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The atomistic mechanism of the initial atomic layer deposition (ALD) reaction of
trimethylaluminum [AI(CH3)s, TMA] on octadecyltrichlorosilane (OTS)-based self-assembled
monolayers (SAMSs) with different functional termination groups was investigated using
density functional theory (DFT). The adsorption of TMA on —NH,-terminated OTS involves
formation of a dative bond between the amine lone pair and the Al atom of TMA and is
exothermic by 0.86 eV. Conversion of the dative bond to a covalent bond through a four-
centered H transfer from the NH; to the methyl group of TMA to form methane involves a
barrier that is 1.22 eV above the adsorbed complex and is exothermic by 0.94 eV. Reaction
between TMA and the —OH-terminated SAM results in an adsorption energy of 0.60 eV.
Although the dative bond is weaker, the barrier to converting the dative bond to a covalent
bond to form methane is only 0.65 eV relative to the complex structure and the overall
reaction is exothermic by 1.44 eV. The reaction of TMA with the methyl-terminated SAM
forms no adsorbed complex and the ligand exchange reaction to form methane requires a
barrier of 1.82 eV and is endothermic by 0.09 eV. These results indicate that the end group
of the SAM significantly affects the selectivity toward TMA adsorption and subsequent ALD
of Al,O3. Although initiation of ALD reactions involving TMA appears to require lone pairs,
even strong dative bonds, such as those between amine groups and TMA, lead to ligand

exchange reactions that are not kinetically favorable.

Introduction

ALD was pioneered over 30 years ago by Suntola and
co-workers and has since been investigated as a method
for depositing thin films of a large number of different
materials.! The ALD process involves the alternate
exposure of a surface to gas-phase reactants that react
to deposit at most a single monolayer of material on the
surface for each exposure. The monolayer-by-monolayer
nature of the deposition depends on the adsorption
process reaching saturation at a single layer of precur-
sor. Additional layers are deposited with subsequent
pulses. To achieve self-limited growth, the precursor and
surface functionalization must be chosen so that the
precursor reacts only with the surface termination but
not itself. ALD of various metal oxides has been studied
because of their potential uses as dielectric materials
and catalysts. In the case of metal oxides, two precursors
are generally used, one acting as the metal source and
the other as the oxygen source.? It is generally thought
that surfaces must be terminated with hydroxyl groups
to initiate the ALD of metal oxides upon exposure of
the metal source.34
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Another potential application of ALD is to deposit thin
films onto various materials to control their surface
properties. Self-assembled monolayers (SAMs) are in-
teresting from this point of view for several reasons. For
example, the ordered structure of the monolayer may
act as a template for the growth of ordered films.
Furthermore, the SAM may be used to control the
properties of the interface to the underlying substrate,
while the ALD coating could be used to protect the SAM.
SAMs have also been investigated as potential ALD
masks, although in this application the ALD reactions
on the SAM are not desirable.>% Similarly, ALD of films
on polymers is of general interest because it enables the
potential for applying extremely thin films on the
polymer which might act as protecting layers or optical
coatings or possibly control the surface functionality to
bestow specific properties to the polymer surface. For
example, ALD of a thin metal or metal oxide film on a
SAM or organic film might enable control of the
interface properties when forming metal contacts to an
organic electronic device, such as field-effect transis-
tors,” organic light-emitting diodes,® and photovoltaics.®
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The question of surface functionalization for ALD is
not generally well-understood, and it is particularly
unstudied for the case of ALD of inorganic films on
organic substrates. One serious issue that arises is the
thermal stability of the polymer at the ALD process
conditions. In the case of a SAM this is even more
important because of the potential loss of ordering at
elevated temperatures. Consequently, if it is desirable
to maintain the ordering of the SAM during the growth
of the ALD film, the ALD process must be done under
conditions which are compatible with the thermal
budget of the underlying polymer film.

One possible candidate for the ALD of a thin inorganic
film on a SAM is the ALD of Al,O3 using trimethyl-
aluminum [AI(CHz3)3, TMA] because this ALD process
has been demonstrated at temperatures as low as 30
°C.10 Another advantage of Al,Og is that it is thermo-
dynamically stable and because of the strength of the
Al—0 and C—O bonds it can be used to enhance the
adhesion of films to polymers. Furthermore, it is an
excellent choice for a protective layer due to its stability
and chemical inertness.!! We have previously used DFT
simulations to determine the chemical mechanisms for
growing Al,O3 using both TMA? and trichloralalumi-
num [AICI3, TCA]® In this paper we use a similar
approach to investigate the possibility of ALD of metal
oxides on SAMs and the effect of SAM termination on
the energetics of the ALD process.

Several different growth methods have been used to
produce high-quality aluminum oxide films including
reactive dc magnetron sputtering, molecular beam epi-
taxy (MBE), chemical vapor deposition (CVD), laser-
assisted CVD, plasma-enhanced metal-organic CVD
(PE-MOCVD), and ALD.4-20 ALD has received consid-
erable attention recently because the self-limiting na-
ture of the process produces films that meet many of
the requirements for growing films for microelectronics
including atomic level control of thickness, which en-
ables the growth of films with nanometer thicknesses,
thickness uniformity over large areas, conformality, and
low-temperature processing if the precursors react via
chemical mechanisms with favorable kinetic and ther-
modynamic characteristics.

Among the various aluminum precursors, TMA is the
most widely used due to its chemical simplicity, high
vapor pressure (9 Torr at 20 °C), and highly exothermic
reaction with H>O. Other ALD chemistries for Al,O3
deposition have also been explored, including the TMA
and ozone and TCA and water systems. Although the
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TMA/ozone system shows promise for growing high-
quality alumina films, ozone oxidizes organic films and
the TMA/ozone process temperature is high (350—450
°C).21 Consequently, the TMA/ozone process is not
chosen for this study. The TCA and water system is an
industrial process that has been in use for quite some
time. However, it requires relatively high temperatures
(above 500 °C)?? and is therefore not suitable for ALD
on temperature-sensitive substrates, such as organic
thin films. Furthermore, it produces HCI as a byproduct,
which is incompatible with many materials due to its
corrosiveness.

The atomistic mechanism of the ALD of Al,O3 using
TMA and H,O as reactants has been investigated
previously by our group using density functional theory
(DFT). We found that the metal precursor readily reacts
with OH groups on an Al,Os surface by first forming
an adsorbed complex where a lone pair from the surface
hydroxyl donates into the empty p orbital of the Al atom
of the adsorbing TMA precursor to form a dative bond.
This complex intermediate is relatively stable with an
adsorption energy of 0.61 eV but not so stable that it
traps the reaction at moderate temperatures, as is the
case with ALD using TCA as the metal precursor.2 The
reaction proceeds by going through a four-centered
transition state transferring the H of the surface OH
group to a methyl ligand of the adsorbed TMA to form
methane. The barrier for this step is approximately 0.52
eV relative to the complex intermediate, which is low
enough that it should proceed at relatively low temper-
atures. The resulting product is an Al attached to the
surface through an oxygen bridge with two methyl
ligands. Thus, the first half-reaction replaces the hy-
droxyl termination of the surface with methyl termina-
tion. Furthermore, the overall reaction is exothermic by
1.70 eV.

The second half-reaction proceeds in a similar fashion.
Water molecules adsorb onto the dimethylaluminum
groups on the surface by donating a lone pair from the
oxygen atom to the empty p orbital of the Al atom. The
complex is 0.57 eV more stable than the initial state. A
hydrogen atom of water then attacks a methyl ligand
of the Al atom to form methane, exchanging the methyl
ligand with an OH group. The barrier to this step is
0.70 eV relative to the water—AI(CH3), complex and
overall the second half-reaction is exothermic by 1.48
eV. The low activation barriers and high exothermicity
are consistent with the experimental observation that
ALD of Al,O3 using TMA and water as precursors
proceeds at low temperatures.’®

We have also simulated growing Al,O3 using TCA and
water as ALD precursors.’® The reaction pathway is
similar to that of the TMA case, although the complex
intermediates are substantially more stable, and the
activation barriers between the complexes and products
are substantially higher. This is consistent with experi-
mental observations that growth of Al,O3; using TCA
requires significantly higher temperatures (above 500
°C) than needed for ALD using TMA.22 On the basis of
experimental observations and our own theoretical
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results, we expect that TMA is a generally better
precursor for ALD of Al,O3 on SAMs because its lower
activation barriers and corresponding faster Kinetics
lead to lower ALD processing temperatures. Further-
more, the methane byproduct is more compatible with
the growth chamber materials and metal and metal
oxide ALD films than HCI produced by the TCA/water
process.

To achieve selective ALD of the metal oxide film on
the SAM, functionalized long-chain hydrocarbon SAMs
on metal oxide or semiconductor surfaces might be used.
The headgroups of the SAM molecules are anchored to
the substrate and the end groups project away from the
substrate such that the SAM surface consists of an
ordered two-dimensional array of the SAM end group
chemical functionality. The terminal functionality can
be chemically or photochemically modified to alter the
chemical composition, reactivity, and physical charac-
teristics of the monolayer.2® The structure is stabilized
by van der Waals interactions between the alkyl chains.
The ease of control of the chemical functionality of the
surface of the SAM and the ability to pattern SAMs
using microcontact printing have proven important in
the fabrication of rational nanodevices.?* Although there
have been recent reports of the deposition of TiO;, on
patterned SAMs by an aqueous sol—gel deposition
technique,?>26 gas-phase deposition methods, such as
ALD, have the advantages of better thickness control
and homogeneity.

We report here for the first time a theoretical inves-
tigation of ALD on organic films involving the initial
chemical reaction of TMA with SAMs terminated with
different functional groups. The chemically adsorbed
TMA can be used as the substrate for subsequent ALD
reactions. This concept combines both the advantages
of ALD and SAMs and might be a promising method
for selective deposition of ultrathin oxide films. Fur-
thermore, it provides information as to what functional
groups may be compatible with ALD of Al,O3 in general,
and specifically for ALD on SAMs for the purpose of
area-selective ALD of metal oxides.

Despite its importance, a detailed understanding of
the principles governing the effect of surface function-
alization for ALD is not well-developed. This is particu-
larly true for ALD on polymers and SAMs. Here, we
investigate the effect of three different functional end
groups, —OH, —NH;, and —CHs, on the ALD of Al,O3
to determine the effect of the end group on the formation
of complex states and the ligand exchange reactions to
create the initial ALD monolayer of TMA on the
functionalized SAM surface.

Theoretical Calculations

We use the B3LYP hybrid DFT method to investigate the
atomistic mechanisms, thermochemistry, and kinetics for the
reaction of TMA with SAMs terminated with different end
groups. B3LYP uses Becke's B88 gradient correction to ex-
change and the Slater and exact exchange functionals?” along
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Figure 1. Cluster models used in the calculations. (a) TMA,
(b) CH3CH20H representing —OH group-terminated SAM, (c)
CH3CH;NH; representing —NH; group-terminated SAM, and
(d) CH3CH,CHj5 representing —CHj3; group-terminated SAM.
The black, gray, white, @, and ® atoms denote carbon,
aluminum, hydrogen, oxygen, and nitrogen atoms, respec-
tively.

with the VWN and LYP correlation functionals.?® The elec-
tronic structure is expanded over the 6-311++G(d,p) basis set
placed on all atoms. Frequency calculations on stable struc-
tures and transition states yield zero-point energy (ZPE)
corrections and confirm the nature of the stationary states.
Furthermore, vibrational frequencies are used to construct the
vibrational partition functions used in determining the pre-
exponential factors for the rate equations using canonical
transition state theory. All of the calculations are performed
using the Gaussian 98 suite of programs.?®

Because electronic structure calculations are computation-
ally intensive, even with B3LYP DFT, which scales ap-
proximately as the cube of the system size in practice, we use
a cluster to represent the chemically active portion of the SAM
tail. This assumes that the chemical interactions which affect
the relative energies of the reaction are localized. This as-
sumption can be tested by using larger models of the surface.
For simplicity, an ethyl group (CH3CHy) is used to represent
the tail of one SAM chain. We have used a larger five-carbon
atom [CH3(CHy)4] alkyl chain to determine whether the chain
length used to model the SAM affects the predicted energetics
described below. To investigate the effects of different func-
tional groups on the energetics of the reaction, CH;CH,OH,
CH3CH;NH,, and CH3CH,CHjs clusters are used to represent
—OH-, —NH,-, and —CHgs-terminated SAM surfaces, respec-
tively (Figure 1).

Results and Discussion

The potential energy surface (PES) of the reaction of
TMA and the —OH-terminated SAM is shown in Figure
2. TMA first adsorbs molecularly onto the —OH site to
form a complex with an adsorption energy of 0.60 eV.
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Figure 2. Reaction path and predicted energetics for reactions
of TMA and —OH-terminated SAM. The stationary points
correspond to (a) CH;CH,OH + TMA, (b) complex TMA-
OHCH,CHj3, (c) transition state, and (d) CH3;CH,O—AI(CH53).
+ CHa.

The molecular adsorption is an example of a Lewis
acid—base interaction, with a group Il alkyl (TMA)
acting as the Lewis acid and a group VI hydride (OH)
acting as the Lewis base. From our previous calculations
of TMA and an —OH-terminated Al,O; surface, a
complex with similar structure and energetics (0.61 eV
adsorption energy) is observed, indicating that the
electron transfer occurring during formation of the
dative bonded structure involves very local interactions.
Subsequently, this complex can transfer the H atom
from the hydroxyl group to the methyl ligand by
undergoing a four-centered AlI-O—H—C transition state
with an activation barrier relative to the complex
intermediate of 0.65 eV. The optimized geometry for the
product is shown in Figure 2. The gas-phase byproduct
of this reaction is methane (CH,), which is not bound
to the surface and thus desorbs on formation. In
contrast, in the case of ALD using TCA, the HCI
byproduct forms a bond to the surface and not only
requires some energy to desorb but also can re-adsorb
and block surface sites for further adsorption of the
precursor, which leads to slower growth rates as well
as incorporation of chlorine into the film and film
nonuniformity. This is another advantage of using TMA
as the metal precursor over using the metal chloride.
Furthermore, methane is more compatible with reactor
materials than HCI.

In the case of SAM termination with an —NH; group
(Figure 3), the reaction pathway is qualitatively similar
to the reaction with the —OH group-terminated SAM
and similarly involves the formation of a complex
intermediate. However, the relative energies are sig-
nificantly different, leading to a somewhat qualitatively
different potential energy surface. First, the adsorption
energy is 0.86 eV. Sauls et al. obtained a value of 0.84
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Figure 3. Reaction path and predicted energetics for reactions
of TMA and —NH,-terminated SAM. The stationary points
correspond to (a) CH3CH;NH; + TMA, (b) complex TMA-NH,-
CH,CHjs, (c) transition state, and (d) CH;CH,NH—AI(CHj3), +
CHa.

eV experimentally, which corresponds well with our
calculation.3® Consequently, the AlI—N dative bond that
forms is 0.25 eV stronger than the Al-O dative bond
resulting from TMA adsorption at hydroxyl sites. Ad-
sorption is then followed by CH,4 formation and desorp-
tion, with a reaction barrier of 1.22 eV and a reaction
energy of 0.08 eV, both relative to the complex. The
reaction barrier relative to the adsorbed complex is
nearly twice as large as the barrier of the analogous
reaction on the —OH-terminated SAM (0.65 eV). These
results indicate that the intial reaction on an —NH>-
terminated SAM will require higher temperatures to
overcome the larger activation barrier for ligand ex-
change.

A simple kinetic analysis assuming the pre-exponen-
tial factors are the same for both cases shows that the
amine-terminated SAM must be heated to 333 °C to
achieve the same reaction rate as TMA on hydroxyl-
terminated SAMs at 30 °C. This temperature is well
above the disordering temperature of the SAM. An
alternative would be to use lower temperatures which
would require longer exposures of the SAM to the
precursor since the Kinetics favor desorption of the
precursor over reaction to form the ALD ligand ex-
change products. Here, we assume the reaction tem-
perature for TMA on —OH-terminated SAM is only 30
°C since ALD has been demonstrated at 30 °C and we
obtain similar reaction energetics for TMA on the —OH-
terminated SAM and on the as-grown Al,O3 surface,
which further indicates that the ALD surface chemistry
is quite local.
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Figure 4. Reaction path and predicted energetics for reactions
of TMA and —CHs-terminated SAM. The stationary points
correspond to (a) CH3sCH,CH; + TMA, (b) transition state, and
(C) CH3CH2CH2*A|(CH3)2 + CH.a.

Table 1. Comparison of Proton Affinity, Activation
Barrier, and Total Energy for SAMs with Different
Termination

—OH —NH; —CHs
H* affinity 13.90 14.89 17.85
barrier 0.65 1.22 1.82
total energy —1.44 -0.94 0.09

For the case of the —CHs-terminated SAM (shown in
Figure 4), our theoretical calculations predict that no
intermediate complex structure is formed because there
are no electron lone pairs in the pure alkane chain to
act as a Lewis base for TMA to bind to. On the other
hand, a four-centered AlI-O—H—C transition state is
formed, connecting the TMA and SAM reactants with
the dimethylaluminum-terminated SAM and a gas-
phase CH, byproduct. Not only does no complex form
in this case, but also the reaction barrier is the highest
(1.82 eV) of the three cases studied here. The overall
enthalpy of reaction relative to the reactants is 0.09 eV
endothermic, which suggests that the reaction of TMA
with the —CHgs-terminated SAM is not energetically
favorable and thus there is no thermodynamic driving
force for the ALD reaction to take place on the pure
alkane chain.

The overall initial reaction on the SAM can be
regarded as the production of methane from an active
H and —CHg3 of the SAM functional groups and TMA,
respectively. Table 1 shows a comparison of proton
affinities, calculated reaction energies, and activation
barriers of TMA with different end group-terminated
SAMs. We find that the proton affinity increases from
—OH to —NH; with —CH3; being the largest. This trend
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Table 2. Bond Energies (eV)
C-H O-H N-H AI-C AI-0O AI-N

Al(CH3)3 3.26

CH3CH2CH3 419

CH3CH20H 4.30

CH3CH2NH3 4.13

CH,4 4.40

CH3CHLAI(CH3)2 2.992
CH3CH,0AI(CH3)2 4.62
CH3CH;NHAI(CH3), 3.93

a2 C is from the SAM chain.

explains the lowest reaction energy for the —OH-
terminated SAM among the three end groups. The
activation barrier increases similarly from —OH to
—NH, to —CHs;. The calculated trends in activation
energies are consistent with Hammond's postulate,
which states that the activation energy decreases when
the reaction is more exothermic, although here the
reaction on the —CHs-terminated SAM has a different
reaction coordinate.3! Also calculated are the selected
bond energies involved in the ligand exchange reaction,
which we list in Table 2. On the basis of the bond
energies, we expect that the product of TMA with the
—OH-terminated SAM will be the most thermodynami-
cally stable, as shown by the reaction enthalpy, because
these bond energies should predict the reaction energy,
neglecting the effects of the surrounding material. The
total reaction energy can be expressed in terms of bond
energies:

—CHj-terminated SAM:

AE = E, 4y(Al-C in TMA) + E,,((C—H in
CH,;CH,CH,) — E,,,o(Al—C in product) —

—OH-terminated SAM:

AE = Eng(Al=C in TMA) + Epng(O—H in
CH,CH,OH) — E,,,4(Al=0 in product) —
Ebond(C_H in CH4) =—-1.46eV

—NH,-terminated SAM:

AE = E,, 4((Al-C in TMA) + E,,«(N—H in
CH,;CH,NH,) — E,,,¢(Al—N in product) —
Epong(C—H in CH,) = —0.94 eV

This simple bond energy analysis of the active bonds
of the ligand exchange reaction predicts the reaction
energies on the functionalized SAMs almost exactly and
predict that the —OH-terminated SAMs have the largest
thermodynamic driving force for reaction with TMA and
by Hammond's postulate likely the lowest reaction
barrier among the three terminal groups studied here.
This analysis depends on the extent of the effects of the
surrounding material, which we have found to be gen-
erally small for all the cases we have investigated.12:32-34
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Table 3. Reaction Energies for —OH-Terminated SAM
and TMA (Energies Are Relative to the Sum of the
Reactant Energies)

energy (eV) 2 carbon atom chain 5 carbon atom chain
complex —0.60 —0.61
reaction barrier 0.66 0.67
products —1.44 —1.45

Table 4. Selected Bond Lengths (A)
Al-N AlI-O N—-H O—H AI-C

TMA 1.97
CH3CH,0H 0.96
CH3CH,NH> 1.01
CH3CH,0H-TMA (complex) 2.06 0.96 1.99
CH3CH;NH2-TMA (complex) 2.11 1.02 2.00
CH3CH,0—AI(CHg)2 (product) 1.72 1.96
CH3CH;NH—AI(CH3s), (product) 1.80 1.97

To investigate whether the ethyl group is sufficient
to represent the alkyl chain of the SAM, we also
calculate the ALD reaction energetics for the larger CHs-
(CHy)4 OH cluster, which includes three additional CH;
monomer units of the SAM alkane chain. The reaction
mechanism is found to be the same as that found using
the smaller cluster (CH3CH,OH). The results are shown
in Table 3. The energy differences for all states are on
the order of 0.01 eV from the results using the shorter
alkyl model described above. This suggests that the
reaction of TMA with SAMs with different functional
group termination is highly localized and the length of
the alkyl chain has almost no effect on the selective
adsorption of TMA. Consequently, the smaller cluster
of CH3CH>—R (R: SAM end group) is a good model for
the investigation of the SAM termination chemistry for
ALD since it is sufficiently large to describe the surface
reactions accurately.

Reactions of TMA with both the —OH-terminated
SAM and —NH,-terminated SAM involve the formation
of complexes between the TMA precursor and the
surface-active sites. To enable formation of a dative bond
between two molecules, the central atom in one molecule
must have a lone pair of electrons and the central atom
of the other molecule must be short a pair of valence
electrons. Here, DFT calculations yield a stable TMA
structure with planar geometry, which is consistent
with gas-phase electron diffraction data.>36 This im-
plies that one Al 3s orbital and two Al 3p orbitals
hybridize to form three sp? orbitals to bond to the three
CHp3 groups, leaving an empty p orbital on the Al atom.
This empty orbital can accept one lone pair of electrons
from the O atom of the —OH or N atom of —NH> to form
a dative-bonded complex.

Another characteristic feature of dative bonding is
that dative bonds are relatively long compared to
covalent bonds. To illustrate the physical changes that
accompany bonding to the surface, Table 4 lists a
number of the selected bond lengths for the free TMA
molecule, the TMA-OHCH,CH3 dative-bonded complex,
the TMA-NH,CH,CHg3 dative-bonded complex, the CHs-
CH,O0AI(CH3)2 product, and the CH3CH;NHAI(CH3),
product. The dative-bonded complex in Figure 2 has an
Al—0 bond length of 2.06 A. This is 0.34 A longer than
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the 1.72 A Al-0 bond length calculated for the CH3-
CH,0AI(CH3), product. Bonding of TMA to the surface
lengthens the Al—-C bonds slightly (from 1.97 to 1.99
A), but does not change the O—H bond length. These
changes in structure are accompanied by changes in
charge distribution within the molecule. The natural
population analysis (NPA) method is used to analyze
the charge distributions.3” In NPA, the populated mo-
lecular orbitals are decomposed into their individual
atomic orbital components, permitting assignment of
charge to individual atomic centers. The effective charge
on the TMA is —0.12 e when dative-bonded to the OH
surface.

The changes in bond lengths on reaction are similar
for the reaction of TMA and the NH»-terminated SAM.
The TMA-NH>CH,CHj3; dative-bonded complex has a
Al—N bond length of 2.11 A, which is 0.31 A longer than
the AI-N bond length in the CH3;CH;NHAI(CHj3),
product. Similarly, dative bonding of TMA to the surface
lengthens the Al-C bonds from 1.97 to 2.00 A. The
effective charge on TMA in the adsorbed complex is
—0.16 e. This result is expected because oxygen (Pauling
electronegativity of 3.44) is more electronegative than
nitrogen (3.04), and consequently the effective charge
on TMA in the TMA-NH,;CH>CH3 complex should be
larger than that in the TMA-OHCH,CHj3; complex.
Furthermore, in the bond energy calculations, the dative
bond in TMA-NH,CH,CHj is significantly stronger than
that of TMA-:OHCH,CH; because the amine group
contributes more electron density than the hydroxyl
group in forming dative bonds.

Rate constants (s™1) of these adsorption reactions are
calculated using conventional transition state theory
(TST).38 The TST rate expression is given by

k(T) =0

ko TQ™(T) . E”
hQ(T) kT

where the symmetry factor o gives the reaction path
multiplicity (that is, the number of equivalent paths
over which reactants can reach products) and Q and Q*
are the overall partition functions of the reactants and
transition state, respectively. The quantity E* repre-
sents the energy of the saddle point relative to the
reactants. Data required to calculate the partition
functions include rotational constants, harmonic fre-
guencies, and energetics, which are obtained using the
DFT method described above.

Here, we assume the TMA complex formation is fast
as the adsorption reaction through the formation of the
dative bond is barrierless because no bond breaking
takes place. Furthermore, we assume that energy
transfer from the reactants into the reaction coordinate
is inefficient. Thus, the vast majority of the TMA
molecules do not proceed over the reaction barrier
without first becoming dative bonded to the surface.
Consequently, we treat the complex as the reactant for
the following kinetic analysis. The rate coefficients for
each reaction were calculated for seven temperatures
in the range of 200—700 K and then fitted to an

(35) Almennin*, A.; Halvorse*, S.; Haaland, A. Acta Chem. Scand.
1971, 25, 1937.

(36) Huffman, J.; Streib, W. J. Chem. Soc., Chem. Commun. 1971,
911.

(37) Reed, A.; Weinstock, R.; Weinhold, F. J. Chem. Phys. 1985,
83, 735.

(38) Computational Science and Engineering Online (CSEOQ), http:/
www.cseo.net.
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Table 5. Rate Constant (s71) for the Reactions of —OH-,
—NH;-, and — CHs-Terminated SAM and TMA at
Different Temperatures

temperature (K) —OH —NH> —CHs
200 153 x 107 1.95x 10720 1.14 x 6
250 3.94 x 1072 503 x 107 194 x 107>
298 6.19 6.90 x 10710 1.86 x 10748
400 5.07 x 108 2.21 x 1074 1.95 x 10740
500 2.54 x 10% 3.74 x 107 1.10 x 107%
600 3.46 x 10° 5.41 x 10! 1.82 x 10732
700 2.24 x 107 1.91 x 108 3.92 x 107%
A 9.16 x 10 6.93 x 101 9.37 x 107
n 0.08 0.54 2.28
Ea 0.67 1.26 1.79

Arrhenius-like form, k(T) = AT" exp(—E4/RT), which are
shown in Table 5. We have not included the effect of
hydrogen tunneling, which may enhance the reaction
rate at low temperatures.

For the reaction between TMA and the —OH-termi-
nated SAM, we obtain the following rate equation:

K(T) = 9.16 x 10" T %% exp(—7.81 x 10%T)

For the reaction between TMA and —NH,-terminated
SAM, we obtain the rate equation:

K(T) = 6.92 x 10" T *** exp(—1.46 x 10*/T)

And finally, for the reaction between TMA and —CH3s-
terminated SAM, we obtain the rate equation

k(T) = 9.37 x 10 ** T #?® exp(—2.08 x 10%/T)

At room temperature, the rate constant of the —OH-
terminated SAM is 6.19 s™1, which is 10 orders of
magnitude higher than that of the —NH,-terminated
SAM (6.90 x 1071°s71), and 48 orders higher than that
of the —CHjs-terminated SAM (1.86 x 1078 s71). As
expected, the reaction of TMA on —OH-terminated
SAMs is predicted to be significantly faster than with
amine or methyl termination. These results indicate
that TMA will selectively adsorb on both the —OH- and
—NH>-terminated SAMs but not on the —CHs-termi-
nated SAM. The ligand exchange reactions of the three
terminations are highly selective as indicated above:
TMA will react to form products at low temperatures
on —OH-terminated SAMs but not on —NH,-terminated
SAMs. At moderate temperatures, the ligand exchange
reaction will take place for the —NH,-terminated SAMs
but not the —CHs-terminated SAMs. This selectivity of
ALD on SAMs with different functionalization could be
used to pattern Al,O3 into desired patterns. First, SAMs
with selected functional end groups can be patterned
on the substrate by microcontact printing. Subse-
quently, TMA can be selectively adsorbed on the SAM
or uncovered substrate depending on the affinity of the
functional group toward TMA. Finally, ALD can be
performed on the adsorbed state to grow uniform, thin
A|203 films.

The ALD growth of Al,O3 using TMA and H,O as
precursors can be separated into two half-reactions,

Al—OH* + AI(CH,); — Al-O—AIl—(CH,),* + CH,
1)
Al—-CH_* + H,0 — Al-OH* + CH, )

Xu and Musgrave

Figure 5. Reaction path and predicted energetics for reactions
of H,O and the product from the reaction between TMA and
—OH-terminated SAM. The stationary points correspond to
(a) CH3CH20A|(CH3)2 + Hzo, (b) complex H20‘A|(CH3)20CH2-
CHgs, (c) transition state, and (d) CH3CH,O—AICH3;0H + CHa,.

where the asterisks denote the surface species. We have
described the reactions for the first half-reaction with
the functionalized SAM above. Here, we describe the
results for the second half-reaction and show the PES
in Figure 5. H,O first adsorbs by forming a complex with
the C—O—AI—-CHgj site. This step is exothermic by 0.56
eV and produces CHg4, which desorbs from the surface.
This reaction has an activation energy of 0.75 eV
relative to the complex state and the reaction is exo-
thermic by 1.40 eV. The mechanism of this second half-
reaction of ALD growth of Al,O3 is the same as predicted
previously for ALD of Al,Oz. Because the energy differ-
ence is less than 0.1 eV, these reactions are quite
localized and the reaction mechanism can be general-
ized. We have also calculated the second half-reaction
of water with TMA dative-bonded to the amine func-
tional group. We do not find a stable complex nor a low-
energy ligand exchange reaction for this case, indicating
that, at low and moderate temperatures, the ALD
reactions on the amine-functionalized SAMs do not
proceed beyond the TMA dative-bonded state. This is
expected because TMA has only one empty valence
orbital, and thus the capacity to form only one dative
bond. Furthermore, we found in the first half-reaction
that the ligand exchange reaction for the amine has a
large activation barrier.

Conclusions

In conclusion, the surface reactions between TMA and
SAMs terminated with different functional groups are
investigated using DFT. Our results show that the
reaction of TMA and the —OH-terminated SAM is
favored both thermodynamically and kinetically over
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the reaction with —NH;- and —CHs-terminated SAMs.
Reactions on the —NH,-terminated SAM form more
stable complex intermediates; however, because the
ligand exchange barrier is large, the precursors are
trapped in the adsorbed complex state. Furthermore,
although there is a thermodynamic driving force for this
reaction, the reaction is relatively slow compared to the
—OH-terminated case and desorption of the precursor
is favored over ligand exchange. In the case of the
—CHzs-terminated SAM, there is no thermodynamic
driving force for the reaction and the reaction barrier
is large. The energetics of the reactions do not depend
on the length of the SAM using ethyl and pentyl groups
as models. After the initial TMA adsorption on the
—OH-terminated SAM, the second half-reaction of ALD
growth of Al,O3 (Al-CH3z* — Al—0OH¥*) is calculated and
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the mechanism and energetics are consistent with our
previous results for ALD of Al,O3 using TMA and
water.! Because these adsorption reactions are highly
localized, these conclusions are not only limited to the
effect of surface functionalization on ALD reactions on
SAMs; they can also be extended to reactions on other
substrates and to ALD reactions involving other precur-
sors which form dative-bonded complexes.
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