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Molecular dynamics simulation of the Al2O3 film structure during atomic layer deposition

Zheng Hua1, Junxia Shib2 and C. Heath Turnera*
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Engineering, Cornell University, Ithaca, NY, USA

(Received 12 June 2008; final version received 8 September 2008 )

Based on an understanding of atomic layer deposition (ALD) from prior experimental and computational results, all-atom
molecular dynamics (MD) simulations are used to model the Al2O3 film structure and composition during ALD processing.
By separating the large time-scale surface reactions from the small time-scale structural relaxation, we have focused on the
growth dynamics of amorphous Al2O3 films at the atomic scale. The simulations are able to reproduce some important
properties and growth mechanisms of Al2O3 ALD films, and hence provide a bridge between atomic-level information and
experimental measurements. Information about the evolution of the microscopic structures of the Al2O3 films is generated,
and the influence of operation parameters on the Al2O3 ALD process. The simulations predict a strong influence of the initial
surface composition and process temperature on the surface roughness, growth rate and growth mode of the deposited films.

Keywords: molecular dynamics; atomic layer deposition; interface; Al2O3

1. Introduction

As the controlled deposition of thin films becomes a critical

problem in the electronic materials industry, the utility of

atomic layer deposition (ALD) is growing significantly.

ALD is a deposition method by which precursor vapours

are alternately pulsed onto the surface of a substrate, with a

purge cycle of an inert gas between the precursor pulses.

The surface reactions in ALD are complementary and self-

limiting, which enables the deposition of a material

through highly uniform and conformal growth, with

thickness control at the atomic level [1].

The surface chemistry of ALD has been investigated

both experimentally [2–8] and computationally [6,7,9–13].

However, the overall ALD growth dynamics are not yet

fully understood, especially at the atomic level. The actual

ALD growth mechanism is complicated by competing

reactions and significant structural relaxation, as surface

coverage increases and subsequent layers are deposited

[14]. In addition, the actual growth process depends on

the operating conditions (temperature, partial pressure of

the precursors, purge times, exposure times, etc.) and the

configurations and densities of surface reactive sites [11],

often leading to amorphous structures and point defects in

the deposited film. Unfortunately, as with many physical

and chemical processes, the overall ALD growth is too

complex to be fully modelled by using precise electronic

structure calculations, and hence we need simulation

methods that can extend the time and length scales

accessible in our simulations. Along this line, the ALD

growth dynamics have been simulated previously using

lattice kinetic Monte Carlo (LKMC) simulations [15,16]

and continuous analytical models [17,18]. However, all of

these models are based on approximations of the bulk

geometries of the thin films, and hence sacrifice important

atomic-level information, such as critical information

about the interface structure. For instance, an integrated

method, which combines KMC and molecular dynamics

(MD) methods, was used to model the initial steps of ZrO2

ALD onto a Si(100) surface [19]. However, the LKMC is

not a suitable method to describe the amorphous structure

of ALD films, and it is hard to incorporate complex steric

hindrance effects into rate constants, so the authors

modelled only the initial first half-cycle of ZrO2 ALD.

In this work, we present an atomic-scale simulation

approach, which can model the overall ALD structural

dynamics in a more realistic (flexible) way. Specifically,

we focused on all-atom simulations of Al2O3 ALD, due to

its value as a high-k gate dielectric alternative to SiO2.

However, this approach can be easily extended to other

ALD systems by assigning the relevant intermolecular

parameters and simulation details. In this work, we studied

the film density, composition, roughness, and growth rate

during the ALD process. The influence of initial ZOH

concentration on the ALD process was explored. We also

compared the ALD process at different temperatures (150

and 3008C). Overall, we have tried to explain the inter-

relationships between the properties of the ALD films

and the atomic details obtained from our simulations.

Our simulations predict a strong influence of the initial

surface composition and process temperature on the
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surface roughness, growth rate and growth mode of the

deposited films.

2. Computational details

2.1 The simulation approach

To better understand the complicated physicochemical

processes that control ALD growth, it is important that a

simulation can describe the time evolution of interacting

atoms during the ALD process. MD simulation with an

empirical inter-atomic potential is a well-suited approach

to describe the defects and relaxation phenomena in ALD.

However, the time scale is the main obstacle for a

generalised application of the MD method to model thin

film growth. The characteristic MD simulation time scale

(nanoseconds) is very small compared with the realistic

time of ALD (seconds per pulse). To address this problem,

we separated the large time scale of surface reactions

(which are often characterised by significant activation

energies, with time scale spanning from ns to s at typical

ALD temperatures) from the small time scale of structural

relaxation (ps). The chemisorption of precursors and

surface reactions were described by an empirical model

based on our understanding of Al2O3 ALD from ab initio

calculations and previous experimental results, and the

structural relaxation is modelled by the MD method.

Although some types of strained oxygen bridges on

dehydroxylated SiO2 were found to be reactive at ALD

conditions, most of the siloxane bonds are chemically

stable and only a small fraction of the siloxane bonds exist

either as strained edge-shared tetrahedra or much less

reactive SiO trimer rings [20]. Similarly, we did not find

any highly strained oxygen bridges on the hydroxylated

Al2O3 surfaces in our simulations. Therefore, we assumed

that the ALD reactions occur only on the active ZOH

groups on the surface. This is consistent with the

experimental evidence and our previous DFT calculations.

We also assumed that the products of the metal precursor

pulse can be fully hydroxylated. Along with these

approximations, we also assumed that there are no

impurities from the metal precursors left in the ALD films.

Based on these relatively mild assumptions, we eliminated

the direct simulations of large (multi-)time-scale surface

reactions and instead developed an approximate depo-

sition algorithm as outlined in Figure 1.

The deposition algorithm is not intended to be

mechanistically rigorous, but is meant only to deposit the

successive precursor pulses in a physically plausible way.

Starting with a hydroxylated surface, the simulation

algorithm begins by searching for the ZOH groups on the

surface, which are the active sites. After that, an available

ZOH is randomly picked for the deposition of the ALD

product. Steric hindrance and overlap restrictions are then

checked for the selected deposition site. If deposition occurs

on anZOH group, any otherZOH groups within a distance

of less than 4.5 Å (estimated from our DFT calculations) are

prohibited for deposition events in this cycle, since these

sites would be inaccessible to other incoming adsorbates.

Once all of the deposition rules shown in Figure 1 are

satisfied, a H atom in the selected ZOH group is removed

and an aluminium dihydroxide is attached to the O atom in

ZOH, with a random orientation in the xy plane. Here, we

assumed that the –Al(CH3)2 products left on the surfaces

during the TMA pulse are fully hydroxylated during the

subsequent H2O pulse. This deposition process continues

until the surface is saturated with precursors. After each

(sub)monolayer was deposited, the structure was relaxed

using MD simulation for 500 ps. The system reached

equilibration within the first 200 ps, and the sampling was

performed over the final 300 ps.After the systemhas relaxed,

the cycle is repeated multiple times in order to deposit the

Al2O3 film layer by layer. Although not all of the ALD

reactions and possible surface species are taken into account

in this approach, the dominant reactions on the surface and

the most prevalent species are explicitly included in the

simulation algorithm [3,21,22]. In addition, unlike analytical

ALD models, this all-atom simulation offers us an atomic-

level understanding of the ALD process, which has been

unavailable previously. Using this simulation methodology,

we can alsomodel different precursors and capture the steric

interactions between neighbouring adsorbates.

Figure 1. The deposition method used to model the Al2O3 film
growth.
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This deposition algorithm is assumed to be relevant

during the conditions when the reaction kinetics and gas-

phase transport are fast and when the reverse reactions are

negligible. This tends to be valid during the experimental

operation, due to the continuous removal of the gas

products during ALD. At these conditions, it is reasonable

to assume that the reaction occurs on a reactive site with

100% possibility if the steric effects are negligible. In

addition, this algorithm approximately describes the

stochastic deposition process, which is an important factor

that influences the structure of the ALD films. The surface

composition and structure are handled with MD

simulations to generate rigorous dynamics of the surface

relaxation process between deposition cycles.

2.2 MD simulation details

In our MD simulations, the inter-atomic potentials used for

the hydroxylated alumina surface are of the Buckingham

type, derived by Matsui [23,24]. This is a fixed charge

potential and has been previously used successfully for

studying the amorphous alumina surface [24,25]. The pair

interaction potential between atoms i and j as a function of

the inter-atomic distance rij is given by

Uij ¼
qiqj

rij
þ DðBi þ BjÞ exp

Ai þ Aj 2 rij

Bi þ Bj

� �
2

CiCj

r6ij
:

ð1Þ

This potential consists of a long-ranged electrostatic

potential and a short-ranged Buckingham potential,

which include the repulsion and dispersion interactions.

In the equation above, D (4.184 kJÅ21 mol21) is a force

constant, rij is the relative distance between the atoms i and

j, and q is the effective charge on each atom. The

empirically fitted parameters, A, B and C and are listed in

Table 1. One notable deficiency of this empirical potential

is its inability to describe pure species association (i.e.

H–H, O–O or Al–Al). Since this potential does not

include attractive interactions (except the small dispersion

interactions) for like–like dimers, and the species charges

are fixed (regardless of the neighbouring species), it is

effectively incapable of forming like–like dimers during

the simulations. However, our focus is on the ALD growth

of stoichiometric Al2O3 films. In this case, the aggregation

of like–like species is expected to be less important to our

investigation.

All of the MD simulations were carried out in the

canonical ensemble (NVT) using a time step of 0.5 fs. The

short-range Buckingham interactions were calculated

by using a cut-off of 8 Å. The long-range dispersion

interactions were calculated using the dispersion sum-

mation method [26], and the Coulomb interactions were

calculated using the Ewald summation with a correction

for two-dimensional slab systems [27,28]. In all of the MD

simulations, the Nosè–Hoover chain algorithm [29] was

used for integration of the equations of motion. The

equations of motion were coupled with two Nosè–Hoover

chains to generate a canonical distribution. In our

simulations, the Ewald parameters are chosen as follows.

The real space force cut-off (rcut) was given an initial

value, but was treated as an adjustable parameter during

the simulation. The real/reciprocal space partition

parameter (a) and the reciprocal lattice vector (k) are

dependent on rcut and determined by ensuring that the

relative errors in the real space sum and reciprocal space

sum are negligible (below 1027). The rcut was adjusted to

maximise the rate of convergence of both sums. In most

of our simulations, the rcut was set close to half of the

simulation box length.

2.3 Substrate preparation

In our simulations, the hydroxylated Al2O3 surface was

used as the substrate for the ALD of Al2O3. As shown in

Figure 2, MD simulation was used to generate the surface

model using a procedure similar to the approach used by

Adiga et al. [24]. At first, a bulk Al2O3 sample consisting

of 600 atoms was created according to the Al2O3 crystal

structure (a ¼ 15.3836208 Å, b ¼ 20.5114944 Å,

c ¼ 25.639368 Å, a ¼ b ¼ g ¼ 55.2826358). Then, the

simulation box was anisotropically scaled to a large cubic

supercell with box lengths a ¼ b ¼ c ¼ 26 Å. After

annealing the sample at 5000K for 300 ps, the simulation

box was scaled to obtain the desired density of the oxide.

Then, the sample was quenched to 300K in 100 ps at a rate

of 47K/ps. Following this, the box was replicated twice in

the x and y directions (in order to increase the system size),

and the surface was created by increasing the box length in

the z direction to 55.344 Å. In order to create the

Table 1. Inter-atomic potential parameters corresponding to
Equation (1) [23,24].

q (e) A(Å) B(Å) C(Å3 kJ1/2 mol21/2)

Al 1.4175 0.78520 0.03400 36.82
O 20.9450 1.82150 0.13800 90.61
H 0.4725 20.17607 20.02462 1.86285 Figure 2. The preparation process of the hydroxylated Al2O3

surface.
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hydroxylated surface, certain amounts of H atoms were

added above the frozen layers to obtain the desired H

content. To add a H atom into the system, an Al atom was

randomly picked and replaced by a H atom. Simul-

taneously, an O atom was randomly selected and removed

to maintain the overall charge neutrality of the system.

Finally, the surface was annealed at 1000K for 500 ps.

Consistent with the simulations of Adiga et al. [24] the

H atoms migrated to the surface region after annealing,

resulting in a ZOH terminated surface. During the

subsequent simulation studies, the atoms in the bottom 3 Å

of the simulation box were frozen at their relaxed

geometries.

3. Results and discussion

3.1 In situ characterisation of Al2O3 films during the
ALD process

Total density profiles for the ALD of Al2O3 films after

zero, four and eight ALD cycles and at a temperature of

3008C are plotted in Figure 3, as a function of the distance

along the Z direction (perpendicular to the surface). Unless

otherwise noted, all of the simulation results presented

here were also obtained at 3008C. The number density is

calculated using layers of height DZ ¼ 1 Å parallel to the

surfaces. As shown in Figure 3, there is a decrease in

density in the region of height Z ¼ 3–5 Å. This decrease

arises from the boundary conditions used. Since the atoms

in the bottom 3 Å are frozen, the atoms directly contacting

the frozen layers receive large repulsive forces, due to

exclusion. As a result, the motion of these atoms is more

restricted, leading to a depleted density in this region. The

effects of the boundary constraints are less influential to

the atoms with larger distances from the frozen layers.

Overall, the density profiles become more flat as the

number of deposited layers increases. This shows that, in

the initial ALD stage, the film deposited by ALD has a

smaller density in the surface region than the initial

substrate. Number density profiles for individual atoms

(O, Al, H) as a function of the distance along the Z

direction are shown in Figure 4. It is clear from the number

density profiles that H and O have larger densities than Al

at the surface region. This indicates that the Al2O3 surface

is mainly terminated by H and O, even as additional layers

are deposited and the surface structure relaxes. This can

mainly be explained by the empirical potential used in

this work. In order to minimise the total energy of the

H-terminated Al2O3 surfaces, the atoms in the surface

region rearrange to form a different structure from that of

bulk Al2O3 in order to decrease the repulsive interactions

(the short-ranged Buckingham term in Equation (1)) and

increase the electrostatic attractive interactions between Al

and O. Different from the bulk Al2O3, the H terminated

Al2O3 surface has more structural freedom, and hence the

atoms in the surface region can further increase the

distance among themselves in order to decrease the short-

ranged Buckingham repulsion interactions. Consequently,

as shown in Figure 3, the density in the surface region is

smaller than that in the bulk region. In addition, the system

is stabilised by increasing the Al–O attractive electrostatic

interactions. Since the empirical two-body potential being

used was well-parameterised to stoichiometric Al2O3,

in which the coordination number of Al is twice the

coordination number of O, Al atoms tend to go down

inside the film. This maximises the total coordination

among Al and O, and hence minimise the electrostatic

energy. This gives rise to larger O densities in the surface

region. In accordance with the total energy minimisation,

the H atoms tend to prefer the ambient. These species are

Figure 3. Total density profiles after zero (blue), four (red) and
eight (green) ALD cycles as a function of the distance along the Z
direction of the Al2O3 film at 3008C.

Figure 4. Number density profiles for O, Al and H as a function
of the distance along the Z direction of the Al2O3 film at 3008C.
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electrostatically repelled by the Al atoms within the film,

and at the same time, they are incapable of displacing the

Al atoms, since three H atoms would be needed to preserve

the local charge neutrality of an extracted Al atom. Hence,

the bulk of the film tends to adopt an Al2O3 stoichiometry,

while the O and H atoms are pushed towards the surface,

resulting in ZOH termination.

The ratios of different coordinated Al (Al[4]/Al[3]) for

the Al2O3 films after zero, four and eight ALD cycles are

plotted in Figure 5, as a function of the distance along the Z

direction. The coordination number of an atom is defined

as the number of other atoms located within the first

nearest-neighbour shell of the central atom. Therefore, in

this work, the coordination numbers are computed by

accounting for neighbours of a central atom using a site–

site cut-off criteria of 2.1 and 1.05 Å for the Al–O and the

O–H bond distances, respectively. As shown in Figure 5, it

is evident that most of the Al atoms exist as Al[3] at the

surface and as Al[4] in the interior of the film, where the

number in brackets indicates the coordination number. We

also notice that the ratio of Al[4] in the surface region

increases when more layers are deposited. This effect is

due to the increase of the surfaceZOH concentration with

the growth of the thin film. As explained in the following

sections, the surface ZOH concentration increases in the

initial ALD cycles if the starting ZOH concentration is

low. The availableZOH species can attach to the Al[3] on

the surface and increase its coordination to Al[4].

Similarly, as shown in Figure 6, most of the O atoms

exist as O[2] at the surface region. This is mainly because

bothZOH and oxygen bridges on the surface lead to O[2].

Going inside the films, the fraction of O[3] increases

quickly, indicating the predominance of O[3] in the

interior of the film.

The surface ZOH concentrations and the roughness of

the surfaces as a function of ALD cycles are plotted in

Figure 7. The surface roughness (Ra) was evaluated by

Ra ¼
X
i

jZi 2 Zavej

N
; ð2Þ

where Zi is a measured surface height, Zave is the average

height and N is the number of measurements. As shown in

Figure 7, both roughness and (OH concentration increase

during the first few ALD cycles. This can be explained by

the island growth mode in the initial ALD stage. Starting

with a low ZOH concentration, deposition can only

proceeded on the few active sites available, which serve as

Figure 5. Ratio of Al[4]/Al[3] after zero (blue), four (red) and
eight (green) ALD cycles as a function of the distance along the
Z direction of the Al2O3 film at 3008C.

Figure 6. Ratio of O[3]/O[2] after zero (blue), four (red) and
eight (green) ALD cycles as a function of the distance along the Z
direction of the Al2O3 film at 3008C.

Figure 7. Surface –OH concentrations and roughness of the
Al2O3 film at 3008C as a function of ALD cycles.
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growth seeds for the film. Therefore, at the beginning of

ALD, the growth process features island growth, which

leads to an increase of the surface roughness. From

Figure 14(b), which is a representative simulation snapshot

after two ALD cycles, we can clearly observe that islands

are formed on the surface. As the islands grow, the ZOH

concentration on the surface also increases, until an entire

monolayer is eventually deposited.

The effect of atomic radii on surface roughness was

evaluated by idealising the atoms as hard spheres. All of

the atoms were approximated as hard balls with empirical

atomic radii (1.25 Å for Al, 0.60 Å for O and 0.25 Å for H)

[30], and the surface roughness was evaluated by the

approach described above. Within the simulation cell, the

surface heights were measured by using a uniform grid that

corresponds to the conditions of the AFM measurements

with a tip size equal to 3.5 Å. The surface roughness of the

Al2O3 film calculated by treating the atoms as points and

hard balls is compared in Table 2. Compared with the

approximation of the atoms as spatial points, replacing the

atoms with hard balls has minimal influence on the surface

roughness calculation. When more OH groups are present

on the surface (with increasing ALD cycles), we obtained

essentially the exact same surface roughness using the two

approaches. The uniformity of the surface functional

groups reduces the effect of the atomic radii on surface

roughness to a negligible level.

The growth per cycle as a function of the ALD cycles

is shown in Figure 8. The growth rate is defined by the

growth per cycle in terms of the average height and mass.

As shown in the growth rate profiles, the height growth

rate may be larger or smaller than the mass growth rate

during the ALD process. A larger height growth rate

suggests that the film deposited in this cycle has a lower

density. On the contrary, a larger mass growth rate

indicates significant structural relaxation and densification

occurring in that cycle. For example, as shown in Figure 8,

the mass growth rate of the ninth ALD cycle is larger than

that of the eighth ALD cycle, while the height growth rate

of the ninth ALD cycle is larger than that of the eighth

ALD cycle. This indicates structural relaxation and

densification occurring in the ninth ALD cycle, which is

consistent with the experimental result that ultra-thin

amorphous Al2O3 is quite defective and can undergo

densification to reduce its free volume [31]. The

densification process can also be quantified by analysing

the coordination number of Al and O. For the Al2O3 film

prepared by ALD, both the Al[4]/Al[3] and O[3]/O[2]

ratios are larger after nine cycles (2.39 for Al[4]/Al[3] and

0.93 for O[3]/O[2]) than those after eight cycles (2.14 for

Al[4]/Al[3] and 0.89 for O[3]/O[2]). The overall increase

in the coordination number of O and Al leads to a

reduction in vacancy defects and a redistribution of Al

over the tetrahedral interstices associated with the

densification process [31].

3.2 Factors influencing ALD

The initial ZOH concentration has a significant influence

on the ALD process. To investigate the effect of the initial

ZOH concentration on ALD, we compared the ALD

process starting with two different initial ZOH concen-

trations (0.2 and 2.8 nm22). As shown in Figure 9, with a

Table 2. Surface roughness of the Al2O3 film at 3008C as a function of ALD cycles. Surface roughness is calculated by treating the
atoms as spatial points and as hard balls, respectively.

Roughness (Å) Roughness (Å)

ALD cycles Point Hard ball ALD cycles Point Hard Ball

1 0.929 0.943 7 1.608 1.603
2 0.975 0.984 8 1.905 1.908
3 1.073 1.092 9 1.881 1.890
4 1.137 1.152 10 1.976 1.971
5 1.306 1.312 11 2.002 2.005
6 1.423 1.427 12 2.062 2.063

Figure 8. Growth per cycle in terms of mass (red) and average
height (blue) as a function of ALD cycles during the Al2O3 ALD
at 3008C.
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low initial ZOH concentration, the population of ZOH

increases rapidly during the ALD process. Correspond-

ingly, as shown in Figure 10, a low initial ZOH

concentration yields a growth rate that is initially very

slow, but the growth rate increases quickly. This is

consistent with the rapid increase of the ZOH concentra-

tion. On the contrary, a high initial ZOH concentration

leads to a slow increase of ZOH to an equilibrium

concentration of approximately 5 nm22 (Figure 9), and

hence a relatively stable growth rate (Figure 10).

Therefore, it is clear that the ZOH concentration has an

important effect on the growth rate. However, the

fluctuation of the growth rates (Figure 10) suggests that

the ZOH concentration is not the only factor that

influences the ALD growth. In fact, we found, in addition

to theZOH concentration, theZOH distribution and steric

hindrance effects are also important factors that influence

the ALD growth. For example, for two surfaces with the

same ZOH concentration, a more uneven or clustered

ZOH distribution will yield a slower growth than a more

even ZOH distribution, due to the steric hindrance among

the adsorbates. The evolution of surface roughness during

the ALD process starting with two different initial ZOH

concentrations are compared in Figure 11. As shown in the

surface roughness profiles, a lowZOH concentration leads

to a rougher surface after eight ALD cycles. This is a result

of the island growth mode at the low ZOH concentration.

As shown in Figure 10, after saturation of OH groups

on the surface, the Al2O3 growth rate fluctuates around

0.06 nm per cycle, which is very close to the experimental

values (about 0.08 nm per cycle) in the literature [32–35].

The small difference between our simulation results and

experimental measurements may be attributed to the

following two possible factors. One possibility is that the

steric hindrance factor used in our simulation may not

exactly match the steric effects in the experiments. In our

simulation, a sphere with a radius of 4.5 Å is used to

designate the regions of steric hindrance. The steric

hindrance factor (which was estimated from DFT

calculations) is only an approximate description of the

true steric effects in Al2O3 ALD. Therefore, it may be

adjusted to refine our model. The second explanation

involves the assumptions in the deposition algorithm.

Although the predominant ALD reactions have been

incorporated in our simulations, there might be other

Figure 9. The evolution of the surface –OH concentration
during the Al2O3 ALD starting with two different initial –OH
concentrations at 3008C.

Figure 10. The evolution of the growth rate during the Al2O3

ALD starting with two different initial –OH concentrations
at 3008C.

Figure 11. The evolution of the surface roughness during the
Al2O3 ALD starting with two different initial –OH
concentrations at 3008C.
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reactions, such as the decomposition of the precursors in

the gas phase or on the surface, which may contribute to

the ALD growth of Al2O3. Therefore, future work may

need to be performed to investigate the sensitivity of the

results to these assumptions.

Temperature is another important factor in ALD.

Starting with the same initial surface, we compared the

ALD processes at two different temperatures (150 and

3008C). The effect of temperature on the surface ZOH

concentration is shown in Figure 12. It is clear that the

higher temperature (3008C) leads to a faster increase in the

ZOH group concentration on the surface. Correspondingly,

a larger growth rate is observed at the higher temperature

(Figure 13). This can be explained by closely examining the

structures of the films deposited at 150 and 3008C. The

initial surface for both simulations is shown in Figure 14(a).

In order to investigate the effect of temperature on the ALD

films, the two ZOH groups denoted by the two arrows in

Figure 14(a) were traced during the MD simulations at the

two different temperatures. As the simulations were

performed for 500 ps, the ZOH group (denoted by the

pink arrow) migrated to a different area on the surface when

the MD simulation was performed at 3008C (Figure 14(b)).

During the next ALD cycle, this allowed additional material

to be deposited on both of the two ‘largely’ separatedZOH

groups. On the contrary, the two ZOH groups were

relatively immobile during the MD simulation performed at

1508C (Figure 14(c)). As a result, the subsequent deposition

proceeded only on one of these two OH groups during the

next ALD cycle, due to the steric hindrance effect. Thus,

the higher temperature is predicted to increase the ALD

growth rate by increasing the migration ofZOH groups on

the surface, allowing the surface to accommodate additional

precursor molecules. However, higher temperatures do not

always lead to larger ALD growth rates. At higher

temperatures, adjacent ZOH groups on the surface have a

tendency to dehydrate, releasing a H2O molecule. In our

simulations, we have directly observed this dehydration

process. Therefore, higher temperature may lower the ALD

growth by lowering the surface coverage ofZOH groups, if

the temperature becomes too high. This phenomenon has

also been observed experimentally [36].

Figure 12. The evolution of the surface –OH concentration
during the ALD process at two different temperatures.

Figure 13. The evolution of the surface roughness during the
ALD process at two different temperatures.

Figure 14. The effect of temperature on the migration of –OH
on the Al2O3 surfaces: (a) starting surface, (b) surface after the
MD simulation at 3008C for 500 ps and (c) surface after the MD
simulation at 1508C for 500 ps.
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4. Conclusions

Based on an atomic-level understanding of ALD obtained

from previous ab initio calculations and experiments, MD-

based all-atom simulations were designed to simulate the

dynamic surface relaxation process during ALD of Al2O3.

These simulations enabled us to trace the evolution of the

microscopic structure of theAl2O3 films, as the films grow in

thickness. Based on our simulations, the Al2O3 surface is

found to be terminated mainly by H and O due to their

preference for the ambient. This explains why H impurities

in ALD Al2O3 films are usually low. The H atoms tend to

easily rise to the film surface, rather than becoming

incorporated into the bulk of the film. The densification

process has also been observed during our ALD simulations.

Accompanying the densification of the thin film, Al[3] is

converted toAl[4] andAl[5] from its initial precursor state to

its bulk state during the process of ALD film growth. Also,

we were able to investigate the influence of operating

parameters (temperature, initialZOHconcentration, etc.) on

the ALD process at the atomic level. An initially low surface

coverage of ZOH groups leads to an island growth mode,

and hence a rough film at the beginning of ALD. In addition

to the ZOH concentration, the ZOH distribution on the

surface is also an important factor that influences the ALD

growth mode, due to steric hindrance effects. This indicates

that avoiding sparsely and inconsistently populatedZOH at

the initial ALD stage is critical for reducing nucleation

periods.

Temperature can have complex structural effects on the

ALD film. On one hand, high temperature can increase the

ALD growth rate by increasing the migration of ZOH

groups on the surface. On the other hand, high temperature

may lower theALDgrowthby lowering the surface coverage

of ZOH groups. Although the reaction kinetics are not

modelled with our simulation approach, temperature will

alsohave a strong influence on theprecursor deposition, rates

of reaction and the surface coverage of the products.

Based on our simulations, the Al2O3 growth rate was

predicted to be around 0.06 nm per cycle, which is very

close to the experimental values (about 0.08 nm per cycle)

in the literature. Possible approaches to improve our model

involve refining the steric hindrance criteria and

incorporating other reaction events that can capture a

more complete and more realistic representation of ALD.

From this perspective, our model can serve as an approach

to identify the elements required to characterise the

essence of ALD by comparing the simulation results and

experimental measurements.

This approach enables us to model the atomic

structural details during the layer-by-layer ALD growth.

We do not expect these simulations to accurately predict

all features of Al2O3 ALD. However, we do hope to gain

useful insight into how Al2O3 films evolve at the atomic

level at different ALD operating conditions, which can

increase an experimentalist’s understanding of how the

operation parameters influence the properties of ALD

films. Our all-atom MD simulations of ALD aim at

building a bridge between atomic-level information and

experimental measurements for a complex system.
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