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ABSTRACT: Gallium nitride (GaN) is the main component of modern-day high
electron mobility transistors due to its favorable electronic properties. As
electronic devices become smaller with more complex surface architecture, the
ability to deposit high-quality GaN films at low temperatures is required. Herein,
we report a new highly volatile Ga(IIl) triazenide precursor and demonstrate its
ability to deposit high-quality epitaxial GaN by atomic layer deposition (ALD).
This new Ga(IIl) triazenide, the first hexacoordinated Ga—N bonded precursor
used in a vapor deposition process, was easily synthesized and purified by either
sublimation or recrystallisation. Thermogravimetric analysis showed single-step
volatilization with an onset temperature of 155 °C and negligible residual mass.
Three temperature intervals with self-limiting growth were observed when
depositing GaN films. The GaN films grown in the second growth interval at 350
°C were epitaxial on 4H—SiC without an AIN seed layer and found to have a near
stoichiometric Ga/N ratio with very low levels of impurities. In addition, electron microstructure analysis showed a smooth film
surface and a sharp interface between the substrate and film. The band gap of these films was 3.41 eV with the Fermi level at 1.90 eV,
showing that the GaN films were unintentionally n-type-doped. This new triazenide precursor enables ALD of GaN for
semiconductor applications and provides a new Ga(III) precursor for future deposition processes.

1. INTRODUCTION repeated hundreds of times to deposit films with controlled
thickness, excellent large-area uniformity, and conformity.
Although ALD is routinely used in the production of modern
electronic devices, its potential for GaN is yet to be fully
unlocked. This is mostly due to the poor deposition chemistry
afforded at low temperatures by the commonly used
trialkylgallium(III) precursors. ALD of GaN has been under-
taken using GaMe; and triethylgallium (GaEt;) with N,/H,
plasma,"*~"* NH, plasma,'*'®"” or thermally with NH,,'® but
all render polycrystalline films with high C and O impurities
and nonstoichiometric Ga/N ratios.

To date, limited efforts have been made to develop new
Ga(IIl) precursors for ALD of GaN. Replacing the Ga—C
bonds of GaMe; and GaEt; with Ga—N bonds has led to the
formation of tris(dimethylamido)gallium(IH)19 (Ga(NMe,),).
We recently used Ga(NMe,); for the ALD of GaN, which gave
crystalline GaN films in a temperature range between 130 and
250 °C.”° The films grown were epitaxial on 4H—SiC with a

Gallium nitride (GaN) is the key material in state-of-the-art
AlGaN/GaN high electron mobility transistors used in high-
frequency electronics. This is due to its wide and direct band
gap, thermal stability, high breakdown field, and electron
mobility.' ™ High-frequency electronics require electronic
grade GaN, preferably deposited on SiC due to its high
thermal conductivity.” However, it is challenging to deposit
GaN directly onto SiC by chemical vapor deposition (CVD)
due to poor wetting of the film onto the substrate.” Therefore,
a buffer layer of AIN is required to initiate GaN film growth.”~”
CVD is currently used to deposit thin films of GaN at high
temperatures between 800 and 1000 °C.'° The high
temperatures used are a result of the poor gas-phase chemistry
between the routinely used trimethylgallium (GaMe;) and
ammonia (NH;) precursors at low temperatures, which forces
N/Ga precursor ratios in the order of 10%.'" These high-
temperature CVD processes also hinder the deposition of
highly conformal thin films of GaN on complex architecture
and temperature-sensitive materials, such as InN.'> Atomic Received:  January 22, 2021
layer deposition (ALD) is a low-temperature time-resolved Revised:  April 9, 2021
form of CVD, in which the metal and nonmetal precursors are Published: April 22, 2021
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 can be
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Scheme 1. Synthesis of Tris(1,3-diisopropyltriazenide)gallium(III) 1
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near stoichiometric Ga/N composition but contained approx-
imately 2.8 at % of C impurities. The C impurities
incorporated in the films were expected, as the deposited
surface species from metal amide precursors are known to
suffer from low thermal stability.”" Alternatively, bidentate
ligands have been used in ALD precursor development to
improve the thermal stability of a precursor as they provide
two stronger chelating bonds to the metal center. This has led
to the formation of the homoleptic hexacoordinated Ga—N
bonded Ga(Ill) amidinate (Ga(amd),;)** and guanidinate
(Ga(guan);)** compounds. Although these compounds
showed increased thermal stability in comparison to Ga-
(NMe,),, they lack sufficient volatility to be used in an ALD
process. Triazenides are an alternative bidentate ligand that
differs from amidinates only by a nitrogen atom in the
endocyclic position of the ligand backbone. Although a
homoleptic hexacoordinated Ga(IIl) triazenide has been
reported,24 its structure was not revealed, and it is undesirable
for vapor deposition due to the 1,3-diphenyltriazenide ligand.
We recently reported the first example of homoleptic 1,3-
dialkyltriazenide, tris(1,3-diisopropyltriazenide)indium (II1)
(In(triaz);), used in a vapor deposition process.”> This new
triazenide precursor was highly volatile and used to deposit
epitaxial InN on 4H—SiC that was stoichiometric with low
levels of impurities. To further explore the 1,3-diisopropyl-
triazenide ligand, we envisaged its ability to stabilize the
Ga(IIl) center to give a new precursor for ALD of GaN.
Herein, we report the synthesis, structure, and physical
properties of tris(1,3-diisopropyltriazenide)gallium(III) 1,
and demonstrate it as an excellent ALD precursor for high-
quality epitaxial GaN thin films on 4H—SiC. This new Ga(IlI)
precursor is the first example of a volatile hexacoordinated
Ga—N bonded precursor used in a vapor deposition process
and is shown to possess superior deposition chemistry for GaN
over previously used tricoordinated literature precursors.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of the Gal(lll)
Triazenide Precursor. The synthesis of tris(1,3-
diisopropyltriazenide)gallium(III) 1 is analogous to In-
(triaz);> (Scheme 1). Compound 1 was isolated in a good
yield as a colorless solid after purification by either
recrystallization or sublimation at 90 °C (0.5 mbar). It was
stable at room temperature in both solid and solution state
under an inert atmosphere. However, 1 decomposes upon air
or moisture exposure to give a white insoluble powder thought
to be gallium oxide (Ga,O;). Compound 1 was fully
characterized by nuclear magnetic resonance (NMR) spec-
troscopy, elemental analysis, and X-ray crystallography.

The crystal structure of 1 (Figure 1, Tables S1—S4) showed
the Ga atom in a distorted-octahedral coordination geometry,
similar to In(triaz); and Ga(guan);.*® All ligands were
distorted over four positions creating a multitude of different
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Figure 1. ORTEP drawing of 1 with thermal ellipsoids at the 50%
probability level. All hydrogen atoms were removed for clarity.

orientations. Placement of the molecule was possible by its
high symmetry (orthorhombic) and mismatching the inner
trigonal symmetry. The Ga—N bond lengths (av 2.09(3) A)
were similar to those of Ga(guan); (av 2.09(1) A).> This
shows that the electron-withdrawing effect of the triazenide
ligand has no effect on the Ga—N bond distances.

The '"H NMR spectrum of 1 in C¢Dg showed one septet at &
3.96 ppm and one doublet at 6 1.26 ppm for the methine
proton and methyl groups of the isopropyl moiety, respectively
(Figure S1). This result indicates 1 exists as 2 monomer in the
solution state and reflects its crystal structure. Compound 1
was found to be highly volatile and sublimed at 90 °C (0.5
mbar) with no visible solid remaining. Thermogravimetric
analysis (TGA) showed the new precursor volatilized
completely in a single step between 155 and 225 °C, with
1% residual mass remaining (Figure 2). The derivative TGA
showed clean volatilization without any signs of decom-
position. A thermal stress test with a higher mass loading of 1
displayed a shift to a slightly higher volatilization temperature
(160—235 °C) without signs of decomposition (Figure S3a).
The 1 Torr vapor pressure of 1 was shown to occur at 136 °C
(Figure S3b), and its AH of vaporization was 73.1 kJ mol™
(Figure S3c). The volatility of 1 is strikingly similar to its
isostructural analogue In(triaz),, with slight variation in the
sublimation temperature (80 °C, 0.5 mbar), TGA onset
volatilization temperature (145—21S °C), 1 Torr vapor
pressure (134 °C), and AH of vaporization (65.8 kJ
mol™!).% Although it is expected that 1 and In(traiz); would
have similar chemical properties, their comparable physical
properties highlight the significance of the 1,3-diisopropyl-
triazenide ligand in the group 13 precursor landscape. More
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Figure 2. TGA of compound 1.

importantly, the volatility of 1 is quite remarkable when
compared to Ga(amd); and Ga(guan),, which are unsuitable
for use in an ALD process due to the lack of volatility.”>** This
makes compound 1 noteworthy, as it is the first example of a
highly volatile homoleptic hexacoordinated Ga—N bonded
Ga(Ill) precursor, as far as we know.

The heterolytic bond dissociation energy of the Ga—N
bonds for 1 was calculated by quantum-chemical density
functional theory (DFT) computations to be 341.2 kJ mol™",
which is lower than that of Ga(guan); (349.5 kJ mol™") and
Ga(amd); (373 kJ mol™), indicating a weaker Ga—N bond
(Table SS). The natural charges of the Ga (+1.47) and N
(—0.44) atoms of 1 show highly polarized bond character
(Table S6). Both the HOMO # and LUMO z* frontier
orbitals of 1 are localized on the N3 moiety of the triazenide
ligand (Figure 3ab) similar to In(triaz);.”> This provides

Figure 3. (a) HOMO (—5.87 eV) and (b) LUMO (—0.72 V) of 1
from DFT calculations.

further evidence that the high volatility of these triazenide
precursors is due to a large amount of electrostatic repulsion
forces in solid state. The crystal structure of 1 had a high
degree of disorder similar to that of In(triaz); due to a lack of
intermolecular interactions.

2.2. ALD behavior of the Ga(lll) Triazenide Precursor.
ALD of GaN was tested initially on Si(100) using a 10 s pulse
of 1 and a 12 s NHj; plasma, separated by a 10 s N, purge,
while varying the deposition temperature. These experiments
showed three intervals where the growth per cycle (GPC) is
constant with the temperature: 150—275, 300—350, and 375—
430 °C (Figure 4a). The saturation curves on Si(100) of the
first and second temperature intervals showed saturation
growth behavior with a GPC of 0.25 and 0.30 A/cycle,
respectively, after a S s pulse of both 1 and NH; plasma
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(Figure 4b,c). The third temperature interval showed
saturation growth behavior with a GPC of 0.70 A/cycle after
a 10 s pulse of 1 and S s of NH; plasma (Figure 4d). These
results indicate self-limiting surface chemistry for 1 and NH;
plasma in all three temperature intervals. The GPC of interval
II is similar to that reported for high-quality GaN by ALD
using GaMe; and NH; plasma (0.26 A GPC), whereas the
GPC of interval III is nearly three times higher.16 However,
the GPC of intervals IT and III are lower than that reported for
GaN by ALD using Ga(NMe,); and NH; plasma (1.2 A
GPC).”” The deposition temperature ranges of intervals II and
III indicate a higher thermal stability of the deposited surface
species of 1 in comparison to the previously used Ga(NMe,),,
which has a constant GPC over a temperature range of 130—
250 °C. A linear growth trend was observed when all the
parameters were kept constant upon increasing ALD cycles at
350 and 400 °C (Figure S10a,b). Extrapolation of these linear
trends to zero showed a nucleation delay on Si(100) of 16 and
21 cycles for 350 and 400 °C, respectively.

2.3. Thermal Properties of the Ga(lll) Triazenide
Precursor. Two temperature intervals with self-limiting
growth behavior were observed when depositing InN using
the previously mentioned In(triaz);.”” Nevertheless, the
presence of multiple temperature intervals with self-limiting
growth behavior is still highly unexpected in ALD. Differential
scanning calorimetry (DSC) analysis of 1 showed an
endothermic event with a peak between 130 and 140 °C and
two exothermic events, a sharp peak between 160 and 180 °C
and a broad peak between 200 and 280 °C (Figure S4). The
onset temperature of the first exothermic event falls within the
volatilization temperature range observed in TGA (155—225
°C), which could indicate decomposition and volatilization
occurring simultaneously. Heating of 1 in the solid state to 180
°C for 16 h showed no discoloration of the sample and no
decomposition by "H NMR analysis. This result suggests that
the first exothermic event does not correspond to a
decomposition pathway. The spike in the GPC between 350
and 375 °C is slightly higher in temperature than the second
broad exothermic event between 200 and 280 °C. Heating of 1
in solution (200—21S5 °C, Figure SS) and solid (220 °C, Figure
S6) states gave an unidentifiable white or brown solid,
respectively, confirming the second exothermic peak in the
DSC analysis as a decomposition event. This is a strong
indication that 1 decomposes in the gas-phase inside the
deposition chamber to a more volatile and reactive species at
approximately 350 °C. Similar behavior was observed by
In(triaz); when depositing InN by ALD.” The thermal
decomposition of 1 was studied by DFT calculations at 350
°C, which shows a similar decomposition pathway to
In(triaz);, although with a small energy difference (Tables
S5—S8; Figures S7—S9).

2.4. GaN Film Characterization. The films deposited on
Si(100) in temperature interval I were X-ray amorphous
(Figure S1lab), while intervals II and III gave crystalline
hexagonal wurtzite GaN with a preferred orientation along the
c-axis (Figure S11c,d). The small difference in GPC of intervals
I and II could be explained by the change from amorphous to
crystalline state. Deposition on 4H—SiC (0001), which is more
suitable than Si(100) in terms of lattice mismatch,”® at 350 and
400 °C both rendered epitaxial wurtzite GaN. The 6—20 X-ray
diffraction (XRD) measurement shows GaN peaks corre-
sponding to the (0002) and (0004) planes, indicating growth
along the c-axis (Figures Sa and S12a). Grazing incidence XRD
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Figure 4. (a) Growth dependence on process temperature using a 10 s pulse of 1 and 12 s pulse of NH; plasma on Si(100). The GPC behavior of 1
and NHj; plasma pulses deposited at (b) 250, (c) 300, and (d) 400 °C on Si(100). The film thickness for all films was determined using X-ray
reflectometry (XRR). The black circles are for 1 and the red diamonds are for the NH; plasma.

(GIXRD) showed no peaks, indicating no tilted grains (Figure
S12b,c). In-depth XRD analysis was used to investigate in-
plane grain orientation and the crystal relationship between the
film and the substrate (Figures Sb,c; S12d). Both the Ga(10—
13) and SiC(10—12) planes showed six poles each,
corresponding to the GaN film and 4H-SiC substrate,
respectively. This is expected for an epitaxially grown
hexagonal film on a hexagonal substrate due to their six-fold
symmetry. The §—260 XRD, GIXRD, and in-plane measure-
ments show that each GaN hexagon grows epitaxially on a
4H-SiC hexagon with no in-plane rotation, resulting in
relations GaN(0002)/ISiC(0004) and GaN(10—13)IISiC(10—
12). This confirms the epitaxial relationship between the GaN
film and the 4H—SiC substrate for films deposited at both 350
and 400 °C. In addition, it shows that 1 can render epitaxial
GaN directly on 4H—SiC without the need for an AIN
nucleation buffer layer. Top-view scanning electron micros-
copy (SEM) images of the GaN films on 4H—SiC at 350 and
400 °C both showed a smooth surface (Figures Sd, S13d).
Rutherford backscattering spectroscopy (RBS) and time-of-
flight elastic recoil detection (ToF-ERDA) analyses were used
to determine the elemental composition of the films. The films
deposited at 350 °C (interval II) gave a composition of 48.8 at.
% Ga, 46.4 at. % N, 3.0 at. % O, 1.8 at. % H, and no detectable
C, showing a near stoichiometric Ga/N ratio of 1.05. The films
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deposited at 400 °C (interval III) gave a composition of 44.0
at. % Ga, 49.1 at. ¥ N, 6.0 at. % O, 0.5 at. % H, and 0.4 at. % C,
showing a Ga/N ratio of 0.90. The low C impurities in these
films suggest that 1 has superior deposition chemistry over a
larger temperature range in comparison to the previously used
GaMe,,"""°™"® GaEt,,'"'>'” and Ga(NMe,),”" literature
precursors. The oxygen impurities in these films are of a
similar level to the lowest values reported using GaMe;'® or
Ga(NMe,),*° with NH, plasma. The lack of oxygen atoms in 1
and NHj clearly shows that the source of oxygen impurities is
not precursor-related. The sources could include residual
oxygen and moisture in the ALD reaction chamber, etching of
the inductively coupled plasma quartz tube, or post-deposition
oxidation of GaN films (GaN, AG°® = —78 kJ/mol™; Ga,0,,
A{G°® = —998 kJ/mol™").>” The higher tolerance of 1 to oxygen
and moisture over GaMe; and Ga(NMe,), gives great promise
to completely removing the oxygen impurities. We believe that
the implementation of a load-lock antechamber with a high
vacuum system to the ALD instrument and an oxygen-free
environment for creating a plasma would dramatically decrease
the oxygen impurities in the GaN films deposited by this new
Ga triazenide precursor.

The microstructure of the GaN film deposited at 350 °C on
4H-SiC was characterized by high-resolution scanning
transmission electron microscopy (HR-STEM) with high-
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Figure S. (a) XRD of GaN on 4H—SiC(0001) deposited at 350 °C with a thickness of approximately 30 nm showing epitaxial GaN along the c-
axis. (b) Pole figure of the GaN(10—13) plane showing 6 poles corresponding to the GaN substrate. (c) Pole figure of the SiC(10—12) plane
showing 6 poles corresponding to the SiC substrate. The thickness of the GaN film used for pole figure analysis was approximately 30 nm. (d) Top-
view SEM of GaN on 4H—SiC deposited at 350 °C with a thickness of approximately 30 nm.

angle annular dark-field (HAADF) imaging (Figure 6). The
film was observed to be smooth (Figure 6a), and the
heteroepitaxial relationship between GaN and 4H-SiC
substrates can be visualized by the fast Fourier transform
(FFT) patterns (Figure 6a, inset). A sharp interface transition
was observed, indicating no amorphous interlayer between the
GaN film and the substrate (Figure 6b). The stacking of GaN
layers within the crystal is more regular at the substrate
interface (Figure 6b) in comparison to the top of the film
(Figure 6¢), without signs of a significant lattice curvature. In
addition, the angular dispersion of the FFT patterns of this film
is far less pronounced and implies a notably improved stacking
coherence of the GaN crystal and is in contrast to our
previously reported ALD of GaN with the Ga(NMe,);.° The
XRD rocking curve (XRC) on the GaN film deposited at 350
°C showed the full width half maximum for the (0002) plane
was 280 arcsec (0.07754°) (Figure S14). This value indicates
lower stress and higher crystalline quality for the deposited film
in comparison to our previously reported GaN by ALD using
Ga(NMe,); (523 arcsec) and high-temperature metal organic
CVD (MOCVD) GaN deposited on either SiC (607 arcsec)®
using an AIN seed layer or directly onto sapphire (310
arcsec).m The smooth surface, sharp interface, and low stress
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in the film highlight the quality of the GaN film deposited
when using this new Ga(Ill) triazenide precursor.

An absorption measurement was undertaken to obtain the
optical properties of the GaN film deposited at 350 °C. A Tauc
plot was constructed to express the optical band gap for the
direct band gap material (eq 1). Using the linear section of the
Tauc plot, the optical band gap was extrapolated and found to
be approximately 3.41 eV (Figure 7a). This is very close to the
reported value for single-crystalline GaN of 3.40 V.’

ahv = A(hv — Eg)l/2 (1)

X-ray photoelectron spectroscopy (XPS) was used to
investigate the valence band (VB) of the GaN film (Figure
7b). The intersection between the linear fit of the slope and
baseline of the spectrum revealed the VB maximum at
approximately 1.90 eV. This indicates the Fermi level (Ey) is
located slightly toward the conduction band in relation to the
VB (Figure 7c). This result shows the deposited GaN film is
unintentionally n-type-doped, which is expected due to the O
impurities and potential N vacancies in the film.”*™*° In
addition, this result is close to the Eg value of nondoped GaN
(1.70 eV) and is lower than our previously reported ALD of
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Figure 6. (a) Overview of the STEM—HAADF image from the GaN film with a thickness of approximately 60 nm on 4H—SiC. (b) HR-STEM—
HAADF image of the film—substrate interface and (c) top part of the film. The FFT patterns are shown as insets in (a—c) with orange as GaN and

cyan as the 4H—SiC substrate.

GaN (2.20 eV),*® which could be due to the lower amount of
C impurities in the film. Photoluminescence (PL) spectrosco-
py was used to measure the emission properties of the GaN
film at room temperature (Figure 7d). Three emission bands at
2.9,2.4, and 1.8 eV were observed and assigned as the blue line
(BL), green line (GL), and red line (RL) bands, respectively.
The BL and GL bands are commonly displayed in high-quality
unintentionally doped GaN made by MOCVD or hydride
vapor phase epitaxy (HVPE).”' The RL band is less common
and is found in GaN grown under Ga-rich conditions.>' Next,
the GaN film was analyzed by ellipsometry and the data was
fitted using the Kramer—Kronig model (Figure S15). The
refractive index was 2.25 at 632 nm, which is slightly higher
than that of previously reported ALD of GaN using GaMe; '
(2.17) but still lower than the literature value of single-
crystalline GaN (2.38).*”

3. CONCLUSIONS

In conclusion, we have developed a new highly volatile Ga(I1I)
precursor for the deposition of high-quality GaN films. This
new Ga(Ill) triazenide was the first hexacoordinated Ga—N
bonded precursor used in a vapor deposition process. TGA of
1 showed it underwent single-step volatilization between 150
and 220 °C with negligible residual mass, while heating studies
revealed its decomposition point at ~215—220 °C. The GaN
films deposited at 350 °C were epitaxial on 4H—SiC, without
the need for an AIN buffer layer, and a near stoichiometric Ga/
N ratio with no detectable C impurities. This result is
significant as the lack of C impurities shows the vastly superior
deposition chemistry of this new precursor over the currently
used literature precursors. The quality of the deposited GaN
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was further highlighted by electron microstructure analysis,
which showed the film was smooth with a sharp interface
between the substrate and film. The band gap of these films
was 3.41 eV with the Fermi level at 1.90 eV, showing the GaN
films were unintentionally n-type-doped. This new triazenide
precursor opens the door to deposit high-quality GaN on
temperature-sensitive materials for semiconductor applications,
which has previously been hindered by a lack of suitable
Ga(Ill) precursors. The development of new ALD processes
with this Ga triazenide precursor is currently underway.

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 difficulties
or 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 that 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, both 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. GaCl,
(99.99%) was purchased from ACROS-Organics and isopropyllithium
from Sigma-Aldrich, and both were used without further purification.
Isopro?ylazide was synthesized according to the literature proce-
dure.*® All NMR spectra were measured with an Oxford Varian 300
MHz spectrometer. The solvent peaks were used as an internal
standard for the '"H NMR (300 MHz) and *C{'H} NMR (75 MHz)
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Figure 7. (a) Tauc plot constructed from the absorption measurement showing a band gap of 3.41 eV for the deposited GaN film with a thickness
of approximately 30 nm. (b) VB spectrum obtained from XPS for the deposited GaN film with a thickness of approximately 30 nm showing the VB
maxima lies 1.90 eV below the Fermi level. (c) Schematic band structure with the measured band gap and Fermi level. (d) Room temperature PL
of the GaN films deposited at 350 °C on Si(100) with a thickness of approximately 30 nm.

spectra. 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-diisopropyltriazenide)gallium(lil)
1. To a solution of isopropylazide33 (7.51 g, 88.2 mmol) in Et,O (150
mL) at —78 °C was added isopropyl lithium (0.7 M in pentane, 126.0
mL, 88.2 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 GaCl; (5.17 g, 29.4 mmol) in
a 9:1 mixture of THF/n-hexane (170 mL)* via cannula, and the
mixture was stirred at this temperature for 2 h. The reaction was
warmed very slowly to room temperature and stirred for 16 h. The
reaction mixture was concentrated under reduced pressure, and the
resulting residue was dissolved in n-hexane, filtered through a pad of
Celite, and concentrated under reduced pressure to give a dark-orange
semisolid. The crude was purified by either recrystallization from
Et,0/MeCN or sublimation at 90 °C (0.5 mbar) to give compound 1
as a solid (8.28 g, 62%). *The solution of GaCly in a 9:1 mixture of
THF/n-hexane was prepared by first suspending the GaCl; in n-
hexane (20 mL) and then slowly adding cold THF (150 mL).

1: Colorless solid, decomp. 228—230 °C. '"H NMR (300 MHz,
C¢Dg): 6 1.26 (d, ] = 6.0 Hz, 36H, CH,), 3.96 (sept, ] = 6.0 Hz, 6H,
CH). *C{'H} NMR (75 MHz, C(Dy): 6 23.7 (s, CH,), 53.0 (s, CH).
Anal. Caled for CgH,,GaNg: C, 47.59%; H, 9.32%; N, 27.75%.
Found: C, 47.54%; H, 9.30%; N, 27.72%.
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4.3. X-ray Crystallographic Analysis. Colorless single crystals
were obtained by recrystallization from Et,0/MeCN at —35 °C for 1.
The single crystals were used for XRD data collection on a Bruker D8
SMART Apex-II diffractometer using graphite-monochromated Mo
Ka radiation (lz = 0.71073 A). All data were collected in the
hemisphere with over 95% completeness to 20 < 50.05°. The
structures were solved by direct methods. The coordinates of metal
atoms were determined from the initial solutions, and the N and C
atoms were located in the 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 2040929.

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
10, 20, and 30 mg of 1 for low, medium, 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. The DSC measure-
ment for 1 was performed on a TA Instruments DSC QI0 tool.
Approximately, 0.2 mg of 1 was loaded into 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

. . . 34
computatlons were performed using Gaussian 16 software.
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Structural optimization and harmonic normal mode vibrational
calculations were done 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 GaN, 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 a dip tube for the
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 due to its exposure to the atmosphere during
substrate exchange. In a N,-filled glovebox, approximately 800 mg of
precursor 1 was placed in a glass vial, which then was placed in the
stainless steel container and then assembled on the ALD tool
Caution! The bubbler must not be overfilled with the multigram scale
of precursor 1 due to possible explosion risk. The optimal
temperature for the bubbler in order to obtain high enough vapor
pressure to saturate the substrate and obtain optimal growth was 130
°C. Approximately 800 mg of the precursor was enough for 1000
cycles and the amount of precursor required increased linearly with
the number of cycles. A gas mixture containing a 100/75 ratio of
Ar(99.9997%) and NH; (99.999%), that were both further dried
using a getter filter, was used for the NH; plasma with a 2800 W
plasma power and was located approximately 75 cm above the
substrate.”>*" Unless otherwise stated, a 12 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 on them. Prior
to deposition, the 4H—SiC pieces were cleaned with RCA-1 [1:1:§
solution of H,0, (30%), NH; (25%), and H,0] and RCA-2 [1:1:6
solution of H,0, (30%), HCI (37%), and H,O] solutions to remove
organic and inorganic contaminants. The Si(100) pieces were used
without further ex situ cleaning.

4.8. Film Characterization. Film thickness (XRR) and film
crystallinity (6—260) were measured using 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 were used to fit the data, GaN/substrate. PANalytical
EMPYREAN MRD XRD with a Cu-anode X-ray tube and the five-
axis (x—y—z—v—u) sample stage operating at 45 kV and 40 mA were
used for XRC and in GIXRD mode with a 0.5° incident angle to
analyze the crystallinity of the films. The pole figures and phi
measurement were obtained with the same XRD equipment and
operating parameters using an X-ray lens and a parallel plate
collimator. The morphology of the films was examined with a LEO
1550 SEM operating at an acceleration voltage of 10 kV. The
elemental composition of the films was obtained using RBS and ToF-
ERDA. The measurements were carried out in a S MV NEC-5SDH-2
pelletron tandem accelerator. The RBS measurements employed 2
MeV *He" ions and detected within a scattering angle of 170°. Two
different geometries, azimuth angles of 5° + tilt angle 2° and 40° + tilt
angle 2°, were chosen in order to minimize channeling effects. In
addition, more suppression of the probable channeling effects was
undertaken by multiple small random-angular movements around the
equilibrium angles within the range of 2°. RBS spectra were fitted by
SIMNRA 7.02 code*' with a ~2% statistic uncertainty to determine
elemental compositions. In ToF-ERDA, recoils were detected at the
45° angle between the primary beam and a ToF-E detector telescope
in a gas ionization chamber (GIC) using a 36 MeV '"I** beam
incident at 67.5° with respect to the sample surface normal. The ToF-
E detector telescope consists of two circular carbon foils with 8 and S
ug/cm? thicknesses, 6 mm radius, a 0.05 msr solid angle (AQ), and a
flight distance of 425 mm between the foils. Utilizing a ToF-GIC
setup provides a system with good energy resolution and enhanced
ion species separation in terms of mass and energy.42 Average
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elemental composition of the films was also obtained from ToF-
ERDA time—energy coincidence spectra using two different software
packages, CONTES* and Potku.** Systematic uncertainties of the
experiment, discussed in more detail elsewhere*” in particular for light
elements, were estimated to be a maximum of 5—10%, whereas
statistic uncertainties due to the number of experimental counts were
<2.3%. However, the relative elemental concentrations were obtained
with higher accuracy.*™*” The stopping power data required for both
RBS and ERDA simulations were retrieved from the SRIM2013
code.*® The cross-sectional TEM samples were prepared by the
traditional sandwich approach, which includes sample cutting, gluing,
polishing, and ion milling. A Gatan Precision Ion Polishing System
model 691 operated at 5 kV and 40 mA, with an Ar ion source, was
used to make the sample electron transparent. STEMHAADF imaging
was performed using the Linkdping double Cs corrected FEI Titan®
60-300 operated at 300 kV. The absorbance measurements were
conducted using a custom fiber optical setup consisting of a light
source (Ocean Optics DH-2000-BAL), a detector (Avantes AvaSpec-
Dual), and a bifurcated optical fiber (Ocean Optics BIFBORO-2-
1000). An absorption spectrum for the GaN film was collected using
custom software-based LabView (National Instruments) with a
Si(100) substrate used as a reference. Kratos AXIS Ultra DLD XPS
was used to analyze the Fermi level of the film. The PL spectroscopy
was conducted at room temperature using a continuous wave 266 nm
laser as the excitation source with an output power of 60 mW. The
excitation with a continuous-wave laser operated at 266 nm was 4.66
eV, which is larger than the 3.40 eV band gap of GaN. The laser was
guided through a reflective objective to focus on the sample for
excitation. The emission was collected by the same objective and then
guided to the detector. The detector was a TRIAX monochrometer
equipped with a 600 g/mm grating and liquid-N,-cooled back-thinned
charge-coupled device. The ellipsometry measurement was performed
using a J. A. Woollam. Co. spectroscopic ellipsometer at 65, 70, and
75° angles.
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