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Abstract

Chemical vapor deposition (CVD) is one of the most important techniques for depositing thin
films of the group 13 nitrides (13-Ns), AIN, GaN, InN and their alloys, for electronic device
applications. The standard CVD chemistry for 13-Ns use ammonia as the nitrogen precursor,
however, this gives an inefficient CVD chemistry forcing N/13 ratios of 100/1 or more. Here
we investigate the hypothesis that replacing the N-H bonds in ammonia with weaker N-C bonds
in methylamines will permit better CVD chemistry, allowing lower CVD temperatures and an
improved N/13 ratio. Quantum chemical computations shows that while the methylamines have
a more reactive gas phase chemistry, ammonia has a more reactive surface chemistry. CVD
experiments using methylamines failed to deposit a continuous film, while instead micrometer
sized gallium droplets were deposited. This study shows that the nitrogen surface chemistry is
most likely more important to consider than the gas phase chemistry when searching for better

nitrogen precursors for 13-N CVD.
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Introduction

The group 13 nitrides (13-Ns or 111-Ns), AIN, GaN, InN and their alloys, form an increasingly
important class of semiconductor materials with applications in light emitting diodes (LEDS),
laser diodes, high electron mobility transistors (HEMTSs), radio frequency (RF) devices, and
power transistors. Regardless of the application, one of the most popular methods used to
deposit thin layers of 13-Ns is chemical vapor deposition (CVD), where typically trimethyl
metal complexes (M(CHs)z, where M = Al, Ga or In) and ammonia (NHz3) are used as group 13
and nitrogen precursors, respectively.! The reaction pathways of the trimethyl gallium
(Ga(CHs)3)/NH3 system has been studied earlier, both experimentally and theoretically.?3456.7
The studies show a complex gas phase chemistry where both Ga(CHz)s and NHz could
decompose to more reactive species that could deposit on the surface or react in the gas phase
to form species containing both gallium and nitrogen. Ga(CHzs)z is a Lewis acid due to the empty
p-orbital on the metal center and ammonia exists with a free electron pair on the nitrogen,
making it a Lewis base; for this reason, Lewis adduct formation of HsN:Ga(CHsa)zis very likely,
especially with the Le Chatelier’s driving force provided by the large surplus of ammonia in
the CVD gas mixture. It has been suggested that such adducts either break up at the high
temperatures employed in CVD of 13-Ns or undergo a reaction where a M-N bond is formed
with release of methane.%1° The formation of H,N-M(CHs)2 could contribute to the growth of
GaN by deposition, but might be also detrimental to the CVD process by leading to the

formation of parasitic nitride nanoparticles in the gas phase. 39111213

Despite the fact that CVD processes for 13-Ns have reached a level of maturity that allows them
to be used for industrial production of 13-N based electronics, they typically require a very high
NHs /13 precursor ratio, typically 100-1000:1 for AIN and GaN?, and up to 10°1 for InN*4,
reflecting poorly tuned CVVD chemistry. From a purely thermodynamic point of view, NHz will
mainly decompose under deposition conditions to highly stable dinitrogen and dihydrogen via
the reactive species NHzand NH.*® However, kinetically, NHz and NH intermediates only react
to form dinitrogen and dihydrogen over longer timescales that are not typically accessible under
normal CVD conditions.'® It has previously been demonstrated that NHz has a very low
reactivity at typical CVD temperatures for AIN and GaN depositions, and its decomposition by
catalysis by iron from the CVD reactor’s components has shown to improve ammonia
reactivity.!” The need to use high NHs/13 precursor ratios in CVD of group 13 nitrides points
to poorly matched precursor Kkinetics making it interesting to study alternative nitrogen

precursors.



This study investigates whether replacing one or more of the N-H bonds (bond dissociation
energy: 450 kJ/mol*®) in NHs with N-C bonds (bond dissociation energy 356 kJ/mol*®) will lead
to a more efficient nitrogen precursor; this change would produce a precursor with weaker
bonds and lower symmetry as a result of substituting one or two hydrogens with methyl groups,
hopefully increasing its reactivity to deposit group 13 nitride films. Quantum chemical
calculations were used to study the possible gas phase chemical reactions in the decomposition
of NHzx(CH3)x with x = 0-3. The subsequent surface chemical interactions with the reactive
fragments with a GaN surface were also studied using quantum chemical calculations. Since
the Lewis adduct formation between acidic group 13 precursors and basic N precursors is an
important aspect of the gas phase chemistry for CVD of 13-Ns, it has also been studied by
quantum chemical computations in this work. The quantum chemical study is further compared
to an experimental CVD study where NH2CHs, NH(CHz)2 and N(CH3)3 were compared to NH3

as nitrogen precursors in a CVD process with Ga(CH3)a.

Methods

Computational details

Quantum chemical calculations were carried out with the Gaussian09 software suite?®. The high
accuracy Gaussian 4 (G4)%' composite method was used for calculations on the gas phase
molecular species, which enabled the derivation of thermochemical data for decomposition and
adducts reactions. While the G4 method is well established for lighter elements?? there is less
experience with its performance for e.g. gallium. Additional calculations using the coupled
cluster approach were therefore performed for comparison. The G4 method somewhat
overestimates the Ga-CHs bond energy (around 10 kJ/mol) compared to those calculated at
CCSD(T)/aug-cc-pVTZ2 level of theory. The calculated adduct formation energies using G4
level of theory, 74.51 kJ/mol for the enthalpy of forming the adduct between NHz and
Ga(CHa)s, are in good agreement with experimental values, -68.20 to -77.82 kJ/mol for the
same reaction.?*?> The hybrid density functional theory (DFT) B3LYP method with the D3
version of Grimme’s empirical dispersion?® and the 6-31G(2df,p) was used as the basis set for
the surface interaction studies. For the surface studies, a hydrogen terminated model (0001)
surface in the form of a (GaN)13H3> cluster was used (See Fig. S1 in the supporting information).
The effect of the size of the cluster on adsorption energies was investigated and are summarized
in the supporting information. It was found that the effect was small, i.e. enlarging the cluster
changed the adsorption energy by less than 1.84 kJ/mol.



The geometries, for both equilibrium and transition state structures were optimized using the
Berny algorithm as implemented in the Gaussian program with standard convergence criteria.
The equilibrium structures were confirmed to have zero imaginary vibrational modes by
vibrational normal-mode calculations while the transition state structures were confirmed to
have one imaginary mode connecting the reactant and product structures. Gibbs free energies
were obtained by adding zero-point energies and temperature-dependent energy contributions
to the electronic energies along with entropic terms as computed from the vibrational normal-
mode frequencies and the optimized geometries.?” An investigation of the error in energies
associated with treating the internal rotations as vibrations was performed, see supporting
information for details. Due to the small differences in energies (less than 2 kJ/mol for
enthalpies and 3.2 kJ/mol for free energies) obtained using the two methods the errors from this
approximation were deemed not to significantly affect our conclusions and we chose to not

include corrections for the internal rotations in our presented calculations.

Experimental details

The depositions of GaN films were undertaken in a horizontal hot-wall CVD system?® operating
at 50 mbar with a carrier gas mixture of palladium membrane purified hydrogen (H.) and
nitrogen (N2) (99.999%), at a volumetric H2/N. ratio of 6.33. Films were deposited on
nominally on-axis 4H-SiC (0001) substrates, cut into 2x2 cm? pieces, washed using standard
RCA cleaning solutions?®: they were submerged in NHz:H02:H20 1:1:5, rinsed in deionized
water, submerged in HCI:H202:H20 1:1:6, rinsed again in deionized water, and finally dried
with dry N2. Before each CVD experiment, an epitaxial aluminum nitride (AIN) nucleation
layer was grown on the SiC substrate using Al(CHz)s (SAFC Hightec EpiPure grade) and NHz
(99.9999%, further purified using a Nanochem purifier down to < 1 ppb for important
contaminants such as water and oxygen) with a flow ratio of NHz/Al(CH3)z = 1043 at 1200 °C.
The temperature was then lowered to 800-1000 °C for the growth of GaN directly on the AIN
layer using Ga(CHs)s (SAFC Hightec EpiPure grade) and NHs;, NH2CH3 (AGA, 99 %),
NH(CHa)2 (AGA, 99 %) or N(CHz)3 (AGA, 99 %). All methylamines where further purified

by a Micro Torr gas filter to reduce water and oxygen to less than 1 ppb.

We note, and would like to point out, that the methylamines, as compared to ammonia, are more
challenging to work with in CVD experiments. The lower vapor pressure of the methylamines
led, at one point, to condensation of amine in the gas lines and we therefore recommend that
the gas lines and mass flow controllers are heated when attempting to replace ammonia with

methylamines in a CVD setup.



The morphology of the grown films was characterized using an optical microscope with
Nomarski differential interference contrast and by a LEO 1550 Gemini scanning electron
microscope (SEM) equipped with a field emission gun using 3-20 KV acceleration. Energy-
dispersive X-ray spectroscopy (EDS) was used in the SEM for elemental analysis. An
interference method® was used to determine the thickness of the epitaxial layers. XRD
measurements were performed by employing PANalytical EMPYREAN MRD X-Ray
diffractometer equipped with a Cu-anode x-ray tube and 5-axis (x-y-z-v-u) sample stage. For
the determination of the crystalline structure of the thin films, glancing incidence XRD (GlI-
XRD) was conducted. For these measurements, capillary optics on the incident beam side and
parallel plate collimator on the detector side were used. The Cu K line was removed by a Ni

filter.

Results

Gas phase decomposition of NHz.x(CH3)x

The optimized geometries of the NH3-x(CHz)x species and their decomposition products are
given in Fig. 1. The studied gas phase decomposition reactions are summarized in Scheme 1.In
these reaction paths the nitrogen atom consecutively loses a ligand (hydrogen atom or methyl
group) and forms more reactive nitrogen radical species. The reactions are labeled “H” and “C”
and correspond to the release of a hydrogen (vertical transitions) or a methyl radical (diagonal
transitions), respectively. The “RE” reaction is a rearrangement of NCH3z to methanimine
(NHCH?>).
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Figure 1: Optimized geometries and bond lengths in Angstrém for NHx(CH3)nx (n=3,2,1)
Blue atoms are nitrogen, black are carbon and white are hydrogen.
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Scheme 1 — Decomposition pathways for the unimolecular decomposition of methyl amines,
NHz3x(CH?3)x with x = 0-3. Reactions labeled “AHn” release a hydrogen radical while reactions

labeled “ACn" release a methyl radical. Reaction “RE” is a rearrangement.
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The energies of the unimolecular decompositions of ammonia and the three methylamines are
presented Table 1 and graphically in Figs. S3-S4. All reactions are endoenergetic (A/E® > 0)
and endothermic (A:H° > 0). All reactions except methyl elimination from N(CHz)3 (AC3) are
also endergonic (A/G° > 0), making the reactants more favorable than the decomposition
products. The free energies are lower at elevated temperatures due to an increase in entropy,
making the difference between ArH® and A:G° larger at higher temperatures. In general, the
reaction free energy is lower for a loss of methyl than for the loss of a hydrogen radical and the
energy difference increases at higher temperatures, which is in line with the bond energies. The
triplet spin state of NCHz has a lower energy than the singlet state, but the molecule can undergo
rearrangement (RE) to the much more stable methanimine (NHCH.) by migration of a hydrogen
from the methyl to the nitrogen, thereby forming a nitrogen-carbon double bond. The structures
of these molecules are given in Fig. S5 in the supporting information. The calculated N-C bond
length is consistent with the formation of a double bond. This rearrangement was exothermic
and had a negative reaction free energy at both STP and CVD conditions at all temperatures.
The temperature dependence of the free energy is very small due to the entropy change being

small for an internal rearrangement.



Table 1: Reaction enthalpies and free energies for unimolecular decomposition of ammonia

and methylamines at CVD conditions; i.e. temperatures in the range 300-1300°C and a total

pressure of 50 mbar. All energies are given in kJ/mol. Reaction indices refer to Scheme 1.

React |AH° AG°

ion  [300°C 500°C 700°C 900°C 1100°C 1300°C [300°C 500°C 700°C 900°C 1100°C 1300°C
index

AH1 |451.2 4537 455.6 457.1 458.1 458.9 ([368.7 339.4 309.6 2795 249.1 218.6
AH2 |419.1 421.6 4235 4249 426.0 426.7 |[330.1 298.6 266.5 2341 2015 168.7
AH3 [395.0 397.6 3995 4009 4019 4026 [299.8 266.2 2320 1974 1626 127.7
AH4 3918 3944 3965 3983 3999 4011 (3139 286.3 258.0 2294 2005 171.3
AH5 |357.1 358.8 360.1 361.1 361.7 3621 [276.0 2475 2185 189.3 159.9 1305
AHG6 3384 340.8 343.0 3451 347.0 348.7 [269.7 2453 220.3 1949 169.2 143.1
AC1 |3545 355.0 3542 3526 350.6 348.2 (2429 203.8 164.8 126.1 87.6 49.4
AC2 (3405 340.7 339.7 338.0 3358 3333 |[219.7 1774 1353 934 519 10.7
AC3 [329.2 329.2 328.1 326.3 324.1 3215 (1999 154.7 109.7 65.0 20.6 -23.4
AC4 3272 3278 3272 326.1 3245 3226 (226.7 1915 156.3 121.3 86.6 52.0
AC5 |302.6 302.0 3004 298.2 2957 2929 (1959 158.7 121.8 853 49.2 135
AC6 |3085 309.8 310.2 310.1 309.7 309.2 (220.4 189.4 158.2 127.0 95.8 64.7
RE -226.0 -226.6 -227.2 -227.8 -228.3 -228.7 |-223.4 -222.4 -221.2 -220.0 -218.6 -217.1

In addition to unimolecular decomposition, there also exists a possibility for ammonia and

methylamines to decompose via hydrogen radical assisted abstraction. Hydrogen radicals are

abundant under typical CVD conditions given the high temperatures and carrier gas mixture

used.®! The bimolecular decomposition reactions also follow Scheme 1 with the difference that

a hydrogen radical is included as a co-reactant and reacts to form molecular dihydrogen or

methane as co-products. The energies of the bimolecular decompositions of ammonia and the

three methylamines are given in Table 2 and graphically in Figs. S3-S4. All reactions except

the abstraction of a hydrogen from ammonia are exothermic and exergonic (A/G° < 0) at all

investigated CVD temperatures. As in the unimolecular case, the effect of increased

temperature lowers the reaction enthalpy and free energy. Temperature effects are smaller than




for the unimolecular decomposition due to the smaller change in entropy, since the number of
reactants and products are the same. The reaction energy for the removal of a ligand is, as in
the unimolecular case, lower for the methyl than the hydrogen.

The mechanism for hydrogen abstraction was assumed to be that initially a hydrogen atom can
approach either a hydrogen bonded to the nitrogen or a methyl ligand. As the hydrogen
approaches the ligand the bond to the nitrogen is elongated and the ligand can be released in
the form of a dihydrogen or methane molecule. Transition states for th mechanism were found,
and the corresponding activation energies were computed for the first bimolecular
decomposition; the enthalpy and free energy of the transition states relative to the reactants are
listed in Table 3 and graphically in Figs. S3-S4. The activation enthalpies for all transition states
show very little variance within the temperature range used for CVD, while the activation free
energy increases with increased temperature. Noteworthy is that the free energy barrier of
hydrogen elimination depends strongly on the number of methyl ligands, while the barrier for
the elimination of methane is fairly constant for all the methylamines. The barrier for hydrogen
elimination is also lower than the barrier for methane elimination, making the hydrogen
elimination the preferred kinetic path, while the reaction free energy makes the methane

elimination the preferred thermodynamic path.



Table 2: Reaction enthalpies and free energies for bimolecular decomposition of ammonia and

methylamines at CVD conditions of 300-1300°C and 50 mbar. The bimolecular decomposition

reactions follow Scheme 1 with the difference that a hydrogen radical is included as a co-

reactant and reacts to form molecular hydrogen or methane as a co-product. All energies are

given in kJ/mol.

Reaction [AH° AG°
index 300°C 500°C 700°C 900°C 1100° 1300° [300°C 500°C 700°C 900°C 1100° 1300°
C C C C

BH1 104 104 9.9 9.0 7.9 6.6 3.6 11 -2 -34 54 -73
BH2 217 217 -222 -231 -243 -25.6 (-350 -39.7 -443 -48.8 -53.0 -57.1
BH3 -45.8 457 -463 -472 -484 -498 [-653 -721 -789 -855 -919 -98.2
BH4 -49.0 -489 -49.2 -497 -504 -512 |-51.2 -520 -52.8 -535 -541 -545
BH5 -83.7 -845 -856 -870 -885 -90.2 |-89.1 -90.8 -92.3 -93.6 -946 -954
BH6 -102.4 -102.5 -102.7 -103.0 -103.3 -103.6 [-954 -93.0 -905 -87.9 -854 -82.7
BC1 -88.8 -91.4 -944 -97.4 -100.5 -103.4|-101.5 -105.5 -108.8 -111.4 -113.6 -115.3
BC2 -102.8 -105.7 -108.8 -112.0 -115.2 -118.3 |-124.7 -131.9 -138.3 -144.1 -149.3 -154.0
BC3 -114.1 -117.2 -120.4 -123.7 -126.9 -130.1 (-144.4 -154.6 -163.9 -172.5 -180.5 -188.1
BC4 -116.1 -118.6 -121.3 -124.0 -126.6 -129.0 (-117.6 -117.8 -117.2 -116.1 -114.6 -112.7
BC5 -140.7 -144.4 -148.2 -151.8 -155.3 -158.7 |-148.5 -150.6 -151.8 -152.2 -151.9 -151.2
BC6 -134.8 -136.6 -138.4 -140.0 -141.3 -142.4|-124.0 -119.9 -115.4 -110.5 -105.4 -100.0
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Table 3: Activation enthalpies and free energies for bimolecular decomposition, listed in Table
2, at CVD conditions (300-1300°C and 50 mbar). All energies are given in kJ/mol.

React |A*H A*G

ion  [300°C 500°C 700°C 900°C 1100°C 1300°C [300°C 500°C 700°C 900°C 1100°C 1300°C
index

BH1 (528 522 519 518 517 51.5 1249 150.2 175.6 201.0 2264 2519
BH2 (346 341 340 339 338 33.6 106.5 131.6 156.9 182.2 2074 2327
BH3 (20.0 197 196 196 194 19.3 91.3 1163 1413 166.3 191.3 216.3

BC1 (1329 1323 131.7 131.0 130.2 1295 (2044 229.4 254.6 280.0 3054 331.0
BC2 (131.7 131.1 1304 129.7 1289 1281 |[203.2 228.3 2535 278.8 3043 329.9
BC3 (1276 127.0 126.3 125.6 1248 1240 (198.8 223.7 248.8 2740 299.4 3249

Adduct formation between NHz.x(CH3)x and Ga(CHz)3

The adduct formation between Ga(CHz)s and the methylamines with subsequent alkane release
reactions are summarized in Scheme 2. The reaction energies are given in Table 4 and
graphically in Figs. S3-S4. The adduct formation reactions (CAn) are all exothermic and
exergonicat STP but endergonic for all reactions at CVD temperatures and pressures. The
reaction free energy increases as the temperature is increased due to the decrease in entropy
from the formed adducts. The reaction free energy for the three first reactions (CA1-3)
decreases with increased number of methyl ligands on the nitrogen, possibly due to a stabilizing
effect of the positive charge at the nitrogen by the methyl groups. For the last adduct reaction
(CA4), the reaction free energy increases, possibly as an effect of steric factors. The optimized
geometries for the adducts are given in Fig S6 in the supporting information.

The removal of ligands from the adducts is categorized in two groups: the release of methane
(CMn) and release of ethane (CEn). At STP and lower CVD temperatures, the removal of both
methane and ethane are endothermic and at higher temperatures they are exothermic, except for
CE1 which is exothermic at all temperatures. The temperature at which the enthalpy changes
sign increases with increasing number of methyl ligands on the nitrogen atom. The reaction free
energy is negative for all the removal reactions, and due to the increase in entropy, the reaction
is more favorable at higher temperatures. As with the reaction entropy, the reaction free energy
is lower for the removal of ethane than for the removal of methane for the mono- and
dimethylamine adducts. The sum reaction of adduct formation plus the release of methane or

ethane are exothermic at all calculated temperatures; at STP and lower CVD temperatures, the
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reaction free energy is negative. Although the release reactions are entropically favorable, the
total reaction (CAx + CMy/CEy) has a decrease in entropy. This indicates that the entropy loss
in the formation of the adducts is larger than the entropy gain from release of an alkane. This
makes the sum reactions less favorable at higher temperatures. The driving force for the adduct
formation and release of methane and ethane is the release reactions. The formation of adducts
between NHs.x(CHs)x and Al(CHs)s follows the same trends as the adduct formation with
Ga(CHa)s; all details for adduct formation with AI(CHzs)s are given in the supporting
information.

The alkane release mechanism from the adduct contains a migration of either a hydrogen
(methane release) or a methyl (ethane release) from the nitrogen towards one of the methyl
groups of Ga(CHz)s. Simultaneously the nitrogen and gallium atoms are pulled closer to form
a covalent bond. The transition state barriers for the alkane release reactions are given in Table
5 and graphically in Figs. S3-S4. The transition state enthalpy is almost constant for all reactions
in the CVD temperature range and does also not depend on the number of methyl groups on the
nitrogen. The activation enthalpy for the elimination of methane is lower than for the
elimination of ethane. The activation free energy barrier of the eliminations has a higher
dependence on temperature than the activation enthalpy has, except for reactions CM1 and CE3,
and increases slightly with increasing temperatures. The activation free energy of methyl
eliminations shows a larger dependence on the number of methyl ligands than the activation
free energy of ethane eliminations does. As with the enthalpy barrier, the free energy barrier is
higher for the elimination of ethane than for methane, demonstrating that the expected rate of

ethane elimination is slower than the rate of methane elimination.
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Scheme 2: Reaction pathway diagram of the adduct formation between NH3.x(CH3)x and

Ga(CHz)s and subsequent alkane elimination reactions. Reactions CAn are the adduct

Ga(CH3);NH,

Ga(CHa),NHCH,

Ga(CH3):N(CHa).

formation, CMn are the release of methane, and CEn are the release of ethane.
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Table 4: Reaction enthalpies and free energies for adduct formation between NHz.x(CHz)x and
Ga(CHs3)3 and subsequent alkane elimination reactions at C\VVD conditions: 300°C-1300°C and
50 mbar. All energies are given in kJ/mol. Reaction indices refer to Scheme 2.

Reaction |AH° AG°

index 300°C 500°C 700°C 900°C 1100°C 1300°C|300°C 500°C 700°C 900°C 1100°C 1300°C
CAl -73.6 -724 -71.0 -695 -679 -664 (539 983 1423 1859 2294 272.6
CA2 -83.0 -80.1 -77.0 -739 -70.7 -674 (36.6 779 1185 1583 197.7 236.5
CA3 -91.7 -88.7 -856 -824 -792 -76.0 (274 685 108.8 148.4 1875 226.1
CA4 -955 -923 -89.2 -861 -83.0 -79.8 (350 801 1243 1679 211.0 2535
CM1 1.2 -0.2 -1.7 33 -4.9 -6.6 -08.2 -132.7 -166.8 -200.6 -234.1 -267.4
CM2 7.6 4.4 11 -2.2 -5.5 -8.8 -77.0 -106.0 -134.1 -161.6 -188.5 -214.9
CM3 9.8 4.8 -0.2 5.2 -10.1 -15.0 |-60.5 -84.3 -106.7 -128.2 -148.7 -168.6
CE1l -205 -234 -265 -29.7 -33.0 -36.3 |-119.7 -153.9 -187.3 -220.1 -252.3 -284.0
CE2 3.4 0.0 34  -6.9 -10.3  -13.6 [-91.1 -123.6 -155.2 -186.0 -216.3 -246.1
CE3 134 80 2.8 -2.4 -14 -125 (-81.1 -113.3 -144.0 -173.7 -202.5 -230.5

Table 5: Activation enthalpies and free energies for alkane elimination from the adducts at
CVD conditions: 300-1300°C and 50 mbar. All energies are given in kJ/mol. Reaction indices

refer to Scheme 2.

Reaction |A*H A*G

index 300°C 500°C 700°C 900°C 1100°C 1300°C|300°C 500°C 700°C 900°C 1100°C 1300°C
CM1 1448 145.8 146.8 147.8 148.7 149.4 (1452 146.2 146.6 146.7 146.5 146.2
CM2 146.2 1455 1449 1442 1434 1425 (1514 1555 1588 1624 166.0 169.8
CM3 148.0 147.3 146.6 1459 1451 144.2 (153.8 1585 162.2 166.2 170.2 1745
CE1l 386.6 387.1 386.8 386.1 385.0 383.8 |389.4 3928 394.8 396.9 399.0 401.3
CE2 3924 3924 3919 3911 390.0 388.7 |393.7 3955 396.5 397.6 398.9 400.3
CE3 388.2 388.0 387.3 386.4 3853 384.0 |388.0 388.1 388.1 388.2 3885 388.9
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Surface interactions with GaN (0001)
Adsorption reactions for both NH3.x(CHs)x and their decomposition products were modeled by
allowing the adsorbate to displace a hydrogen at a GaN surface site, releasing a hydrogen

radical.
|—H + NHx-y(CH3)y - |—NHx.y(CH3)y +H-

The reaction energies are presented in Table 6 and graphically in Figs. S3-S4; Fig. 2 shows the
geometries for the adsorption of the intact NH3x(CHs)x species on GaN (0001). In Table 6 the
reactions are indexed as Dxy, where x is the total number of ligands attached to the nitrogen
and y is the number of methyl ligands. Reaction DRE is the adsorption of the rearranged
methanimine. While the adsorptions of NHs and NH2CHs are exothermic at the CVD
temperatures, undecomposed NH(CHs)2 and N(CHa)s have a positive reaction enthalpy. The
adsorption of all undecomposed species has a positive free energy of adsorption at all CVD
temperatures and thus these are not likely to adsorb significantly. The reaction free energy also
increases with the temperature for adsorption of all undecomposed species. The computed N —
Ga distances and geometries indicate that the adsorption of N(CHz)s is hindered by steric
repulsion due to the methyl groups.

For the first decomposition products, the adsorptions at CVD conditions are exothermic and
exergonic, except for N(CHz)2 which is endergonic at high CVD temperature. A lower number
of methyl groups on the nitrogen gives a lower adsorption free energy. At higher temperatures,
the adsorptions have higher reaction free energies and the effect of temperature is larger as the
number of methyl groups is increased. The overall lowest reaction free energy is for the
adsorption of NHzat all temperatures. For the adsorption of N(CHs)2, the reaction changes from
exergonic at lower temperatures to endergonic at temperatures between 900-1100°C. All other

reaction free energies are negative indicating favorable reactions.

As with the first decomposition products, all desorptions of second decomposition products are
exothermic. The adsorption of NH and NCH3 are exergonic at lower CVD temperatures and
NCHzs becomes endergonic above 900-1100°C. The reaction free energy is higher for the
adsorption of NCHz than for NH at all CVD temperatures. The adsorption of the nitrogen radical
is both exothermic and exergonic and is less favorable than the adsorption of NH but more
favorable than the adsorption of N(CHs), though the free energy approaches that of NH as
temperature is increased. The adsorption of NHCH: is has an adsorption enthalpy close to zero

at all CVD conditions and the high adsorption free energy makes adsorption unfavorable.
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A radical precursor species is necessary to allow exchange at the hydrogenated GaN surface.
The reaction is more thermodynamically likely with a lower number of methyls (i.e., higher
number of hydrogen bonded to the precursor nitrogen). In the CVD temperature range, the
increase in A/G is more significant for species with a greater number of methyl groups than for

ammonia-derived gaseous reactants.

Figure 2: Optimized geometries for the D30 — D33 adsorptions of undecomposed precursors
at the GaN (0001) surface. The distance between the Ga at the adsorption site and the N in the
precursor is given in Angstroms. Yellow atoms are gallium, blue nitrogen, black carbon and

white hydrogen.
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Table 6: Reaction enthalpies and free energies for the reaction of ammonia and methylamines
with the H-terminated GaN (0001) surface at CVD conditions (300°C-1300°C at 50 mbar). The
reactions are indexed as Dxy, where x is the total number of ligands attached to the nitrogen
and y is the number of methyl ligands. Reaction DRE is the adsorption of the rearranged

methanimine. All values are given in kJ/mol.

AH° AG°

300°C 500°C 700°C 900°C 1100° 1300° |300°C 500°C 700°C 900°C 1100° 1300°
C C C C

D30 |-116 -95 -73 52 -30 -09 (383 553 718 879 103.6 119.0
D31 |(-240 -233 -22.7 -222 -21.8 -213 |496 752 100.6 1258 1510 176.2
D32 (4.4 5.1 5.6 6.0 6.3 6.6 87.9 1170 1459 1746 2034 2321
D33 [798 796 789 778 76,6 753 (1441 166.6 189.1 211.9 2348 258.0

D20 (-256.8 -254.7 -252.8 -251.0 -249.3 -247.6 |-205.6 -188.0 -171.0 -154.3 -138.0 -121.9
D21 |(-228.6 -226.6 -224.8 -223.1 -221.4 -219.7 (-163.2 -140.7 -118.7 -97.1 -75.7 -54.6
D22 |[-196.5 -196.2 -196.1 -196.0 -196.0 -196.0 [-107.3 -76.3 -453 -143 16.7 47.7

D10 (-201.4 -201.7 -202.2 -202.8 -203.5 -204.2 (-148.6 -130.2 -111.6 -93.0 -742 -553

D11 (-171.2 -172.1 -173.3 -1746 -176.1 -1775(-96.9 -70.9 -445 -179 89 35.9

DRE |-3.7 00 3.1 5.7 8.1 103 |383 523 654 780 901 101.9

D00 (-145.0 -144.8 -145.0 -1454 -1459 -146.4|-111.7 -100.1 -885 -769 -65.2 -534

In summary, the computational study shows that the gas phase chemistry for decomposition of
NHzx(CH3)x becomes more thermodynamically favorable with more methyl groups in the
amine precursor. Adduct formation is more favorable with fewer methyl groups in the amine
precursor, and the subsequent release of methane or ethane is less favorable as the number of
methyl groups is increased. Overall, the gas phase chemistry becomes more favored with higher
temperatures. The surface chemistry for adsorption of the NHz.x(CH3)x becomes more favorable
for decomposition products with fewer methyl groups and with lower temperatures. This
suggests that N(CHz)z should be the best nitrogen precursor for gas phase chemistry rendering
a higher concentration of more reactive species with less nitrogen species in adducts with

gallium species. However, NH3 is the most favored nitrogen precursor for surface chemistry as
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the more methyl groups on the nitrogen atoms, the higher the steric hindrance for chemisorption

seems to be.

CVD experiments of GaN using NHz.x(CHz3)x and Ga(CHs3)s

CVD of GaN was first undertaken with NH3z and Ga(CHz3)s to use as a reference. With a N/Ga
ratio of 570 and reactor temperatures of 850 °C and 1000 °C, this process resulted in crystalline
GaN films with somewhat rough surfaces (Fig. 3). The deposition rate was found to be 44

nm/min at 1000 °C and 37 nm/min at 850 °C.
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Figure 3: GaN films grown by CVD using Ga(CHs)s and NHs with N/Ga = 570. Deposition
at 1000 °C in panels a) and b) and at 850 °C in panels c) and d) afforded crystalline GaN

films, as seen from GIXRD with a rough surface, imaged by optical microscopy.

The same experimental conditions with a reactor temperature of 1000 °C and N/Ga = 570 were
then used for CVD experiments with NH2CHz, NH(CHs)2 and N(CHs)s. None of these amines
yielded any film by SEM or XRD under these conditions. CVD experiments at 850 °C using
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NH2CHj3 and N(CHs)s with N/Ga = 570 were performed to probe the possibility of lower CVD
temperatures for GaN by NH3z.x(CHs)x. These experiments yielded Ga metal droplets (Fig. 4).
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Figure 4: SEM surface micrographs from CVD samples grown at 850 °C using Ga(CHzs)3
and a) NH2CHsz and b) N(CHs)s using N/Ga = 570.

Further attempts to form GaN were undertaken using N(CHjs)s and Ga(CHzs)s The N/Ga ratio
was tuned by varying the flow of N(CHs)z while keeping the flow of Ga(CHz)s constant at an
intermediate deposition temperature of 925 °C. These experiments also resulted in the
formation of droplets with the additional growth of cones (Fig. 5). The number of the droplets
and cones varied with the N/Ga ratio; a high N/Ga ratio (i.e., higher flow of N(CHs)3) resulted
in a lower density of droplets and cones as seen by SEM (Fig. 5). This was also seen by the
naked eye as the samples from CVD with a lower N/Ga appeared greyer and more metallic than
the samples from CVD with higher N/Ga, which had a shiny appearance on the transparent
greenish SiC substrate. The grey coating on the samples could easily be scratched. From EDS

(Fig. S8), the droplets were pure gallium, while the cones consisted of gallium with obvious
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amounts of nitrogen and carbon. GIXRD of the sample (Fig. S9) show an indication of
crystalline gallium in its orthorhombic structure and possible weak XRD peaks from crystalline
GaN.

C)
Figure 5: SEM surface micrographs from CVD samples grown at 925 °C from Ga(CH3)3
and N(CHa)s using a) N/Ga = 275, b) N/Ga = 570 and c) N/Ga = 1100.
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To further study how the concentration of amine affected the deposition, experiments with a
N/Ga fixed at 570 and changing the flows, and thereby the partial pressures, of both N(CHz)3
and Ga(CHs)z were performed (Fig. 6). From these experiments a higher partial pressure of
amine, coupled with a higher partial pressure of Ga(CHz)s, rendered larger droplets and fewer

cones.

Figure 6: SEM surface micrographs from CVD samples grown at 925 °C using Ga(CH3)3
and N(CHzs)s with N/Ga = 570 and a) low precursor flow (N(CHz)s at a partial pressure of 2
mbar) and b) high precursor flow (N(CH3)s at a partial pressure of 8 mbar).

4. Discussion

While the computational study shows that the amines will decompose more easily than
ammonia and thereby be more abundant nitrogen precursors in the gas phase at thermodynamic
equilibrium for CVD, the experimental study demonstrated that methylamines cannot replace
ammonia in CVD of GaN. Rather, methylamines seem to be poor nitrogen precursors as no
contiguous GaN films could be grown using them in this study. This is in line with the
computational results that showed that methylamines interacted less favorably than amines with
the GaN surface (i.e. higher A/G in Table 6), suggesting that surface chemistry rather than gas
phase chemistry is the limiting factor to growing high quality GaN films. Specifically, the
exchange of an activated gas phase radical for a surface hydrogen shows less of a
thermodynamic driving force as the number of methyl groups increase. This is not due to a
difference in the N-H vs. N-Me bond strength (as was originally supposed), but rather due to a
difference in radical chemisorption at a surface gallium site. Another factor to consider is that
the bimolecular decomposition rates are lower for methylamines than for amines due to higher
activation energies (Table 3), which make the methylamine precursor concentrations lower than
expected if equilibrium has not been reached in the CVD process. It can also be noted that
potentially detrimental adduct derivatives can be formed after both methane and ethane
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elimination (Scheme 2) for most of the Ga(CHzs)z-methylamine adducts, but only by methane
elimination for the Ga(CHzs)s-ammonia adducts. This could indicate that carbon released as
more reactive ethane, rather than less reactive methane, is detrimental to the CVD process of
GaN. As our attempts to achieve a continuous GaN film, both by varying N/Ga (through
changing the partial pressure of the trimethylamine) and by varying the partial pressures of both
trimethylamine and trimethylgallium while keeping a fixed N/Ga, all resulted in formation of
droplets and cones. And, a higher partial pressure of the amine, which should be beneficial for
adduct formation, always resulted in less growth of cones and formation of larger droplets.
Furthermore, EDS mapping of the cones (Fig. S8) shows a significant carbon signal, likely
originating from carbon adsorbed on the surface, as the solubility of carbon is very low in both
Ga* and GaN®. This can be interpreted as the trimethylamine or its gas phase reaction
products, such as ethane, hindering the growth of GaN, leaving droplets of metallic gallium on
the surface. This reasoning can be extended to explain why no GaN films were grown using
any of the methylamines: the amines or their reaction products could be passivating GaN
surfaces, forcing the enhanced formation of metallic gallium droplets.

The presence of metallic droplets appears to favor a VLS-type growth mechanism of cones
rather than films. The morphology from SEM, Figs. 5b and EDS mapping Fig. S8, suggests that
the metallic gallium droplet is growing while also seeding growth of the cone, causing the
growing cone to continually increase in diameter while it grows in length (Fig. 7) This shows
similar behavior to the growth of Ga,Os cones using an amidinate precursor and water.>* The
material comprising the cone is not fully understood; as no peaks related to gallium oxide could
be seen in the GIXRD pattern (Fig. S9) and considering the very weak tendency for gallium to
form carbides® and that nitrogen was detected in the cones by EDS (Fig. S8), a probable
material in the cones is an X-ray amorphous gallium nitride. The high amount of carbon
detected on the cones in EDS (Fig. S8) could disturb the nitride forming process, leading to an

X-ray amorphous gallium nitride structure.

22



//O

Figure 7: Schematics of a possible growth mechanism for the observed cones.

Although it was observed that low amine flow led to the formation of droplets and cones, and
high amine flow led to no deposited species at all, it is unclear what the cause of this is. The
formation of gallium metal droplets at the surface occurs more readily at low amine/Ga
precursor ratio, N/Ga = 275. Perhaps a gallium species, most likely GaCH3z with minor
contribution from atomic Ga,*! reaches the surface and deposits gallium metal by reductive

elimination of ethane:
2 GaCHs; — 2 Ga® + CoHg

This would be an irreversible process as there are no oxidizing agents present in the CVD gas
mixture. Under low and intermediate amine flow, GaN could then nucleate on the growing
droplet surface. Under high amine flow, where there was no apparent GaN formation, the

gallium metal could be etched by the overpressure of amine by a subsequent oxidative addition:
2n Ga® + 3n N(CHs)s — n-x (CHs)2Ga'""N(CHs). + x CH3Ga"'(N(CHs3)2)2

Another explanation for the enhanced formation of Ga droplets is a reversible blocking of
surface sites by the methylamines reaction products, partially preventing growth of GaN,
forcing incoming gallium species to adsorb in a such a way that reductive elimination of alkanes

is favored.

Concluding remarks
From quantum chemical computations we find that methylamines show a higher reactivity in
the gas phase chemistry of a CVD process for group 13 nitrides than (the currently used

precursor) ammonia, while ammonia and its decomposition products show a higher reactivity
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towards a GaN surface than methylamines and their decomposition products. CVD experiments
where ammonia was replaced by NHsx(CHs)x with x = 1,2 or 3, did not deposit continuous
films, and instead the experiments rendered micrometer sized gallium droplets. At some
experimental conditions, cone shaped outgrowths from the droplets, probably consisting of X-
ray amorphous GaN, were observed. This study shows that in the search to replace ammonia
with a more efficient nitrogen precursor in CVD of the group 13 nitrides, allowing for a N/13
ratio closer to unity and lower CVD temperatures, the surface chemistry of the reaction
fragments is likely more important than a more reactive gas phase chemistry. The results also
suggest that care should be taken to avoid formation of too-reactive hydrocarbon fragments of

any new nitrogen precursor.
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