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The Surface Reaction Mechanism on Al(111)
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A surface reaction mechanism in the aluminum chemical vapor deposition (Al-CVD) method using dimethylalumi-
num hydride (DMAH) as the material gas has been studied using quantum chemical methods. Density functional theory
(DFT) and a cluster model were used to calculate the potential energies and the structures of adsorbates and transition
states of surface reactions. We have obtained the result that the hydrogen molecule and trimethylaluminum (TMA) are
easily produced, while methane cannot be formed as a reaction product of A1-CVD because of the large barrier height, al-
though the latter reaction path is thermodynamically accessible.

In our previous theoretical study,'” we reported a reaction
mechanism for chemical vapor deposition (CVD) using di-
methylaluminum hydride (DMAH).>® In particular, we treat-
ed the aluminum growth on aluminum surfaces, which is con-
sidered to be the main process in AI-CVD. Our conclusions
were that i) a deposition of aluminum in Al-CVD using
DMAH begins to occur by means of a dissociative adsorption
of DMAH into methylaluminum hydride and the methyl
group; ii) methylaluminum hydride dissociates to methylalu-
minum and atomic hydrogen on the surface with an activation
energy of ~19 kcal/mol; iii) the volatile hydrogen molecule,
methane and trimethylaluminum (TMA) are obtained as reac-
tion products; iv) the activation energy for the dissociation of
methylaluminum into the aluminum atom and the methyl
group is lowered by movement of methylaluminum to a kink
or a step on the surface,” where aluminum is deposited with a
so-called islands structure. In contrast to these theoretical re-
sults, it was reported that volatile methane molecules were not
observed as reaction products in the experimental study.*!!"!?
From the theoretical viewpoint, this discrepancy seems to arise
from lack of explicit consideration for surface reactions be-
tween various kinds of admolecules produced by the dissocia-
tive adsorption of DMAH on the surface.

In this article, we present the origin of this discrepancy be-
tween the experimental and theoretical studies. Focusing on
the surface reactions between admolecules, e.g. dimethylalu-
minum, methylaluminum, the methyl group and the hydrogen
atom, we have obtained energy diagrams and transition states
for several surface reactions, in which the hydrogen molecule,
methane, dimethylaluminum, and trimethylaluminum are pro-
duced, by calculating potential energies and molecular struc-
tures of adsorbants and transition states of the surface reactions
by means of quantum chemical methods.

Computational Details

We employed Becke’s three parameter hybrid method with
nonlocal correlation provided by the Perdew 86 expression
(B3P86).''® The adopted basis set was the Los Alamos effec-
tive-core potential (ECP)'°! plus the double-zeta basis in-

cluding polarization functions on aluminum atoms and the
Dunning-Huzinaga full double-zeta basis* including polariza-
tion functions on carbon and hydrogen atoms. All the calcula-
tions were performed using the Gaussian 94 program.?

We employed the cluster model to represent the aluminum
substrate surface. The upper surface of this model cluster
forms the Al(111)-surface with face-centered cubic structure
(fcc). The distance of closest approach between aluminum at-
oms was fixed at 2.863 A, which is equal to the experimental
lattice constant (4.049 A) in the aluminum crystal. The dis-
tance between the surface and the second layers is 2.338 A2
The assessments of cluster size and structure dependence were
performed in the previous paper.? Among the model clusters
dealt with in the palper,2 we used the 7-3 cluster, which con-
sists of seven aluminum atoms for the surface layer, and three
for the second layer, because of the variety of adsorption sites
expressed on the surface layer and a reduction of computation-
al tasks. With this model cluster, we investigated adsorption of
admolecules, transition states for the surface reactions and des-
orption of the reaction products.

Energy diagrams were obtained from the adsorption ener-
gies calculated for each admolecule separately in reactants and
those for all the adsorbates in co-adsorption and transition
states. In order to search transition states, we chose the newly
formed bond lengths as the reaction coordinates and calculated
the potential energies along these reaction paths.

In this study, we deal with the following surface reactions:

Had + Had - H2ad - H2gasa (1)
Had + CHSad - CH4ad - CH4gasa (2)
CH3yq + AICH3,4 — Al(CH3)z0q — Al(CH3)pgus, 3)

CHz,q + Al(CH3)z0q — AI(CH3)309 — AI(CHS)Sgas- 4

Subscripts ad and gas represent the adsorption state and the
gas molecule, respectively. Other reactions were not consid-
ered because it is important to make it clear whether the hydro-
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Fig. 1. Adsorption sites on the surface of 7-3 cluster, where
T, B, FA and FB represent the terminal, bridge, three-fold
A and three-fold B sites, respectively.

gen molecule, methane, and trimethylaluminum are the reac-
tion products or not, although these molecules are considered
to be the reaction products in some experimental studies.*"?

Results and Discussions

As shown in Fig. 1, we have considered adsorption onto the
following surface adsorption sites: the terminal (T), the bridge
(B), the three-fold A (FA), and the three-fold B (FB) sites,
where an aluminum atom of the second layer exists directly
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under the FA site but not under the FB site.

We summarize the adsorption energies of admolecules in
Table 1. The most stable adsorption sites for the hydrogen at-
om, the methyl group, methylaluminum, and dimethylalumi-
num are FB, T, FA, and B sites, respectively. The adsorption
energies of the hydrogen atom and dimethylaluminum are
quite large (53.6-61.1 kcal/mol for the hydrogen atom and
61.5-67.3 kcal/mol for dimethylaluminum, respectively) as
compared with those of the methyl group and methylalumi-
num. The energy differences in Table 1 were obtained with the
lowest adsorption energy as a reference energy point for each
admolecule. For the methyl group and methylaluminum, the
energy differences change significantly depending on the ad-
sorption sites, in particular, those on the FA site for the methyl
group and those on the T site for methylaluminum are surpris-
ingly high.

The reaction paths for the surface reactions among admole-
cules are described as follows: (i) reactant admolecules are
well separated from each other on the most stable adsorption
sites on the surface; (ii) they exist on the most stable neighbor-
ing sites by moving on the surface, except for the case of pro-
duction of the hydrogen molecule, where the most stable ad-
sorption sites of both admolecules (two hydrogen atoms) are
the FB site and they cannot exist on the most stable neighbor-
ing sites simultaneously; (iii) the system comes to the transi-
tion state of the surface reaction; (iv) the products are adsorbed
on the surface; (v) finally, the desorption of products occurs.
The processes from (i) to (ii), from (ii) to (iv), and from (iv) to
(v) imply the diffusion of admolecules, the surface reaction be-
tween admolecules, and the desorption of products, respective-
ly. In particular, we focused on the surface reaction mecha-
nism in the present paper and investigated these surface reac-

Table 1. Adsorption Energy of Admolecules on 7-3 Al Cluster (kcal/mol)

Admolecule Adsorption site? Adsorption energy Energy difference®
B 55.4 +5.6
H FA 53.6 +7.5
FB 61.1 0.0
T 55.5 +5.5
B 33.6 +10.0
FA 28.3 +15.2
CH, FB 329 +10.6
T 435 0.0
B 45.0 +4.1
FA 49.0 0.0
AlCH, FB 433 +5.8
T 19.5 +29.5
B 67.3 0.0
FA 62.3 +5.0
Al(CHy) FB 61.5 +5.8
T 65.2 +2.1

a) B, FA, FB and T represent bridge, three-fold A, three-fold B and terminal sites,

respectively.

b) These are calculated using each the adsorption energy on the most stable adsorption

site as a reference point.
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tions by using the model cluster adsorbing two adsorbates si-
multaneously. We have calculated total energies and adsorp-
tion structures with respect to the conditions described above,
(i)—(v), along the reaction paths by the gradient-corrected DFT
method,'®® which is widely used in theoretical studies as a
practical quantum chemical too] 226

The energy diagrams along these reaction paths are illustrat-
ed in Fig. 2. The structures of the transition states of the sur-
face reactions are shown in Fig. 3. In reaction (1), 4.3 and 14.2
kcal/mol are needed for two hydrogen atoms to approach each
other on the most stable and closest adsorption sites and on the
FB and T sites, respectively. The activation energy for the pro-
duction of the hydrogen molecule is 13.4 kcal/mol for the sur-
face reaction. In the transition state, the hydrogen atom above
the FB site moves towards the one above the T site. The bond
length (hereafter, the bond lengths between admolecules in
transition states are defined by the distances between the hy-
drogen atom for atomic hydrogen, the carbon atom for the me-
thyl group, and the aluminum atom for methylaluminum, di-
methylaluminum and TMA) of the hydrogen molecule in the
transition state is ~1.2 A. The desorption of the hydrogen
molecule seems to be quite easy because there is no necessity
for desorption energy. On the other hand, the production of
methane needs a large energy, specifically, the activation ener-
gy is 23.7 kcal/mol. In the transition state, the hydrogen atom
above the FB site moves close to the methyl group existing just
above the T site and the bond length between the methyl group

(a) 31.9

7.7
desorption
OH(ED) neighboring site of H,
(b) 38.1
14.4
14.4 H(FB)+CH,(T)
neighboring site
0.0
H(FB)+
CH,(T)
-10.6
desorption
of CH,
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and the hydrogen atom is ~1.5 A. The desorption of methane
needs no energy, as with that of the hydrogen molecule. How-
ever, we note that there could exist stable adsorption states of
H, and CH,, where the adsorption energies (the energy barriers
for desorption) are sufficiently low, since it is difficult to repro-
duce weak interactions such as a dispersion force by the DFT
methods used here.

In the case of the production of TMA, we should consider
two kinds of elementary processes on the surface; the produc-
tion of dimethylaluminum from methylaluminum and the
methyl group, which is described in reaction (3), and that of
TMA from dimethylaluminum and the methyl group, which is
also given in reaction (4). From the energy diagram, it is found
that reaction (3) proceeds easily without large activation ener-
gies. In the transition structure, the methyl group above the T
site and methylaluminum above the FA site are situated with a
bond length of ~2.5 A. However, the desorption of dimethyla-
luminum needs an extremely high energy and dimethylalumi-
num is considered to be adsorbed on the surface. In reaction
(4), which is the surface reaction between the product of reac-
tion (3) and the methyl group, the activation energy is not so
large and TMA is considered to be easily produced on the sur-
face although it needs a slightly higher energy for reactant ad-
molecules to approach each other onto the most stable neigh-
boring adsorption sites. Dimethylaluminum remains above the
B site and the methyl group moves from the T site towards the
opposite direction for dimethylaluminum. In the transition

66.7
(C) desorption
of AI(CHy,

8.1
CH(T)+

0.0 AICH(FA)
CH(D)+ neighboring -0.6
AICH(FA) site AI(CH,.(B)
(d) 24.2
15.8
CH,(T)+
Al(CH,.(B) 8.5
ncighboring desorption
T site of AI(CHy,

Al(CH,){B)

Fig. 2. Energy diagrams along the surface reactions (a) Hyg + Hag — Haag — Hogas, (b) Hag + CHzog — CHyaqg — CHygy, (¢) CHiyq +
AICH3,q — Al(CH3)z0q — AI(CH3)pgus, (d) CHzoq + AI(CH3)304 — AL(CH3)3,4 — AIl(CH3)3g,. Potential energies are given with
those in reactant states as reference energy points, respectively. Energy differences, which are underlined, are also presented.
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Fig. 3.
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Structures in transition states of surface reactions: (a) Hyg + Hag — Haag; (b) Hyg + CHszqg — CHy,g; (€) CHsoq + AICH;,4 —

Al(CHj3)p,4; (d) CHzyq + AI(CH3),.9 — Al(CHj3)3,4. Bond lengths (A) are presented. Distances from the surface (A) are also given

in parentheses.

state, the bond length between dimethylaluminum and the
methyl group is ~2.7 A. TMA is also stable against desorp-
tion from the surface.

In the previous study,? we have tentatively concluded that
the volatile hydrogen molecule, methane, and TMA are easily
formed as the reaction products in AI-CVD using DMAH,
without any considerations of surface reactions. However,
from the direct calculations with respect to the surface reac-
tions, we may conclude in this article that the hydrogen mole-
cule and TMA are easily produced. On the other hand, meth-
ane cannot be formed because of the high activation energy for
the surface reaction. The tendency to produce hydrogen and
TMA rather than methane is considered to be unchanging at
temperatures (~200 °C) and pressures (~1 Torr) because of
the large energy differences (~10 kcal/mol) between the acti-

vation energies. This conclusion is consistent with the recent
experimental results in AI-CVD using DMAH.'*!
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