¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Surface chemical mechanisms of trimethyl

".) Check for updates‘
aluminum in atomic layer deposition of AIN7Y

Cite this: J. Mater. Chem. C, 2023,

11, 13935 ;
* Henrik Pedersen

Karl Ronnby, and Lars Ojamae

Aluminum nitride (AIN) is an important material for semiconductor devices, such as ultraviolet light
emitting diodes (LEDs) or high-electron-mobility transistors (HEMTs). One emerging approach to deposit
very thin, and highly conformal AIN films is atomic layer deposition (ALD), most commonly by using
trimethyl aluminum (TMA) and ammonia. Despite TMA being one of the most common ALD precursors,
its surface chemistry in ALD of AIN is poorly understood. By quantum chemical modeling, we have
investigated the adsorption and decomposition of TMA on an AIN surface. We have found two
competing decomposition pathways, either ligand exchange by protonation of the methyl groups in
TMA by a surface amino group, or reductive elimination of the methyl groups as ethane. Reductive
elimination is shown to be the dominating reaction step if a TMA molecule adsorbs far from any
previously adsorbed molecule. Ligand exchange is preferred if it adsorbs close to an already adsorbed
molecule. By comparing the obtained surfaces after decomposition, we find that the saturation
coverage is dependent on the preferred pathways with a third of a monolayer saturation for reductive
elimination and a full for ligand exchange. The relative low diffusion rate compared to decomposition
rate of TMA will cause the molecules to be far apart after adsorption, and we conclude that the
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Introduction

Aluminum nitride (AIN) is a wide band gap semiconductor with
a direct band gap of 6.1 eV." The large band gap allows AIN to
be used in ultraviolet light emitting diodes (LEDs) with wave-
lengths down to 210 nm.>? AIN is also used as a buffer layer in
gallium nitride (GaN) based high-electron-mobility transistors
(HEMTs), where the high breakdown voltage of AIN allows for
high power applications.* Both applications require AIN to be
deposited as a thin and very uniform film. Thin films of AIN
can be deposited by chemical vapor deposition (CVD) at tem-
peratures around 1000 °C.” The need for such high temperature
restricts the selection of substrates, and previously deposited
films, to more stable materials. It also limits the surface
chemical control needed for deposition on topologically
complex structures.®

Atomic layer deposition (ALD) is a time-resolved form of
CVD relying on surface chemical reactions between gaseous
precursor molecules and thermodynamically stable monolayers
of chemisorbed precursors. ALD is thus an alternative low
temperature method that could allow for new types of AIN
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dominating decomposition path is reductive elimination.

applications. Some of the earliest reports of ALD of AIN were
published in the early 1990s and used trimethyl aluminum
(TMA, Al(CHj);), triethyl aluminum (Al(CH,CHj3);) or alumi-
num chloride (AICl;) together with ammonia (NH;3) in a thermal
process.”'® Although other aluminum precursors, such as
the homoleptic tris-dimethylamido aluminum (TDMAA)"' and
tris-diehtylamido aluminum (TDMEA)"> or the heteroleptic
AlH,NMe,," have been investigated to improve deposition
and film properties TMA is still used as the most common
precursor. Plasma assisted ALD is often utilized to achieve
better film quality where NH; plasma,'* nitrogen and hydrogen
plasma,"® or ammonia and nitrogen plasma have been used.'®
However, the films deposited with TMA contain a high amount
of carbon impurities and the surface chemical mechanisms are
not fully understood, although some investigations on reducing
the carbon impurities have been performed."”

The TMA half-cycle in ALD of AIN can be assumed to be
similar to the well-studied ALD process for aluminum oxide
(Al,03) using TMA and water, where TMA adsorbs by forming a
Lewis adduct with a surface hydroxyl group.'® That mechanism
continues by abstraction of hydrogen atoms from the surface
hydroxyl groups to the methyl ligands of TMA, which then can
be released as methane. The process can continue as long as
there are hydrogen atoms left at the surface hydroxyl groups
and saturates when they are depleted, or any additional TMA
are blocked from adsorption by other surface species. Surface
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hydroxyl groups are recreated by adsorption of water during the
next half-cycle, displacing the remaining methyl groups.

We have in recent works investigated the chemistry of
ammonia in ALD of AIN as well as the two other group-13
nitrides gallium nitride (GaN) and indium nitride (InN)."®*°
Therein we have investigated different nitrogen containing
surface species, the distribution of these at the conditions used
for ALD of AIN and investigated an possible adsorption path for
ammonia. The results show that the most stable AIN surface
after NH; chemisorption at ALD temperatures is covered by
amino groups (-NH,),"® which, like hydroxyl groups, are Lewis
bases and can thus form adducts with TMA. The groups also
contain acidic protons, which can be transferred to the methyl
ligands, facilitating methane release, albeit the acidity of amino
groups is weaker than that of hydroxyl groups. Quantum
chemical studies of the similar material gallium nitride (GaN)
have shown the existence of such adducts with trimethyl
gallium (TMG, Ga(CH3)3) as well as a proposed surface proto-
nation of methyl ligands and release of methane.>' Adsorption
of trimethyl indium (TMI, In(CHj3);) on indium nitride (InN)
has also been shown by computational investigations to lead to
such adduct formation and methane release. In addition,
reductive elimination of methyl groups as ethane from the
TMI adduct is a viable route.”

In this study we have investigated the adsorption of TMA
onto AIN by density functional theory (DFT) modeling to
elucidate the adsorption mechanism of the aluminum half-
cycle of the ALD process. We investigate initial adsorption and
diffusion of TMA onto a pristine amino terminated AIN surface.
The possible methyl protonation and reductive elimination
pathways are compared to find the preferred decomposition
route. We also investigate if there is any difference in the
adsorption path of a TMA molecule if it adsorbs in close
proximity to an already adsorbed and decomposed TMA mole-
cule or not.

Computational methods

Density functional theory (DFT) was used to investigate the
adsorption geometries, energies, and mechanisms, using the
Vienna Ab initio Simulation Package (VASP) for all quantum-
chemical calculations.”®® The generalized gradient approxi-
mation (GGA) functional PBE was used to calculate the
exchange-correlation energy and the third version of Grimme’s
dispersion correction was used to improve description of non-
covalent interactions.’®*” Projector augmented wave (PAW)
potentials were used with 1 valence electron for hydrogen, 4
for carbon, 5 for nitrogen and 3 for aluminum.”® A kinetic
cutoff energy of 700 eV was used for the plane wave basis.
Transition states (TS) were found by the nudge elastic band
(NEB) method, using climbing image if necessary, the dimer
method or constrained optimization.>?!

A surface slab was created from an optimized unit cell of
wurtzite AIN. The unit cell was extended in the [0001] direction
and padded by vacuum, yielding a surface slab of AIN layers
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with approximately 20 A of vacuum separation. A surface
supercell was created from the unit slab by extending it along
[1120] and [1100], thereby obtaining a (3 x 4) supercell with 12
adsorption sites for TMA. The size of the supercell was selected
to allow adsorption of multiple TMA molecules without any
self-interactions across the periodic boundary. Each dangling
bond on the nitrogen atoms at the bottom of the slab was
saturated by hydrogen atoms, 12 in total for the supercell, and
the dangling bonds on the top aluminum atoms were saturated
by amino groups (NH,). The supercell was optimized after
construction with all atoms free to move with the cell para-
meters kept held constant. For all further optimizations all but
the two topmost layers were kept frozen at their initially
optimized coordinates. A 2 x 2 x 1 Monkhorst-Pack k-point
mesh was used for the surface slabs. The convergence criteria
for geometry optimization were that all unconstrained forces
were to be less than 0.01 eV A~ for minima and 0.05 eV A~ for
transition states. Energies of gas phase molecules were calcu-
lated in a 10 x 10 x 10 A® cube with the I'-point as the only
k-point.

Adsorption energies were calculated as the energy of the
surface with adsorbate minus the energy of the surface before
adsorption and of the adsorbate in gas phase, eqn (1).

AadsE = Esurfrads — (Esurf + Egas) (1)

Potential energy surfaces (PES) of adsorption were con-
structed by adding a TMA molecule to the surface cell where
the aluminum atom was placed on a grid with its position fixed
in the horizontal directions and optimizing the structure at
each position. A smooth PES was then obtained by interpolat-
ing the computed energies by a periodic piecewise bicubic
polynomial. Bader charges were calculated to estimate the
oxidation state of different atoms and to investigate possible
oxidations and reductions during precursor decomposition.
The change of Bader charge for an atom during a reaction
was calculated from the charge for the atom in the product
subtracted by the charge of the atom in the reactant, eqn (2).

Ad = 5product - 5reactant (2)

The effect of spin polarization was investigated for the
structures named A,, By, C;, C,, BC;, and BC,, see the ESIL.}
As the effect of spin polarization was relatively low, non-spin
polarized calculations were used.

Results and discussion
Initial TMA adsorption and decomposition

The AIN surface for initial TMA adsorption was modeled as
being terminated by amino groups, arranged in a zig-zag
pattern forming hydrogen bonds across the surface, (structure
Ao, Fig. S1 in the ESIf) as this is the surface termination
expected after an ideal ammonia ALD half-cycle.'® The PES
for a TMA molecule adsorbing onto this surface, Fig. 1a, shows
that TMA has a single adsorption configuration, located at the
surface amino groups, with a barrierless adsorption process as

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Adsorption of TMA onto a clean amino terminated AIN surface. (a) Potential energy surface for an adsorbing TMA molecule. (b) Structure of TMA
adsorbing at an energy minimum forming a Lewis adduct. (c) Transition state structure of TMA diffusing between two Lewis adduct sites.

no bonds are being broken in the adsorption. In this structure,
Fig. 1b, the aluminum atom forms a Lewis adduct (B,, Fig. S2,
ESIt) with the surface amino group with an adsorption
energy of —92 kJ mol~". The adsorption energy is slightly more
negative than the adsorption energy on Al,O; (—68 k] mol ") as
reported by Elliott and Greer, although calculated with a
different functional,'® indicating that TMA forms a stronger
adduct with amino groups compared to hydroxyl groups, in line
with the lower electronegativity of nitrogen compared to
oxygen.

When forming the adduct the coordination around the
aluminum atom changes from its planar geometry in gas phase
to a more tetrahedral arrangement. Repulsion between the
surface and the methyl groups of TMA forces the nitrogen to
adopt a seesaw geometry with an almost linear bend angle
(165°) between the surface aluminum and TMA molecule and
the bond length (2.14 A) is slightly longer than the gas phase
adduct between TMA and ammonia (2.09 A).*> Between the
different adduct sites of the amino terminated AIN, there are
first order saddle points on the PES corresponding to the
transition state (TS) of TMA diffusion. When translating
between two adduct sites, at the TS TMA almost returns to its
planar gas phase geometry, Fig. 1c. The diffusion barrier is
42 kJ mol™' above the minimum (—50 k] mol™" adsorption
energy). The negative adsorption energy of the TS indicates that
the TMA molecule can stay on the surface while diffusing
instead of desorbing and reabsorbed at a different site. The
distance between two adjacent amino groups is 3.1 A. This
separation might be too small to fit two undecomposed TMA
molecules on adjacent positions (Al-C bond length 1.9 A),
however, one TMA could be able to fit to a site adjacent to a
small adsorbent.

This journal is © The Royal Society of Chemistry 2023

The removal of the methyl ligands from the adsorbed TMA
molecule was investigated by elucidating methyl protonation
and reductive elimination pathways. Oxidation of the reduced
surface by release of hydrogen gas was also investigated. In the
methyl protonation pathway, i.e., a ligand exchange route, one
hydrogen is transferred from a surface amino group to a carbon
of one of the methyl groups, transforming it to methane, and a
covalent bond between the aluminum and the nitrogen atom of
the amino group is formed. The dimethyl aluminum (DMA)
fragment moves to a bridging site between the deprotonated
amino site and the initial adduct amino group during the proton
transfer, while the released menthane molecule desorbs sponta-
neously from the surface (C,), Fig. 2a. The reaction energy of
methyl protonation is —96 k] mol ", which is slightly smaller than
that of the same reaction on Al,O; (=116 kJ mol ').'* This
indicates that while the adduct binds more strongly to AIN
compared to Al,Oj3, the following elimination of methyl groups
and formation of the material is more favorable for the oxide.

Instead of protonation of a second methyl group, the DMA
fragment was found to undergo reductive elimination. The two
remaining methyl groups are released as ethane, thereby redu-
cing the oxidation state of the surface atoms. The aluminum
adatom is positioned at the bulk hep position, where it binds to
the deprotonated amino site and two neighboring amino
groups (D;), Fig. 2c. The reductive elimination leads to a
significant decrease of energy, —257 kJ mol ", and has an
almost negligible barrier, 14 k] mol ™, relative to the DMA
fragment. The very low barrier would lead to a quick reaction
and release of ethane, making it unlikely that other decom-
position pathways would be of importance.

Alternatively, the reaction steps can proceed in the opposite
order. Ethane can be reductively eliminated from the TMA

J. Mater. Chem. C, 2023, 11,13935-13945 | 13937
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Fig. 2 Geometries for (a) DMA fragment after methyl protonation (C,), (b) MMA fragment after reductive elimination (Cz) and (c) aluminum adatom after

methy!l protonation followed by reductive elimination (Dy).

adduct forming a monomethyl aluminum (MMA) fragment at
the surface (C,), Fig. 2b. The MMA fragment translates to the
bulk hep position after the ethane molecule has been released,
allowing the aluminum atom to adopt a tetrahedral configu-
ration with the remaining methyl group along the surface
normal. In this route, the reductive elimination has a large
negative reaction energy of —507 kJ mol ', indicating a very
exothermic reaction. The barrier for the elimination is also
quite low at 31 kJ mol ™" leading to a quick reaction. The last
methyl group in the MMA fragment can then be protonated
from one of the amino groups, releasing it as methane, forming
the same aluminum adatom as in the previous pathway (D;).
Methyl protonation from an MMA fragment has a positive
reaction energy, 153 k] mol ', and a barrier of 266 k] mol .
Oxidation of the surface was investigated by the removal of
hydrogen atoms from the reduced surfaces at two different
steps in the reaction path, either after formation of the alumi-
num adatom or before methyl elimination from an MMA
fragment. In both cases, two surface hydrogen atoms combine
to be released as hydrogen gas. The reaction energy is similar in
both cases, 389 k] mol " from the aluminum adatom (E;) and
399 kJ mol~" from the MMA fragment (D;). It is unlikely for
these oxidations to proceed as the reaction energy is very high,
and TS were not investigated for these steps. After oxidation of
the surface with an MMA fragment, methyl protonation can
occur, leaving an aluminum adatom (E;), with similar energy
as from the reduced surface, i.e., 143 k] mol ' compared to
153 kJ mol . The energies are very close, implying that the

oxidation state of the surface does not affect the methyl
elimination significantly.

The energy profiles for the reaction paths are shown in
Fig. 3. The global energy minimum for the investigated decom-
position paths is the MMA fragment (C,) with an energy of
—599 kJ mol ™" below the energy of gas phase TMA and the
amino terminated AIN surface. Decomposition to form this
configuration (BC,) has lower activation energy compared to
the surface protonation (BC,) and is thus expected to also be
the more dominating decomposition pathway. The high barrier
for further methyl protonation makes it unlikely for the MMA
fragment to decompose during the time allowed for ALD. The
reaction steps are irreversible as they lead to the release of a gas
molecule that will be carried away in the gas stream. Thus, even
though the reductive elimination to MMA is assumed to be the
major pathway for TMA decomposition, a small amount of the
TMA-amino adducts could decompose by methyl protonation,
followed by a reductive elimination to an aluminum adatom.
The energy of this reaction is —446 kJ mol ', which even
though it is higher than the energy for an MMA fragment, is
much lower than for TMA in the gas phase.

Consecutive TMA adsorption and decomposition

An adsorbed and decomposed TMA molecule will affect how
any following TMA molecules can adsorb on the surface. The
two surface species described above, an MMA fragment (C,)
formed from reductive elimination and an aluminum adatom
(D4) formed from a combination of reductive elimination and
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Fig. 3 Energy profile for TMA adsorption and decomposition on amino terminated AIN. The black step (Ag to Byp) is initial adsorption of TMA. The blue
path (Bg via C4 to D4) is methyl protonation followed by reductive elimination and red (Bg via C, to Dy) is reductive elimination followed by methyl
protonation. The yellow path (D; to E3) is surface oxidation, and the green (C, via D3 to E3) is surface oxidation followed by methyl protonation.
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Fig. 4 Adsorption of TMA onto AIN with an MMA fragment on the surface. (a) Potential energy surface for an adsorbing TMA molecule. (b) Structure of
TMA adsorbing at an energy minimum forming a Lewis adduct. (c) Structure of TMA repelled by being adjacent to the adsorbed MMA fragment.

methyl protonation, were considered as the possible endpoints
of the TMA decomposition.

The already adsorbed MMA fragment affects the PES of
adsorption for any following TMA molecules, Fig. 4a. Close to
the fragment, the TMA molecule is blocked from being able to
form an adduct with the three closest amino groups and the
TMA molecule is only physisorbed, Fig. 4c. The effect of the
fragment on the PES is localized to a small area close to it,
affecting mainly the nearest amino sites. Further from the
fragment, the TMA molecule can form an adduct with the same
structure as with the clean surface (Ds), Fig. 4b and Fig. S13
(ESIT). The adsorption energy for this adduct is slightly lower,
—122 kJ mol ', implying that the adduct binds more strongly to
the reduced surface, possible due to the extra electrons that
could be distributed to the aluminum atom.

From the adduct site the second TMA molecule can decom-
pose, similar to the first, by either methyl protonation or
reductive elimination. Methyl protonation has a reaction
energy of —80 k] mol™', a magnitude which is smaller than
for the methyl elimination on the initial TMA. The overall
energy of TMA adsorption and methyl protonation is, however,
more negative for the second TMA due to the more favorable
adduct. The formed DMA fragment is positioned at the bulk
hep site instead of bridging two amino groups, with the
deprotonated amino group bridging the two aluminum
fragments (Es, Fig. S15, ESIf). Reductive elimination can
occur from the DMA fragment to form an aluminum adatom
(F5, Fig. S21, ESIt). However, due to the surface already being
reduced once, this reaction is not energetically favorable, with a
reaction energy of 60 k] mol~'. The difference in reaction
energy is significant and shows that the surface becomes much
less likely to perform another reductive elimination. A second

This journal is © The Royal Society of Chemistry 2023

methyl protonation is a more likely reaction pathway with a
reaction energy of —104 kj mol ™', forming two MMA fragments
in neighboring positions on the surface (Fs, Fig. S17, ESIt). As
with the first TMA, any further methyl protonation is unlikely
as the barrier would be too high. Reductive elimination of
the second TMA adduct, forming another MMA fragment (Es,
Fig. S19, ESIt), is also much higher in both reaction and
activation energy than for the first, with the reaction energy
being positive (20 k] mol ). This again shows that the surface
is much less prone to undergo reduction for the second TMA
molecule.

An aluminum adatom affects the adsorptions of TMA as
well. As with an MMA fragment, the adatom only affects the PES
of adsorption, Fig. 5a, close to its absorption site, allowing TMA
to adsorb as an adduct at second neighbor amino groups like in
the previous cases, Fig. 5c. However, close to the adatom the
PES is changed significantly. If the second TMA molecule
comes in close enough to the aluminum atom, one of the
methyl groups is transferred without any barrier to the adatom,
thereby transforming it to an MMA fragment, Fig. 5b. Mean-
while the TMA is changed into a DMA fragment, which can be
relocated to a neighboring bulk hcp site. The energy for this
adsorption reaction is —356 kJ mol ', which shows a very
favorable reaction, the lack of barrier making it very fast. The
produced surface species, a DMA and an MMA fragment in
neighboring positions, are the same as those obtained from
methyl protonation of a TMA adsorbed close to an MMA
fragment (E;) and can thus decompose in the same way.

The reaction energy profile for the following TMA adsorbate,
Fig. 6, differs from the profile for the initial TMA molecule,
Fig. 3. The main difference is that the energy for reductive
elimination is much less favorable which causes these reaction

J. Mater. Chem. C, 2023, 11,13935-13945 | 13939
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Fig. 5 Adsorption of TMA onto AIN with an aluminum adatom on the surface. (a) Potential energy surface for an adsorbing TMA molecule. (b) DMA
fragment adsorbed after methyl transfer to aluminum adatom. (c) Structure of TMA adsorbing at an energy minimum forming a Lewis adduct.
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Fig. 6 Energy profile for TMA adsorption and decomposition on amino terminated AIN with a neighboring MMA fragment. The black step (C, to Ds) is
adsorption of TMA. The blue path (Ds to Fs) is methyl protonation. The red path (Ds to Eg) is reductive elimination of the TMA adduct and the green path

(Es to Fy) is reductive elimination of the DMA fragment.

paths to have both a much higher reaction energy and activa-
tion energy barrier. The barrier for the reductive elimination
step is also higher than the adsorption energy for the TMA
adduct causing the adduct to be more likely to desorb rather
than decompose reductively. The barrier for the first methyl
protonation is larger than for the second, making it the rate
determining step for the decomposition.

Surface oxidation state

The oxidation state of the surface was estimated by analysis of
the change of Bader charges during the adsorption and decom-
position reactions. An increase in Bader charge corresponds to
oxidation of the atom while a decrease corresponds to
reduction. The changes of Bader charge for atoms at the surface
level and below were negligible for all investigated reactions. All
transfer of electron charge took place at either the surface

13940 | J Mater. Chem. C, 2023, 11,13935-13945

amino groups or adatoms. For adsorption of TMA there is no
significant change in the oxidation state, Fig. 7a. The nitrogen
atom gets a slightly more negative charge which mainly corre-
sponds with an electron withdrawal from the methyl groups.
For methyl protonation there is also no large change in the
oxidation state of the surface species, Fig. 7b. The deprotonated
amino nitrogen gains a partial electron from the loss of the
proton, while the hydrogen atoms on the methyl group become
more positive as they share their charge with the newly
obtained proton.

The ethane elimination changes the oxidation state of the
surface to a much higher degree than methyl protonation,
Fig. 7c. The two eliminated carbon atoms gain a partial charge
of about 0.6-0.7 each, close to the expected oxidation state
change as given by the simple Lewis structures, -IV for carbon
in methyl to -III for carbon in ethane. The electrons gained by

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc02328a

Open Access Article. Published on 26 setembro 2023. Downloaded on 01/11/2025 00:44:09.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

View Article Online

Paper

a)
03 : 7
02+ adduct nitrogerﬁ 4
0.1 :
g 0 HH=oO—n Py I | I = .._. = oo .h
0.1 : 1
-0.2 :
0.3 .
surface termination adatom
b)
03 : :
02+t deprotonateéi nitrogen i’ g
transferred proton : ' ‘
0.1
7o) 0 (=T | =]
< O = = ==T00: |
041 3
02} 5
0.3 5
surface termination adatom
c)
0.8 E
0.6 E
5 04 r coordinatiné nitrogens b
g :
0.2t E
0 =ouoo=—ro=—r=—r =
-0.2

surface termination

adatom
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the surface from the elimination is however not localized at any
specific atoms, and instead they are distributed over all surface
amino groups giving the nitrogen atoms a more negative
charge. The two nitrogen atoms gaining slightly more charge
than the others are the two that form a new coordination to the
formed MMA species.

Bader charges for the adsorption of TMA onto a surface
with an MMA fragment were also investigated. The charge
differences for adsorption and methyl protonation follow the
same pattern as for the initial adsorbed TMA with only small
changes in charge and is mostly due to electrons being dis-
placed in the newly formed bonds, Fig. 8a and b. The ethane
elimination does show some difference, Fig. 8c. The carbon
atoms that are eliminated as ethane are oxidized with a 0.6-0.7
charge each, as before. However, the electrons obtained by the
surface are no longer evenly distributed at the amino nitrogen
atoms as they already have gained electronic charge in the

This journal is © The Royal Society of Chemistry 2023

previous elimination. The electrons are instead more distributed
to the hydrogen atoms in the amino groups. This would explain
the much lower affinity for the second ethane elimination, as the
surface cannot carry the extra electrons as well. Only one TMA
molecule per nucleation site is thus expected to be able to
decompose by reductive elimination while the following adsorbed
TMA would decompose mainly by methyl protonation.

Surface coverage

Three surface decomposition pathways were found for TMA,
reductive elimination (R1), methyl protonation followed by
reductive elimination (R2) and methyl protonation twice (R3).

TMA(s) —» MMA(s) + C,Hg(g) (R1)

TMA(s) + 2H(s) — MMA(s) + 2CH,(g) (R2)

TMA(s) + H(s) — Al(s) + CH4(g) + C,H¢(g) (R3)
J. Mater. Chem. C, 2023, 11,13935-13945 | 13941
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Fig. 8 Change of Bader charge on a surface with an MMA fragment after (a) TMA forms a Lewis adduct with an amino group, (b) methyl protonation, and
(c) reductive elimination. The colors of the bars correspond to the element, white for hydrogen, blue for nitrogen, dark gray for carbon and green for
aluminum. Bars with a dashed outline correspond to atoms adsorbing in (a) or desorbing in (b) and (c).

Reactions (R1) and (R3) are available for TMA adducts
decomposing if adsorbed far away from an already adsorbed
and decomposed MMA fragment. The very low barrier for
reductive elimination from the DMA intermediate in reaction
(R3) would hinder it from decomposing by another methyl
protonation. By comparing the energy barriers for the rate
determining step of these reactions, it was determined that
around 98% of the TMA adducts would decompose by reaction
(R1) compared to reaction (R3). Reaction (R2) is instead the
decomposition path for a TMA molecule absorbing close to an
already adsorbed and decomposed MMA fragment as no reduc-
tive eliminations are possible from this surface. The two
dominating decomposition pathways for a TMA adduct are
then assumed to be Reactions (R1) and (R2), depending on
how close they adsorb, and decompose, to each other.

The surface concentration of hydrogen atoms at a pristine
amino terminated surface is two atoms per amino group,

13942 | J Mater. Chem. C, 2023, 11,13935-13945

corresponding to a surface concentration of 39.6 pumol m >

assuming a full amino monolayer. All surface hydrogen atoms
must be removed during film growth to render stochiometric
AIN without contamination of trapped hydrogen. If adsorbed
TMA is decomposed by ethene elimination reaction (R1), no
hydrogen atoms are removed from the surface and the surface
concentration of hydrogen remains unchanged. In contrast,
two surface hydrogen atoms are removed and transferred to the
methyl groups when an adsorbed TMA molecule decomposes
twice by methyl protonation reaction (R2). From these two
pathways for TMA adsorption, the concentration of hydrogen
(cu) on the surface can be expressed in terms of the concen-
tration of TMA decomposing by reductive elimination (c;), the
concentration of TMA decomposing by methyl protonation (c,)
and the initial concentration of amino groups (cam), eqn (3).

Cy = 2Cam — 0¢1 — 2¢, (3)

This journal is © The Royal Society of Chemistry 2023
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Each surface amino group can form up to three bonds with
other surface species. At the initial amino covered surface two
of these bonds are occupied by hydrogen atoms while the third
can be formed by forming the Lewis adduct with TMA by
donating electron density from the lone pair on the nitrogen
atom. After decomposition of TMA by either reaction (R1) or
(R2), the formed MMA fragment will have one bond to each of
its three neighboring amino groups, with a total of three bonds
per MMA fragment. The number of surface sites occupied by
MMA fragments is thus 3(c; + ¢,). The remaining surface
hydrogen atoms will occupy one surface site each, ie., Cy.
For a TMA molecule to be able to form the initial adduct there
must be an amino group on the surface with a lone electron
pair. The concentration of TMA adsorption sites can thus be
expressed by eqn (4).

Csite = 3Cam — 3(€1 + ¢2) — € = Cam — 3€1 — €5 (4)

The right hand of eqn (4) is obtained by inserting eqn (3).
From the PES of adsorption, it can be seen that TMA molecules
can adsorb close to each other, not sterically blocking any
adsorption sites. Thus, at full saturation the number of sites
is zero, i.e., ¢site = 0, yielding eqn (5).

Cam = 3C1 + ¢y (5)

The coverage at saturation can then be expressed as the total
concentration of MMA, ¢; + ¢,, divided by initial coverage of
adsorption sites, equal to the concentration of amino groups,
eqn (6)
crtea  a+oa

Cam  3C1 + 0

Gsat = (6)

Assuming that very few TMA molecules can decompose by
reductive elimination, and most decompose by methyl proto-
nation at already formed nucleation points (¢; « ¢,) the cover-
age approaches 1. If instead TMA forms many initial islands
that decomposes mainly by reductive elimination (¢; > c,) the
coverage instead approaches 1/3. Growth per cycle (GPC) can be
predicted from the saturation coverage by the thickness of a
monolayer (ML). For AIN growth in the [0001]-direction this
corresponds to 2.499 A per ML, since the c-axis of the AIN
crystal is 4.98 A and there are two monolayers per AIN unit cell
in this direction.® The predicted GPC for different ratios of the
decomposition paths is given in Fig. 9.

An incoming TMA molecule could adsorb directly or diffuse
until it reaches an already adsorbed molecule. As the barriers
for diffusion and decomposition are similar, the two processes
are expected to have similar rate and a TMA molecule is thus
expected to only diffuse a few adsorption sites before decom-
posing and becoming more strongly bonded to the site. This
would in turn lead to a large amount of nucleation sites and
formation of many small islands during the initial time of each
TMA half cycle. The TMA decomposition should then be
dominated by reductive elimination, and low saturation cover-
age with a large amount of hydrogen still at the surface is to be
expected. These hydrogen atoms must then be removed either
by the following ammonia adsorption or in the following TMA

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Variation of predicted growth per cycle (GPC) with different ratios
of MMA produced by the different decomposition pathways.

half-cycles to produce contamination free films. The experi-
mental growth rate has been reported as around 1 A/cycle.>*"*
This growth rate corresponds to low saturation coverage and
the assumption of TMA molecules at the surface mainly decom-
posing by reductive elimination.

Conclusions

From DFT calculations we suggest that TMA easily adsorbs as a
Lewis adduct on the amino covered surface that is left after an
ammonia half-cycle and can then decompose in two different
ways. For a TMA adsorbing far away from any previously
adsorbed TMA, the main decomposition pathway is a reductive
elimination of ethane while a TMA adsorbing close to pre-
viously decomposed TMA will mainly decompose by methyl
protonation, i.e., ligand exchange where methyl groups leave as
methane. The final decomposition product in both pathways is
an MMA fragment with one methyl group remaining on each
aluminum, but the amount of surface hydrogen left after
decomposition is different. The reductive elimination leave
hydrogen on the surface that at a high coverage would block
additional TMA from adsorbing and contributing to the film
growth. The maximum surface coverage at saturation could be
expressed by the ratio of the TMA decomposing by each path-
way. If the dominating decomposition pathway is methyl pro-
tonation the surface can be fully saturated as the removed
hydrogen allows for additional adsorption sites for TMA
adducts. In the other case, if the dominating adsorption path-
way is reductive elimination only a third of all adsorption sites
are available. By comparing experimental growth per cycle with
the predicted coverage the ratio between the two decomposi-
tion paths can be estimated.
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