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empirical potentials.20,21 Nevertheless, static 0 K ab initio
techniques such as density functional theory (DFT), or even more
accurate first-principles electronic-structure-based methods,22,23

are inherently unable to resolve the intricate molecule/surface
dynamics, especially when several degrees of freedom are
involved. On another hand, efficient deterministic CMD simula-
tions present disadvantages such as questionable reliability/
transferability and require fitting a large set of potential-
parameters for describing the large variety of atomic interactions.

Density-functional ab initio molecular dynamics (AIMD)24

yields reliable descriptions of the time-evolution of solid-
state systems directly embedded in realistic environmental
conditions.25,26 AIMD simulations often reveal non-intuitive
reaction pathways27,28 and system configurations29 while pro-
viding corresponding kinetic rates at finite temperatures.
Despite its known limitations for treating electron transfer
during chemical reactions and/or the energetics of transition
states for molecule splitting,30 AIMD is an excellent tradeoff
between accuracy + reliability vs.computational cost for identi-
fying chemical reaction pathways and estimating the relative
occurrence of competing reactions. To this point, AIMD has been
proven useful computational tool for investigating reactions of
graphene with different functional groups including N-containing
amino radicals.26

The purpose of this work is to identify reaction pathways
relevant for MOCVD processes of AlN on graphene and interpret
the reactions on the base of associated variations in electron
densities. AlN on graphene serves as a model to rationalize
atomistic and electronic mechanisms of importance to deposition
of group III nitrides on graphene, in general. Our results demon-
strate the great potential of AIMD simulations for revealing
precursor/surface dynamics and for guiding experiments toward
the realization of prototype group III nitrides heterostructures
with graphene, already attempted by MOCVD.1,2

Results and discussion

The MOCVD of AlN implements trimethylaluminum, (CH3)3Al,
and ammonia, NH3, as typical group III and group V precursors,
respectively. It is known that a chain of gas-phase chemical
reactions is opened by an easy dimerization of the adduct-
derived species (CH3)2AlNH2 following the rapid methane (CH4)
elimination from the adduct (CH3)3Al:NH3.14 AIMD simulations
were carried out to reveal how each of the individual precursors –
ammonia NH3, and trimethylaluminum (CH3)3Al – and the
adduct-derived species (CH3)2AlNH2 with direct Al–N bonding,
evolve/react with a graphene sheet. The interaction of each
precursor with graphene is treated in separate sets of simulations.
In order to observe different relevant and possibly competing
reaction mechanisms, we also carry out two, or more, separate
and independent AIMD runs for each of the investigated
precursor/graphene reactions. The description of AIMD results
is focused on reactions which we retain of primary relevance for
understanding MOCVD of AlN on graphene. The equations
describing chemical reactions are based on our empirical

interpretation of events observed in AIMD videos and schema-
tically represented in the way we believe these to be more likely
to occur. Duration of precursor/graphene physisorption events
and frequency of precursor/graphene collisions prior to mole-
cule transformations allow for qualitatively comparing the
reactivity of different precursors with the graphene sheet.

Electron transfer maps are used to identify the variations in
charge distribution associated with molecule/molecule and
molecule/surface interactions, or any reaction of interest. These
are calculated by subtracting the DFT self-consistent electron
densities of individual molecules and/or the graphene sheet (by
using the atomic positions generated during AIMD) from the
DFT self-consistent charge density of the entire system.

Simulations of trimethylaluminum (CH3)3Al with graphene

Run 1: Al adatom formation via CH3–AlQQQCH2 dissociation
on graphene. In this case, the system comprised by the (CH3)3Al
molecule and the graphene sheet evolves by sequential
collisions of the molecule with the carbon layer. In most cases,
a collision leads to temporary physisorption timeframes (of
duration ranging between B2 and B6 ps) with the (CH3)3Al
molecule rolling and translating on the graphene surface. The
fifth molecule/surface collision, at a simulation-time (tsim) of
approximately 29 ps, excites scissoring/bending vibrational
modes of Al–methyl intramolecular bonds. This assists proton
transfer from one methyl group to the other [Fig. 1(a and b)] and
leads to methane elimination from the trimethylaluminum
(CH3)3Al molecule (eqn (1) and Fig. 1c). The products of this
reaction is a methane molecule and a CH3–AlQCH2 molecule:

(1)

The formation of a CH3–AlQCH2 molecule is followed by a
rapid sequence of reactions. At tsim = 37 ps, the CH3–AlQCH2

molecule collides for the sixth time with, and adsorbs onto,
the graphene sheet by its Al-atom side (Fig. 2a). This can be
explained by the fact that Al has an empty orbital of sp2-
character (eqn (1)), which acts as electron acceptor from the
p-cloud overlying the graphene sheet. The effect is evidenced by
the electron accumulation generated between the Al atom with
the two closest graphene C atoms (see electron-transfer density
cut on the C1

G–Al–C2
G plane in Fig. 2b).

Remarkably, attachment to the graphene sheet rapidly leads
to CH3–AlQCH2 dissociation (at tsim = 39 ps) caused by an
electrostatic repulsion between the graphene p-cloud and the
electrons of intramolecular Al–methyl bonds (Fig. 2c). This
repulsion induces CH3–AlQCH2 bending, which brings the
C atoms of the CH3 and CH2 groups closer to each other (see
Fig. 3a and electron accumulation between CA and CB atoms in
Fig. 3b). The subsequent rapid formation of a dehydrogenated
ethane molecule CH3–

:
CH2 leaves an Al adatom (Alad) on graphene

(Fig. 3c).31 Finally, at tsim = 42 ps, Alad/CH3–
:
CH2 recombination is

observed. The delivering of Alad onto graphene is an insightful

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 8

/2
0/

20
18

 8
:3

0:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c8cp02786b


This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 17751--17761 |17753

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 8

/2
0/

20
18

 8
:3

0:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c8cp02786b


This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 17751--17761 |17755

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 8

/2
0/

20
18

 8
:3

0:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c8cp02786b


O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 8

/2
0/

20
18

 8
:3

0:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c8cp02786b


17758 | Phys. Chem. Chem. Phys., 2018, 20 , 17751--17761 This journal is © the Owner Societies 2018

This differs from the observation of the first H2N:Al(CH3)2/
graphene simulation, where a reactive CH3 methyl radical
detaches from the adduct at the third H2N:Al(CH3)2/graphene
collision. The H2N:AlCH2 species attaches to the graphene
surface by its Al-atom side. Very few fs later, the NH2 and
CH2 groups bond to each other, while breaking their bond with
the Al atom, and the H2NCH2 species desorbs from the surface
(the mechanism is analogous to the one illustrated in Fig. 3
for delivery of Al adatoms by (CH3)3Al/graphene reactions),
while the Al atom remains physisorbed at the surface for the
remaining simulation time (from tsim = 38 to 41 ps). As in
the case of (CH3)3Al/graphene reactions, also this simulation
suggests a different reaction of delivery of isolated Al adatoms
on graphene:

H2N:AlCH2 - H2NQCH2 + Alad (6)

During the final 3 ps of the simulation, the H2NCH2 gas
species undergoes several reactions of dehydrogenation and
recombination with hydrogen. However, AIMD results indicate
that HxN–CHy molecules are not likely (at least at elevated
temperatures) to adsorb on graphene.

Simulations of ammonia NH3 with graphene

NH3 is a strongly-bonded molecule: the N–H bond energy
calculated via DFT is B420 kcal mol�1, while the Al–N and
Al–C bond energies in (CH3)3Al, the adduct, and their deriva-
tives vary between 40 and 120 kcal mol�1.42 Thus, the decom-
position of NH3 is expected to occur in the gas phase at very
high temperatures (typically above 1800 K), or on the graphene
surface in presence of other species or at defect sites.43 This is
consistent with our AIMD results, as explained below.

AIMD simulations show 64 NH3/graphene collisions during
100 ps (Fig. 11). Although ammonia exhibits physisorption
periods on graphene (B3 ps in total), no reaction is recorded
in the gas phase or on the surface, despite the elevated
temperature. This is in direct contrast to what observed
(see above) for (CH3)3Al and H2N:Al(CH3)2 reactions, which
occur after very few collisions with the graphene sheet (initial
precursor reactions take place within 40 ps).

Overall, AIMD results show a considerable greater affinity of
Al-containing species as well as of methyl groups toward
graphene in comparison with NH3. While Al has an empty
orbital, prone to accept graphene p electrons, the N atom has
a completely filled electronic shell that repels the graphene
p-cloud and thus prevents ammonia attachment on graphene.
Formation of Al and C adatoms consequent to (CH3)3Al/graphene
and H2N:Al(CH3)2/graphene collisions provides surface sites of
higher reactivity which can assist subsequent gas-molecule/
graphene reactions.

Ammonia is known to functionalize graphene at defective sites
at temperatures between 1000–1300 K.43 Molecular dynamics
simulations performed using quantum-chemistry based force-
fields showed that excess of nitrogen impurities and the
presence of N–N bonds within the graphene layer undermine
graphene stability.44 However, in the case of MOCVD of AlN on
defect-free (high-quality) graphene, treatment of graphene with
ammonia prior to initiating MOCVD is not expected to provide
significant differences in surface reactivity. Nevertheless, Al–N
bond splitting in H2N:Al(CH3)2 or ammonia/atomic-H reactions –
H2 dissociation is relevant at the typical synthesis temperatures,
B1700 K, used for growth of high-quality AlN thin films10 – would

Fig. 10 AIMD snaphots of methyl-r adical detachment from a H 2N:Al…CH3

molecule followed by methyl adsorption on graphene.

Fig. 11 AIMD snapshots of a NH3/graphene collision.
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