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Abstract
Hybrid density functional theory has been used to investigate the initial
surface reaction mechanism in atomic layer deposition (ALD) of Al2O3

on the hydroxylated GaAs(001)-4 × 2 surface. The precursors for ALD
of Al2O3 are trimethylaluminium (TMA) and H2O as the aluminium and
oxygen sources. For the first half-reaction between TMA with the GaAs
surface the calculated activation barrier is 15.4 kcal mol−1, and the H2O half-
reaction proceeds by a mechanism similar to that of the first half-reaction,
resulting in an activation barrier of 27.6 kcal mol−1. Both half-reactions
are thermodynamically favourable, exothermic by 52.0 and 43.6 kcal mol−1

relative to the reactants, respectively.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

GaAs-based metal–oxide–semiconductor field-effect transistors (MOSFETs) have been
investigated intensively in the past three decades, driven by their applications in a high-
speed circuit, with a low leakage current and high breakdown fields [1–6]. The inherent
advantages of GaAs semiconductor include high carrier mobility, large energy band gap and
low power consumption [7, 8]. However, most of the current commercialized GaAs-based
electronic devices employ Schottky junctions for the gate because of the lack of a suitable
gate insulator. Unlike the electrically passive Si–SiO2 system, the thermal oxidation of the
compound semiconductors induces complicated oxidation states at the interface and results in
poor electrical properties. High-quality insulators are then desirable for their very low leakage
current, and large charge control of both holes and electrons. The deposition of dielectrics on

1 Author to whom any correspondence should be addressed.

0953-8984/05/487517+06$30.00 © 2005 IOP Publishing Ltd Printed in the UK 7517

http://dx.doi.org/10.1088/0953-8984/17/48/005
mailto:dwzhang@fudan.edu.cn
mailto:dwzhang@fudan.ac.cn
http://stacks.iop.org/JPhysCM/17/7517


7518 H-L Lu et al

the GaAs substrates by various deposition methods has been shown to reduce the interface-state
density and is therefore being studied widely [9–12].

Of the proposed alternative gate dielectrics for the MOSFET, aluminium oxide (Al2O3)

is considered to be one of the probable candidates for the gate dielectric because of its high
dielectric constant, wide bandgap and good thermal stability [13–15]. Atomic layer deposition
(ALD) is expected to be a promising technique for growing ultrathin Al2O3 films. This
technique utilizes alternate pulsing of the precursor gases and vapours onto the solid substrate
surface and subsequent chemisorportion or surface reaction of the precursors. The reactant
is purged with an inert gas between the precursor pulses. The self-limiting nature of ALD
facilitates the growth of uniform thin films with accurate thickness over large areas.

There have been many studies on ALD of Al2O3 thin films on the Si-based surface
using trimethylaluminium (Al(CH3)3) and H2O as precursors, both experimentally as well
as theoretically [16–22]. Recently the process of Al2O3 growth on the GaAs substrate by ALD
has been investigated, too [8, 23–26]. Therefore it is also essential to detailed understand the
reaction mechanism of Al2O3 ALD on the GaAs-based surface theoretically. In the present
work, first-principles calculations based on hybrid density functional theory (DFT) are carried
out to investigate the initial surface reactions of Al2O3 ALD on the hydroxylated GaAs(001)-
4 × 2 surface using Al(CH3)3 (TMA) and H2O as precursors to explore the film growth
mechanism. This work focuses on analyses of the reaction pathways and changes of the
representative bond lengths for these reactions in the gas phase.

2. Calculation method

The initial surface reactions of Al2O3 ALD between the precursors, TMA and H2O, and the
hydroxylated GaAs(001)-4 × 2 surface can be separated into two half-reactions

GaAs–OH∗ + Al(CH3)3 → GaAs–O–Al(CH3)
∗
2 + CH4 (R1)

GaAs–O–Al(CH3)
∗
2 + H2O → GaAs–O–Al(CH3)OH∗ + CH4 (R2)

where the asterisks denote the active surface species. The first half-reaction (R1) involves
the reaction between the gaseous TMA and a surface hydroxyl group bonded directly to the
underlying GaAs substrate. (R2) represents the second half-reaction in which H2O reacts
with a surface Al–CH3 group, regenerating the surface –OH group. The two half-reactions
are separated by an inert gas (e.g., N2) purging period. The hydroxylated GaAs(001)-4 × 2
surface is simulated using a Ga4As5O3H13 cluster, as shown in figure 1. The ‘bulk’ arsenic
and gallium atoms are terminated by hydrogen atoms to avoid spin and charge contamination
from the truncated dangling bonds. The number of H atoms is chosen so that the number of
nonbonding electrons equals twice the number of threefold coordinated As atoms [27, 28].
The structure has been clearly proposed by Huang et al, who used ammonia solution to etch
the GaAs wafer, enriching OH radical formation on its surface [29, 30].

The surface half-reactions are investigated using the DFT method with the B3–LYP hybrid
density functional, which corresponds to Becke’s three-parameter exchange functional (B3)
along with the Lee–Yang–Parr gradient-corrected correlation functional (LYP) [31]. The
electronic wavefunction is expanded in a Gaussian basis set. All of the atoms are described
using the 6-31G(d) basis set. The reaction path from reactants to products is constructed
by connecting the transition states with the intermediates. The optimizations are performed
without any geometric constraints or symmetry restrictions. Frequency calculations are carried
out after geometry optimizations to verify whether a minimum or a first-order saddle point
is reached and energies reported here include zero-point energy corrections. All energy



Initial surface reactions in ALD of Al2O3 on the hydroxylated GaAs(001)-4 × 2 surface 7519

Figure 1. Structure of the Ga4As5O3H13 cluster representing
the GaAs–OH∗ surface. The black, light grey, dark grey, and
white atoms represent O, Ga, As, and H atoms, respectively.

minimum structures are confirmed to have zero imaginary frequencies, while the transition
state structures are further confirmed by only one imaginary frequency. All of the quantum
chemical calculations of structures and energies presented in this work are carried out with the
aid of the Gaussian 03 set of programs [32].

3. Results and discussion

The reaction pathway for the first half-reaction (R1) is shown in figure 2. The lengths of
representative bonds shown with dashed lines in figure 2 and the corresponding reaction
energies at 0 K are listed in table 1. As TMA approaches the GaAs–OH∗ surface, it forms
a TMA chemisorbed state (TMA-CS) through the interaction between an empty p-orbital of
the Al atom and the oxygen lone-pair electrons from the surface –OH. The electron donation
from an oxygen lone pair to the Al atom weakens the Al–C bonds. The Al–C bond length
increases from 1.97 Å in TMA to 2.0 Å in the TMA-CS. As shown in figure 2 and table 1, the
adsorption energy is calculated to be 31.5 kcal mol−1. Subsequently, TMA-CS transfers the H
atom from the hydroxyl group to the methyl ligand by undergoing a transition state (TMA-TS)
with an activation barrier of 15.4 kcal mol−1 relative to the TMA-CS. At last, the surface
changes its functional groups from a GaAs–OH∗ to GaAs–O–Al(CH3)

∗
2 surface after the CH4

desorption state (CH4-DS1) is reached. The by-product CH4 is not bound to the surface in this
reaction and can desorb from the surface spontaneously. It is obvious that the overall reaction
is exothermic by 52.0 kcal mol−1 relative to the reactants, suggesting that the first half-reaction
is thermodynamically favourable. The TMA-TS structure has Al–C and O–H bond lengths of
2.21 and 1.19 Å, which are elongated by 10% and 24% with respect to the TMA-CS. During
the process of TMA-CS → TMA-TS, the O–Al bond and the H–C bond change from 1.98 and
2.88 Å to 1.88 and 1.50 Å, respectively. All of them indicate the formation of the Al–O bond
and the by-product CH4.

After the initial TMA exposure and following a purge period, the second half-reaction (R2)
proceeds through the reaction between water and Al–CH3 groups. The corresponding reaction
pathway is shown in figure 3. In addition, the lengths of representative bonds shown with
dashed lines in figure 3 and the corresponding reaction energies at 0 K for this half reaction
are also summarized in table 2. The first step of this half reaction involves the adsorption of
H2O onto the GaAs–O–Al(CH3)

∗
2 surface to form a H2O chemisorbed state (H2O-CS). Our

calculation results show that the adsorption energy is also 31.5 kcal mol−1. This stable H2O-
CS is formed where the interaction between an empty p orbital of the Al atom and the oxide
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Figure 2. Reaction pathway and optimized geometries for the reaction of gaseous TMA on the
GaAs–OH∗ surface. TMA-CS, TMA-TS, and CH4-DS1 represent the TMA chemisorbed state,
transition state, and CH4 desorption state, respectively. The representative bonds are shown with
dashed lines. The black, light grey, dark grey, small white, white, and large black atoms represent
O, Ga, As, H, C, and Al atoms, respectively.

Table 1. Representative bond lengths for the structures of TMA-CS and TMA-TS and reaction
energies at 0 K (�H0) for the GaAs–OH∗+ TMA half-reaction. All bond lengths are shown
in Å while energies are shown in kcal mol−1.

O–Al O–H Al–C H–C �H0

TMA-CS 1.98 0.97 2.00 2.88 −31.5
TMA-TS 1.88 1.19 2.21 1.50 −16.1
CH4-DS1 — — — — −52.0

lone-pair electrons occurs. The weakened Al–C bond increases from 1.97 Å in the GaAs–O–
Al(CH3)

∗
2 to 1.98 Å in the H2O-CS. Then the hydrogen atom from H2O abstracts a surface

methyl group, and reaches the CH4 desorption state (CH4-DS2) to complete the half-reaction.
Finally, it regenerates the surface –OH groups and again evolves CH4. The transition state
(H2O-TS) for this half-reaction is found to be 3.9 kcal mol−1 lower in energy than the reactants.
Therefore, the activation barrier for (R2) is calculated to be 27.6 kcal mol−1. The Al–C and
O–H bond distances over the course of the reaction show values of 1.98 and 0.97 Å in the H2O-
CS, elongating to 2.16 and 1.20 Å in the H2O-TS, respectively. Finally, the CH4 desorption
state (CH4-DS2) is reached to complete the half-reaction. The overall reaction is exothermic
by 43.6 kcal mol−1 relative to the reactants, suggesting that the second half-reaction is also
energetically favourable.

As can be seen from figures 2 and 3, both half-reactions proceed with a similar reaction
mechanism, through separated reactants, the chemisorbed state, transition state, and desorption
state. By comparison of the reaction pathways between (R1) and (R2), we can see that the
activation barrier and product free energy for (R1) are all lower than those for (R2). As a result,



Initial surface reactions in ALD of Al2O3 on the hydroxylated GaAs(001)-4 × 2 surface 7521

Figure 3. Reaction pathway and optimized geometries for the reaction of H2O on the GaAs–
O–Al(CH3)

∗
2 surface. H2O-CS, H2O-TS, and CH4-DS2 represent the H2O chemisorbed state,

transition state, and CH4 desorption state, respectively. The representative bonds are shown with
dashed lines. The black, brown, light grey, dark grey, small white, and large black atoms represent
O, Ga, As, H, C, and Al atoms, respectively.

Table 2. Representative bond lengths for the structures of H2O-CS and H2O-TS and reaction
energies at 0 K (�H0) for the GaAs–O–Al(CH3)

∗
2 +H2O half reaction. All bond lengths are shown

in Å while energies are shown in kcal mol−1.

O–Al O–H Al–C H–C �H0

H2O-CS 1.99 0.97 1.98 3.22 −31.5
H2O-TS 1.90 1.20 2.16 1.50 −3.9
CH4-DS2 — — — — −43.6

a little longer H2O pulse probably is favourable for the reaction product formation. This case
is similar to ALD of Al2O3 on the hydroxylated Si, Al2O3 and SAM surfaces [20–22]. The
corresponding experimental result has also been reported by Matero et al [17].

4. Conclusions

In summary, the initial reaction mechanism of Al2O3 atomic layer deposition using TMA
and H2O as precursors on the hydroxylated GaAs(001)-4 × 2 surface has been investigated
using density functional theory calculations. The reaction pathways of both TMA and H2O
half-reactions are presented. The stable chemisorbed intermediates have the same surface
adsorption energies of 31.5 eV. The activation barriers for (R1) and (R2) are calculated to be
15.4 and 27.6 kcal mol−1, respectively. The calculation results show that both half-reactions
are thermodynamically and kinetically favoured, exothermic by 52.0 and 43.6 kcal mol−1

relative to the reactants, respectively. However, a little longer H2O pulse probably favours the
reaction products because the activation barrier and product free energy for (R1) are all lower
than those for (R2). The representative bond lengths of both half-reactions are also presented.
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