two
subpeaks each. For In 3ds/,, the major contribution at 444.6
eV was assigned to the In—N bond, with a minor contribution
at 445.7 eV assigned to the In—O bond. For the N 1s, the
major contribution at 396.5 eV was assigned to the N—In
bond, with a minor contribution at 397.6 eV assigned to the
N—-0 bond.*~*" Raman spectroscopy of the InN films on 4H-
SiC deposited at 325 °C (Figure 6d) shows the A;(LO) band
of wurtzite InN at approximately 573 cm™, which agrees well
with previously reported Raman shift*® and indicates low stress
in the film. A very small shoulder was observed at 375 cm™,
which is a gap mode previously shown to correspond to In
vacancies in InN."® The appearance of this gap mode is
attributed to the small amount of oxygen in the film. The sheet
resistance of 50 nm InN films is on average 920 €/sq, which
corresponds to a resistivity of 0.46 € cm. This value is
comparable to previously reported InN deposited by ALD at
240 °C.® We could not determine the carrier concentration
and the carrier mobility with high accuracy due to the
limitations of the instrument used. The fitted electron mobility
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values are 10—500 cm®/(V s) depending on its correlated
carrier concentration. We believe that this scattering is due to
the confidence level of the fitting. Assuming a carrier
concentration of 1 X 10*° cm™, the mobility is approximately
13 cm?/(V s). This value is in the same range as previously
reported for InN films from ALD deposited at somewhat lower
temperature.8

3. CONCLUSIONS

In conclusion, we have developed a new highly volatile In(III)
precursor and shown for the first time the use of a homoleptic
triazenide in a vapor deposition process. This compound was
easily synthesized using cheap and easily obtainable reagents.
Thermogravimetric analysis showed that 1 underwent single
step volatilization between 145 and 215 °C with negligible
mass remaining, and heating studies showed it started to slowly
decomposed at ~200 °C. Interestingly, 1 undergoes
decomposition in the gas-phase at higher deposition temper-
atures to give a more reactive In(III) compound that still
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Figure 6. (a) XRD of InN on 4H-SiC(0001) using a S s pulse of 1 and 9 s NH; plasma pulse deposited at 325 °C showing epitaxial InN along the
c-axis. (b) Pole figure of the InN(10—12) plane showing 12 poles, the outer 6 red poles corresponding to SiC and the inner 6 green/yellow poles to
InN. (c) Top view SEM of InN on 4H-SiC deposited at 325 °C. (d) Raman spectrum of InN on 4H-SiC deposited at 325 °C together with the
reference spectrum of the substrate provided for comparison. The lines belonging to the SiC substrate are labeled “SiC” with their corresponding

Raman shifts in cm™.

possesses self-limiting behavior and without unwanted
impurities in the film. DFT calculations showed that 1
decomposes to a smaller tricoordinated In(III) compound by
liberating three molecules of propene and N,, and explains the
increased growth rate observed in the higher temperature
interval. This result has the potential to open a new path in
ligand and precursor design for vapor deposition with
deliberate gas-phase decomposition. ALD of InN using 1 and
NH; plasma afforded epitaxial InN on 4H-SiC that was
stoichiometric and with a very low level of impurities. Initial
electrical characterization of the InN films shows a sheet
resistivity of 920 €2/sq and electron mobility on par with the
reported literature. This new triazenide ligand has potential to
unlock ALD of InN for semiconductor applications and
develop a new class of M—N bonded precursors for future
ALD processes.
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4. EXPERIMENTAL SECTION

4.1. General Experimental Procedures. Caution! As catenated
nitrogen compounds are known to be associated with explosive hazards,
isopropylazide and compound 1 are possible explosive energetic materials.
Although we have not experienced any problems in the synthesis,
characterization, sublimation, and handling of compound 1, its energetic
properties have not been investigated and are therefore unknown. We
therefore highly recommend all appropriate standard safety precautions
for handling explosive materials (safety glasses, face shield, blast shield,
leather gloves, polymer apron, and ear protection) be used at all times
when working with isopropylazide and compound 1. All reactions and
manipulations were carried out under an N, atmosphere; on a
Schlenk line using Schlenk air-free techniques and in a GS Glovebox-
Systemtechnik glovebox. All anhydrous solvents were purchased from
Sigma-Aldrich and further dried with 4 A molecular sieves. InCly
(98%) and isopropyllithium solution were purchased from Sigma-
Aldrich and both used without further purification. Isopropylazide was
synthesized according to the literature procedure.’® All NMR spectra
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were measured with an Oxford Varian 300 MHz spectrometer. The
C¢Dj solvent peaks were used as an internal standard for the "H NMR
(300 MHz) and *C{'H} NMR (75 MHz) spectra. The electrospray
ionization (ESI)-MS data was obtained on a Thermo Scientific LCQ_
Fleet ESI-MS instrument. The melting point was determined in a
capillary sealed under N, with a Stuart SMP10 melting point
apparatus and is uncorrected. Elemental analysis was performed by
Mikroanalytisches Laboratorium Kolbe, Germany.

4.2, Synthesis of Tris(1,3-diisoopropyltriazenide)indium(III)
(1). To a solution of isopropylazide*® (5.90 g, 69.3 mmol) in Et,O
(100 mL) at —78 °C was added isopropyllithium (0.7 M in pentane,
99.0 mL, 69.3 mmol). The reaction mixture was stirred for 30 min
and then allowed to warm up to room temperature for 1 h. This
solution was then added to a —78 °C solution of InCl; (5.11 g, 23.1
mmol) in THF (100 mL) via cannula and the mixture was stirred at
this temperature for 20 min. The reaction was warmed to room
temperature and stirred for 16 h. The reaction mixture was
concentrated under reduced pressure, and the resulting residue was
dissolved in n-hexanes, filtered through a pad of Celite, and
concentrated under reduced pressure to give a light-yellow solid.
The solid was purified by sublimation at 80 °C (0.5 mbar) to give
compound 1 as a solid (8.19 g, 71%).

1: Colorless solid, decomp. 212—214 °C. '"H NMR (300 MHz,
CeDg) 5 1.23 (d, ] = 6.0 Hz, 36H, CH,), 4.06 (sept, ] = 6.0 Hz, 6H,
CH). BC{’H} NMR (75 MHz, C(Dy) 6 24.0 (s, CH,), 53.7 (s, CH).
LRMS (ESI, positive) m/z = 500 [M + HJ]". Anal. calcd. for
CysH,oInNy: C, 43.29%; H, 8.48%; N, 25.24%. Found: C, 42.64%; H,
8.25%; N, 24.90%.

4.3. X-ray Crystallographic Analysis. Colorless single crystals
were obtained by recrystallization from n-hexanes at —35 °C for 1.
The single crystals were used for X-ray diffraction data collection on a
Bruker D8 SMART Apex-II diffractometer using graphite-mono-
chromated Mo—Ka radiation (4 = 0.71073 A). All data were collected
in hemisphere with over 95% completeness to 26 < 50.05°. The
structures were solved by direct methods. The coordinates of metal
atoms were determined from the initial solutions, and of the N and C
methods, located in subsequent differential Fourier syntheses. All
non-hydrogen atoms were refined first in isotropic and then in
anisotropic approximation using Bruker SHELXTL software. Addi-
tional crystal data are available at the Cambridge Crystallographic
Data Centre, deposition no. CCDC 1966432.

4.4. Thermogravimetric Analysis. Volatilization and vapor
pressure curves were collected using a TA Instruments thermogravi-
metric analysis QS00 tool inside an N, filled glovebox. The ramp
experiment of 1 was undertaken in tared platinum pans loaded with 6
mg and 17 mg of 1 for low and high mass volatilization experiments,
respectively. The furnace was heated at a rate of 10 °C/min to 500 °C
with a maintained N, flow rate of 60 sccm.

4.5, Differential Scanning Calorimetry Analysis. The DSC
measurement for 1 was performed on a TA Instruments DSC Q10
tool. A sample of ~0.2 mg of 1 was prepared in a sealed aluminum
pan in an N, filled glovebox. The sample of 1 and a blank reference
pan was heated at a rate of 10 °C/min to 400 °C.

4.6. Quantum-Chemical Computations. All quantum chemical
computations were preformed using Gaussian 16 software.*’
Structural optimization and harmonic normal mode vibrational
calculations were undertaken using the hybrid DFT method
B3LYP***" together with Grimme’s version 3 dispersion correction’
and def2TZVP**** basis set. The decomposition path was
investigated by searching for possible stable structures as well as
finding transition states connecting these structures. Minima were
confirmed to have no imaginary frequencies, while transition states
were verified to have one imaginary frequency, lying along the
reaction path.

4.7. Film Deposition. A hot-wall Picosun R-200 was used for the
deposition of InN, which was equipped with a Litmas remote plasma
source. The tool operated at 4 mbar with a continuous flow of high
purity N, (99.999%) into the chamber, which was also used as the
purge gas. The system was equipped with a traditional stainless-steel
precursor container (bubbler), albeit without dip-tube for the
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incoming carrier gas. The system was baked at 450 °C for 2 h with
a 300 sccm flow of N, to remove traces of H,O and O, in the
deposition chamber after exposure to the atmosphere during substrate
exchange. In an N, filled glovebox, ~300 mg of 1 was weighed into a
glass vial, which was placed in a stainless-steel container
and assembled onto the ALD tool. Caution! The bubbler must not be
overfilled with multigram scale of precursor 1 due to possible explosion
risk. The optimal temperature for the bubbler to obtain a high enough
vapor pressure to saturate the substrate surface and obtain optimal
growth was 125 °C. An amount of ~300 mg of precursor was enough
for 500 cycles, and increased linearly with the number of cycles. NH;
plasma was used as the nitrogen source, containing a 100/75 sccm
Ar/NH; gas mixture with a 2800 W plasma power and was located
approximately 75 cm above the substrate.'® Unless otherwise stated, a
9 s NH, pulse was used followed by a 10 s purge. The Si(100) and
4H-SiC substrates were cut into 15 X 15 mm? pieces, and films were
deposited onto them without any further ex situ cleaning. Prior to
deposition, a 120 s pulse of H, plasma (1000 W, gas mixture of Ar/H,
100/10 sccm) and N, plasma (2800 W, gas mixture of Ar/N, 80/380
sccm) was employed to nitridize the substrate surface and to remove
residual H,O and O, from inside the deposition chamber.

4.8. Film Characterization. Film thickness and film crystallinity
(6-20) were measured with X-ray reflectivity (XRR), PANalytical
X’Pert PRO with a Cu-anode tube and Bragg—Brentano HD optics.
To analyze the thickness, the software PANalytical X'Pert reflectivity
and a two-layer model was used to fit the data, InN/substrate.
PANalytical EMPYREAN MRD XRD with a Cu-anode X-ray tube
and S-axis (x-y-z-v-u) sample stage operating at 45 kV and 40 mA was
used in GIXRD mode with 0.5° incident angle to analyze the
crystallinity of the films. The pole figures were obtained with the same
XRD equipment and operating parameters using an X-ray lens and
parallel plate collimator. The morphology of the films was examined
with a LEO 1550 SEM operating at an acceleration energy of 10 kV.
Kratos AXIS Ultra DLD XPS was used to analyze the composition
and the chemical environment of the atoms in the film. The XPS tool
was equipped with an Ar sputtering source (0.5 keV), which was used
for clean sputtering and depth profiling of the films. To analyze the
data, CasaXPS was used. The high-resolution scans were fitted by
Gaussian-Laurentius functions and Shirley background. Raman
spectra were recorded on a micro-Raman setup utilizing 100X
objective and 532 nm solid-state laser (Coherent, Sapphire SF 532—
150). The laser was focused to a ~0.8 ym spot on the sample and a
power below 1 mW was used to avoid overheating. The Raman signal
was dispersed by a monochromator (Jobin Yvon, HR460) coupled to
a CCD camera. With the 600 grooves/mm grating used in this
measurement, the resolution was about 5.5 cm™. To obtain high
signal-to-noise ratio, 100 subsequent acquisitions of 10 s were
obtained for each sample resulting in a total acquisition time of 1000
s. No changes were observed in the spectra during the series,
indicating that the laser power utilized was sufficiently low to avoid
thermal damage.
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