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a b s t r a c t

The surface mechanisms involved in the Atomic Layer Deposition of Al2O3 from TMA and H2O are inves-
tigated by means of combined experimental and computational analyses. Reactant adsorption, desorp-
tion and surface reaction are taken into account by a surface chemistry model, coupled to a CFD model
for an industrial reactor treating 200 mm substrates. Once the model validated by comparison with
experimental deposition rates, the relative contribution of each surface phenomenon is quantitatively
determined between 100 and 300 �C through original reaction probability calculations. It is revealed that
the competition between surface reactions and desorption of adsorbed H2O plays a crucial role in the ALD
growth of alumina. The H2O desorption is the limiting factor for the growth at low process temperature
whereas it is the OH group surface concentration at higher temperature. This integrated (surface chem-
istry/kinetics and CFD) model shows a direct link between transport phenomena, such as gas flow recir-
culation and low temperature zones in the reactor, and film uniformity.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Atomic Layer Deposition (ALD) is a film deposition technique,
based on the sequential exposure of a surface to gas phase reac-
tants (Johnson et al., 2014). It is organized in reactant exposure
steps, separated by a purging time period, during which the reac-
tants are removed from the chamber, in order to avoid gas-phase
reactions among them (Johnson et al., 2014; Puurunen, 2005). Each
ALD system is referred to have a range of process temperature
values (‘‘ALD window”) within which the deposition behavior is
supposed ideal, and the growth per cycle remains constant
(George, 2010).

The advantage of ALD relies on the self-saturating chemisorp-
tion of the reactants on the surface, which ensures a high control
over the thickness of the deposited film, and subsequently high
uniformity and conformity under optimized conditions (George,
2010). This advantage allows ALD to meet the prerequisites for
the production of new devices in numerous Key Enabling Tech-
nologies, which push towards smaller dimensions. Hence, the pre-
cise control of thickness in terms of growth and uniformity is
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Nomenclature

Ades desorption pre-exponential frequency factor, s�1

Ar reaction pre-exponential frequency factor of surface
species k, s�1

ci molar concentration of gas phase species i, mol=m3

Ck molar concentration of surface phase species k, mol=m2

Cp heat capacity of gas mixture, J=ðkg � KÞ
Ctot total concentration of surface species, mol=m2

d layer thickness, m
Dik Maxwell Stefan Diffusion coefficient, m2=s
Eads adsorption activation energy, eV
Edes desorption activation energy, eV
Er reaction activation energy, eV
Fluxi molar flux of gas phase species i, mol=ðm2 � sÞ
g gravity acceleration, m=s2

Hi enthalpy of formation of gas phase species i, J=mol
hpl Planck constant, J�s
I unit tensor
Ji boundary flux of gas phase species i, kg=ðm2 � sÞ
ji, diffusive flux gas phase species i, kg=ðm2 � sÞ
Kn Knudsen number
ki thermal conductivity of gas phase species i, W=m � K
kb Boltzmann constant, J=K

kdes desorption rate coefficient, s�1

kr, reaction rate coefficient, s�1

Mi molecular weight of gas phase species i, kg=mol
P pressure, Pa
Pi partial pressure of gas phase species i, Pa
pk reaction probability of adsorbed species k
pinit,i reaction probability of gas phase species i
_Q boundary heat flux, J=ðm2 � sÞ
R ideal gas constant, J=mol � K
Rads,i adsorption rate of gas phase species i, mol=ðm2 � sÞ
Rdes,k desorption rate of adsorbed species k, mol=ðm2 � sÞ
Rr,k reaction rate of adsorbed species k, mol=ðm2 � sÞ
s0,i initial sticking probability of gas phase species i
si sticking probability of gas phase species i
T temperature, K
u velocity, m=s
xi molar fraction of gas phase species i
hk surface coverage of surface species k
l dynamic viscosity, Pa�s
q density, kg=m3

rk site occupancy number of surface species k
xi mass fraction of gas phase species i
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crucial, especially in the case of deposition on large area items. In
turn, this level of control requires a deep understanding of the
physicochemical mechanisms taking place on the surface during
an ALD process, and of the effect of the process parameters, such
as pressure and temperature, on those mechanisms.

One of the most studied ALD processes is the deposition of
Al2O3 films, using tri-methyl aluminum (Al(CH3)3, TMA) and H2O
vapor as metal precursor and oxidant source, respectively (Jur
and Parsons, 2011; Wind and George, 2010; Dillon et al., 1995;
Aria et al., 2016). A great number of works has been published
on this chemical system (Groner et al., 2004; Ott et al., 1997;
Elam et al., 2002) in numerous reactor configurations and a wide
range of process conditions and substrates, establishing this sys-
tem as a model one for the ALD process. However, certain aspects
of the surface chemistry of this process are still not thoroughly
understood. The limited growth under low process temperature
has been the topic of recent research (Vandalon and Kessels,
2016, 2017). The growth dependence on the process temperature
over the whole ALD temperature window indicates complex sur-
face mechanisms. (Vandalon and Kessels, 2016, 2017). This depen-
dence has not yet been explained in detail for the TMA + H2O
process. The competing physical and chemical mechanisms on
the surface, such as the competition between desorption and sur-
face reactions have not been studied, to the best of our knowledge.

In a theoretical perspective, physical based modelling has
emerged as a powerful tool to study the fundamental reactions
taking place during an ALD cycle. Theoretical studies can provide
information that is difficult to access experimentally due to the
very restricted length and time scales of the surface phenomena
in ALD. Density functional theory (DFT) calculations (Murray and
Elliott, 2013; Widjaja and Musgrave, 2002; Weckman and
Laasonen, 2015; Delabie et al., 2012) are able to analyze the differ-
ent reaction pathways that the reactants can undergo, concluding
on the most favorable reactions, based on the activation energies
needed to reach the transition state for each case. Using those
energies, Travis and Adomaitis (2014, 2013) investigated the sur-
face reaction kinetics and dynamics during the ALD cycle.
Remmers et al. (2015) investigated the reaction dynamics using a
reaction factorization study, while Holmqvist et al. (2014) esti-
mated the reaction kinetic parameters using a combined computa-
tional and experimental approach.

Computational Fluid Dynamics (CFD) models for ALD reactors
have been developed to study the process at the reactor scale
(Holmqvist et al., 2013). In a previous work, (Gakis et al., 2018)
we showed that the reactor setup, geometry and process condi-
tions can lead to undesirable flow regimes such as gas flow recircu-
lation, and to non-uniform temperature fields. Xie et al. (2015)
combined a detailed surface chemistry model with a reactor CFD
model in order to study the effect of temperature and pressure
on the deposition process. Holmqvist et al. published a series of
articles (Holmqvist et al., 2012, 2013a, 2013b, 2014), using a con-
tinuous flow reactor model to investigate the reactant flow, allow-
ing the mechanistic analysis of the ALD reactions. Using this model,
the reactor scale-up and process optimization were studied. Pan
et al. (2015) studied the effect of the position of the sample inside
the reactor, while Peltonen et al. (2018) studied the flow during
ALD process, correlating the film uniformity with fluid dynamical
aspects. Shaeri et al. (2014) studied the effect of reactor design
on the reaction rates and the uniformity of the deposition rate at
certain snapshots during alumina ALD. However, the latter analysis
was not validated by experimental measurements, and no investi-
gation on the final thickness uniformity was performed. It is crucial
that the effect of the process parameters in an industrial reactor
with a complex design, on film characteristics such as film unifor-
mity, be thoroughly studied. Such analyses will help obtain a road-
map towards reactor design and process optimization, to achieve
the production of uniform films.

This work aims the detailed investigation of the surface mech-
anisms that affect the film deposition inside the temperature win-
dow of alumina ALD. It is the first time that the competition
between desorption and reaction of the adsorbed reactant species
is discussed in detail for the TMA + H2O process. In this work, this
competition and its effect as a limiting factor for the ALD growth is
revealed using a computational approach, validated by experimen-
tal measurements. The effect of the reactive sites present on the
substrate is analysed as well. Our previously presented three
dimensional CFD model for a commercial ALD reactor, (Gakis
et al., 2018) is coupled to an original surface kinetics model, incor-
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porating reactant adsorption, desorption, and surface reaction. The
simulation results for the growth per cycle and thickness unifor-
mity obtained are validated by comparison with experimental ones
at the surface and reactor scales. Furthermore, we apply this model
to reveal and investigate the effect of the reactor design and trans-
port phenomena inside the ALD reactor chamber onto the depos-
ited film thickness and uniformity. A direct link between
complex transport phenomena, reactor design and process param-
eters resulting from the reactor and process setup and film unifor-
mity is presented.
Fig. 1. Schematics of the Ultratech� Fiji F200 ALD reactor chamber.

Table 1
Thermal and cycle conditions used for the ALD reactor.

Experiment
#

Substrate center temperature
(�C)

Reactor walls temperature
(�C)

T
(

1 125 125 0
2 125 125 0
3 150 150 0
4 150 150 0
5 162 162 0
6 175 175 0
7 175 175 0
8 200 200 0
9 200 200 0
10 250 250 0
11 300 270 0
12 300 270 0
13 300 270 0
14 150 150 0
15 150 150 0
2. Materials and methods

The Al2O3 films were deposited using a commercial Ultratech�

Fiji F200 ALD setup. The schematics of the ALD reactor chamber
is presented in Fig. 1.

An extensive description of the ALD system setup has been pre-
sented in our previous work (Gakis et al., 2018). In this section a
brief description is provided. The reactor has three gas inlets, here-
after called top inlet, side inlet, and loading door inlet, as shown in
Fig. 1. A steady flow of argon (Ar) is permanently fed to the reactor
via all the inlets. The Ar flow through all inlets is regulated by mass
flow controllers (MFC), while the reactant pulses are controlled by
the opening time of ALD valves in the feeding system, connected to
the side inlet of the reactor (Gakis et al., 2018). Pumping is ensured
by a turbo-molecular pump and the pumping speed and base pres-
sure are regulated with an automatic pressure controller (APC)
unit. The reactor walls and the precursor feeding system are heated
via a jacket, while the substrate is heated via a chuck. The loading
door walls are not heated.

TMA and H2O vapor were used as metal precursor and oxidant
source, respectively. The alumina films were deposited on 200 mm
diameter Si (1 0 0) wafers. The wafers were pretreated by deion-
ized (DI) water rinsing, followed by dipping in a 5% HF solution
for 1 min, in order to remove the native oxide on the Si surface,
and a final DI water rinsing. After the pretreatment, the wafer
was dried and immediately loaded into the chamber, which was
pumped out to its base pressure (10�4–10�5 Torr) during 10 min,
then to the pressure of the ALD process (72 mTorr) during 5 min.
The pulsing and purging times being set, the isolation valve of
the capacitance manometer was closed and the process was initi-
ated. The cycles were repeated until a certain number of cycles,
corresponding to the desired thickness, was attained.

Deposition takes place under process conditions that are imple-
mented according to predefined recipes. In all experiments, the top
inlet, loading door and side inlet Ar flows were set to 100 sccm,
50 sccm and 30 sccm, respectively. The top and loading door gas
temperatures were set at 20 �C and the side inlet gas temperature
at 150 �C. The opening of the ALD valve for the H2O exposure was
set to 0.1 s. The adopted experimental conditions for fifteen ALD
experiments are shown in Table 1.

The thickness of the deposited films was measured via ellip-
sometry with a Horiba UVISEL Variable Angle Spectroscopic Ellip-
someter. The wavelength interval ranged between 265 and
650 nm. We chose to deposit films with quite high thickness
(50–60 nm). So as to minimize the measurement error due to
any uncertainty on the thickness and composition of the interface
between the silicon substrate and the pure Al2O3 deposited film,
MA pulse time
s)

TMA purge time
(s)

H2O purge time
(s)

Number of
cycles

.025 30 30 500

.060 30 30 500

.025 20 20 500

.060 20 20 500

.025 20 20 500

.025 15 15 500

.060 15 15 500

.025 10 10 500

.060 10 10 500

.060 8 8 500

.025 5 5 550

.060 5 5 550

.025 2 3 550

.025 10 10 500

.060 5 5 500
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3. Computational model formulation

3.1. Reactor CFD model

The governing equations that describe the transport phenom-
ena taking place inside the ALD reactor include the conservation
of mass, momentum, and energy, coupled with the conservation
of chemical species, as detailed in supplementary material. The
maximum Knudsen number calculated during the argon purge step
was lower than 7 � 10�3, taking the outlet diameter as a character-
istic length, thus validating the continuous regime assumption. The
thermal conductivity, dynamic viscosity, and diffusion coefficients
for the chemical species are computed using the kinetic gas theory.
The Lennard-Jones parameters for the species are obtained from
the CHEMKIN-PRO database (CHEMKIN-PRO, 2013). The gas is con-
sidered as ideal. The gas is also considered as a Newtonian fluid
and the flow is laminar.

The maximum Reynolds number was calculated at 300 �C. Dur-
ing the purging times, the Reynolds number was found 2.05, while
the maximum value during the reactant pulses was 129.15 for the
TMA pulse and 37.08 for the H2O pulse, at the side inlet. The char-
acteristic length used was the side inlet diameter, as this was the
region where the maximum was found.

The above equations are discretized and solved using Comsol
Multiphysics�, which uses the finite element method. The compu-
tational mesh used for the spatial discretization of the computa-
tional domains was also generated by Comsol Multiphysics. A
quadratic basis functions set was selected for approximating the
velocity and the species mass fractions, while a linear basis func-
tions set was used for temperature and pressure.

The computational mesh consists of 149 226 tetrahedral ele-
ments, while the dimensionless wall distance of the first element
height in the normal direction to the substrate is 0.01732, using
the substrate diameter as a characteristic length.

No-slip boundary conditions is implemented on the reactor
walls, while a flow rate equal to the Argon inlet flow rates
described in Section 2 is imposed as inlet boundary condition
during the purge times. A steady volumetric flow rate equal to
57.12 L/s is imposed at the outlet, in order to simulate the
turbo-molecular vacuum pump. For more information regarding
the outlet pump simulation, as well as for the inlet conditions dur-
ing the reactant pulses and the substrate thermal boundary condi-
tions, the reader is referred to our previous work (Gakis et al.,
2018). A zero species flux condition is imposed on the reactor
walls, while the wall temperatures are set to the values of Table 1,
to simulate the respective experiment. The reactor model is
coupled to the surface chemistry model through the substrate
boundary conditions, which are presented below, in Section 3.4.

3.2. Surface chemistry

The overall reactions taking place during the ALD cycle are the
following:

2Al(CH3)3 + 3H2O ! Al2O3 + 6CH4 ðR1Þ
The thermodynamic properties of the reactants are ideal, as

they are volatile at room temperature, and TMA is not decompos-
ing up to 300 �C (Puurunen, 2005).

In this section the possible chemical mechanisms taking place
during the ALD process are presented. For more clarity, we detail
separately the phenomena occurring at each reactant exposure.

3.2.1. TMA exposure
The adsorption and reaction of TMA molecules during the ALD

regime take place on hydroxyl groups, which serve as reactive
sites. The first mechanism taking place during the TMA exposure
is the reversible adsorption of TMA on a surface hydroxyl group:

Al(CH3)3ðgÞ + OHðsÞ $ H-O-Al(CH3)3ðadsÞ ðR2Þ
hereafter named TMA(ads)(s). This TMAmolecule, after it adsorbs on
the OH site, can either desorb or proceed in a reaction where a CH3

ligand of TMA reacts with the hydrogen atom of the hydroxyl group,
forming CH4 that is desorbed as a gaseous byproduct:

TMA(ads)ðsÞ ! O-Al(CH3)2ðsÞ + CH4ðgÞ ðR3Þ
where the Al(CH3)2(s) surface species is hereafter referred to as
Dimethyl aluminum or DMA.

Studies using density functional theory calculations (Weckman
and Laasonen, 2015) showed that a DMA molecule can undergo a
second reaction with a neighbouring OH site on the surface, releas-
ing CH4 as a gaseous by-product and forming an aluminum bridge
between the neighbouring O sites:

O-DMAðsÞ + OHðsÞ ! (O)2-Al(CH3)ðsÞ + CH4ðgÞ ðR4Þ
with the new Al(CH3)(s) surface species hereafter referred to as
monomethyl aluminum, or MMA.

3.2.2. Water exposure
During the water pulse, the methyl-terminated surface gener-

ated by the previous TMA step of the cycle, is exposed to H2O
vapor. The H2O molecules adsorb on the DMA species:

DMAðsÞ + H2OðgÞ $ DMA-OH2ðadsÞ ðR5Þ
onwards called DMAH2O(s).

The adsorbed H2Omolecule can then either desorb or react with
one of the methyl groups, leaving a OH group at its place, and
releasing CH4 as a byproduct:

O-DMAH2OðsÞ ! O-Al(CH3)-OHðsÞ + CH4ðgÞ ðR6Þ
with the Al(CH3)-OH(s) species hereafter named MMAOH(s).

A second H2O molecule then adsorbs on the MMAOH species:

MMAOHðsÞ + H2OðgÞ $ H2OðadsÞ-MMAOH ðR7Þ
onwards called MMA(OH)H2O(s), which can then either desorb or
react with the methyl group on the surface, releasing CH4, leaving
the surface OH-terminated:

O-MMA(OH)H2OðsÞ ! O-Al(OH)2ðsÞ + CH4ðgÞ ðR8Þ
Finally, water can adsorb on MMA species on the surface:

MMAðsÞ + H2OðgÞ $ MMA-H2OðadsÞ ðR9Þ
onwards called MMAH2O(s), which can either desorb or react with
the methyl group on the surface, releasing CH4 and leaving the sur-
face OH-terminated:

O2-MMAH2OðsÞ ! (O)2-Al-OHðsÞ + CH4ðgÞ. ðR10Þ
3.3. Implementation of the surface chemistry

In this section, we present the selected mechanisms imple-
mented in the surface chemistry model. We model the growth of
the deposited film within the ALD regime, where the growth per
cycle (GPC) is constant as a function of the number of cycles. There-
fore, after each ALD cycle, the surface must be regenerated so as to
maintain a constant number of OH groups on the surface from one
cycle to another, while depositing stoichiometric alumina. As pre-
viously described, the initial reaction of a TMA molecule with a
hydroxyl group on the surface may be followed by a further reac-
tion with a neighbouring hydroxyl. Taking into account the mech-
anisms in the previous section, the surface after the TMA pulse
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must contain equal proportions of MMA and DMA species. This
ensures the stoichiometric overall reaction, where two TMA mole-
cules react with three H2O molecules, producing Al2O3. Therefore,
we implement this condition to our mechanism, leading to the fol-
lowing overall reactions at each reactant exposure.

For the TMA exposure:

TMAðgÞ + 3OHðsÞ $ 2TMA(ads)ðsÞ ! DMAðsÞ + MMAðsÞ + 3CH4ðgÞ

ðR11Þ
For the H2O exposure:

H2OðgÞ + MMAðsÞ $ MMAH2OðsÞ ! Al-(OH)ðsÞ + CH4ðgÞ ðR12Þ

H2OðgÞ + DMAðsÞ $ DMAH2OðsÞ ! MMAOH + CH4ðgÞ ðR13Þ

H2OðgÞ + MMAOHðsÞ $ MMA(OH)H2OðsÞ ! Al-(OH)2 + CH4ðgÞ

ðR14Þ
The reaction mechanism is schematically presented in Fig. 2.
The model takes into account gas molecule adsorption (reac-

tions R2, R5, R7, R9), desorption of adsorbed molecules (reverse
reactions R2, R5, R7, R9) and forward surface reactions of the
adsorbed molecules. The adsorption rate of each adsorption step
for species i (Rads,I) is given by the following equation, in
mol�m�2�s�1:

Rads;i ¼ si � Fluxi ð1Þ
where Fluxi is the molar flux of gaseous species i, and s is the
sticking coefficient.
Fig. 2. Schematics of the chemical mechanism im
The molar flux is computed by the Hertz-Knudsen equation:

Fluxi ¼ Piffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pMiRT

p ð2Þ

where Pi is the species i partial pressure, Mi is its molecular mass, R
is the ideal gas constant, and T is the temperature. The sticking coef-
ficient depends on the surface coverage of surface sites which are
available for the species i to deposit on. The surface coverage of each
surface species k is denoted as h, and the sum of all coverages of the
surface sites, n in number, must be equal to unity.

si ¼ s0;i � hav � e
�Eads
kbT ¼ s0;i � ð1� hnotavÞ � e

�Eads
kbT ð3Þ

Xn

k¼1

hk ¼ 1 ð4Þ

In Eq. (3), Eads is the activation energy for adsorption, kb is the
Boltzmann constant, T is the temperature, s0,i is the initial sticking
probability of species i, when the whole surface is available for
deposition, and no energy barrier needs to be overcome i.e.
hav = 1. The s0,i value is treated as a model parameter. The surface
coverage of each species is given by:

hk ¼ rk
Ck

Ctot
ð5Þ

where rk is the site occupancy number, Ck and Ctot are the surface
concentration of species k and the total concentration of surface
sites, respectively, both in mol�m�2. The site occupancy number
describes how many surface sites are occupied by each surface
plemented in the surface chemistry model.
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species. In our case, Ctot is the maximum number of OH groups that
can be present on the surface, which depends on the surface
temperature.

The reversible step of adsorption, i.e. the desorption of the
adsorbed surface species k on the surface is modelled as a first
order surface reaction:

Rdes;k ¼ kdes;k � Ck ð6Þ
where Rdes is the desorption rate of adsorbed surface species k, in
mol�m�2�s�1, and kdes,k is the desorption rate coefficient in s�1, that
is computed using an Arrhenius expression:

kdes;k ¼ Ades;k � e
�Edes;k
kbT ð7Þ

where Ades,k is the pre-exponential frequency factor, Edes is the acti-
vation energy for the desorption of a molecule, and kb is the Boltz-
mann constant.

The surface reactions are treated the same way as desorption:

Rr;k ¼ kr;k � Ck ð8Þ

kr;k ¼ Ar;k � e
�Er;k
kbT ð9Þ

By developing the mechanism described above using the
described phenomena, we have 8 surface species, namely OH(s),
TMA(ads)(s), DMA(s), MMA(s), DMAH2O(s), MMAOH(s), MMA(OH)
H2O(s), MMAH2O(s). The surface species conservation equations
are treated during each pulse, and are presented in the supplemen-
tary material.

3.4. Coupling of the CFD and surface chemistry models

The coupling the CFD model with the surface chemistry one is
realized through the boundary conditions implemented on the
substrate surface, for the species transport and heat transport
equations. On the substrate surface, a species flux is implemented
as a boundary condition for TMA, H2O, and CH4 species.

JTMA ¼ �ðRads;TMA � Rdes;TMAðadsÞÞ �MTMA ð10Þ

JH2O¼ - Rads;DMAH2OþRads;MMA OHð ÞH2OþRads;MMAH2O

�

-Rdes;DMAH2O-Rdes;MMA OHð ÞH2O-Rdes;MMAH2O
� �MH2O ð11Þ

JCH4
¼ 1:5 � Rr;TMAðadsÞ þ Rr;MMAH2O þ Rr;DMAH2O þ Rr;MMAðOHÞH2O

� � �MCH4

ð12Þ
where J (in kg/m2 s) is the species mass flux, with the positive sign
denoting that the species is generated at the surface.

A heat flux is also generated on the substrate surface, corre-
sponding to the enthalpies of the surface reactions:

_Q ¼ Pr
m¼1Rm � DHm, where r is the total number of reactions,

and DH is the reaction enthalpy.

3.5. Computational parameters

The most significant difficulty in modelling this process is the
absence of data regarding the reactant pulses that are injected into
the ALD reactor during the exposure steps of the cycle, as no mea-
suring device is installed. In order to simulate the ALD process
however, the reactant pulses must be known. This is the reason
why a CFD model for the reactant feeding system was built,
described in our previous work (Gakis et al., 2018). In order to cou-
ple the two models, that is the CFD model for the reactor and the
CFD model for the feeding system, a specific scheme, presented
in Gakis et al. (2018) was used.
For the surface chemistry model, values regarding the activa-
tion energies, reaction enthalpies, sticking coefficients, initial max-
imum concentration of surface sites and pre-exponential factors
must be set. The activation energies and reaction enthalpies are
taken from Widjaja and Musgrave (2002), where are reported the
computed energy barriers needed for the adsorbed TMA molecule
to react according to (R3). These energy barriers are used as activa-
tion energies for the TMA surface reactions. In these studies, the
adsorption step of the gaseous TMA molecule on a OH site is
exothermic. This binding energy of the TMA is used in our study
as the activation energy for desorption. The same is done for the
water activation energies for surface reaction and desorption on
DMA and MMAOH sites. We assume that the energies for the
H2O reaction and desorption on the MMA species are equal to
those on DMA, calculated by Widjaja and Musgrave (2002).

The initial surface is assumed to be covered by OH sites, i.e.
Cinit, OH = Ctot. The value of Ctot hence indicates the maximum num-
ber of OH groups that can be present on the surface. As the depo-
sition of Al2O3 is dependent on the surface OH (Puurunen, 2005)
site concentration, this maximum concentration must be carefully
chosen. The maximum OH concentration depends on the tempera-
ture, as the OH groups are thermally unstable. Two neighbouring
OH sites can react with each other, in order to form an oxygen
bridge and desorb one molecule of H2O (Puurunen, 2005;
Zhuravlev, 2000). In our study, the maximum OH concentration
is implemented as a function of the surface temperature, based
on data on silica surface reported by Haukka and Root (1994). This
data shows an almost linear relation between the OH concentra-
tion and the silica surface temperature, for the range of 200–
560 �C. This behavior has also been reported in Dillon et al.
(1995) on porous alumina. We assume that the same relation is
also valid at lower temperatures down to 125 �C, and we imple-
ment this linear relation to calculate the maximum OH concentra-
tion for each process temperature.

The pre-exponential factors were assumed to be equal to:

A ¼ kbT
hpl

ð13Þ

for all surface reactions and desorption, where kb is the Boltzmann
constant, T is the temperature, and hpl is the Planck constant. With
the above model assumptions and parameters, only the initial stick-
ing coefficients need to be determined.

In our study, the sticking coefficient of H2O was assumed to be
equal on all three available sites (DMA, MMA, MMAOH). Hence the
surface chemistry model has two fitting parameters (s0,TMA, s0,H2O).

The parameters used for our chemistry model are summarized
in Table 2.

A discussion regarding the choice of the activation energies
from the literature, as well as a sensitivity analysis of the model
to those values, is presented in the supplementary material of
the present work.

4. Results and discussion

4.1. Surface chemistry model

4.1.1. Effect of temperature on the film growth per cycle
In order to analyze the kinetics of the surface reactions, a study

of the growth of the film as a function of temperature is performed,
both computationally and experimentally, for two different TMA
pulse durations. As we assume an ideal ALD regime, the thickness
of the deposited film is divided by the respective number of ALD
cycles used, in order to determine the growth per cycle (GPC). As
the fully hydroxylated surface is used as an initial surface condi-
tion, the GPC obtained by the chemistry model is not constant from
the first cycle onwards. A certain number of cycles need to be



Table 2
Computational parameters for the surface chemistry model.

Parameter Value

Adsorption activation energy (Widjaja and Musgrave, 2002) TMA: 0, H2O: 0
Desorption activation energy (Widjaja and Musgrave, 2002) TMA: 0.61 eV, H2O on DMA and MMA: 0.57 eV, H2O on MMAOH: 0.74 eV
Reaction activation energy (Widjaja and Musgrave, 2002) TMA: 0.52 eV, H2O on DMA and MMA: 0.7 eV, H2O on MMAOH: 0.91 eV
Reaction Enthalpy (Widjaja and Musgrave, 2002) TMA: 1.09 eV, H2O on DMA and MMA: 0.91 eV, H2O on MMAOH: 0.56 eV
Maximum OH concentration (Haukka and Root, 1994) y = �2,1661E�08� T + 1,68935E�05, in mol=m2, Derived from (Haukka and Root, 1994)
Sticking coefficient s0,TMA = 0.004 (Fitted), s0,H2O = 0.014 (Fitted)

Fig. 3. GPC as a function of temperature. 25 ms TMA pulse: Triangles (experi-
ments), dashed line (model). 60 ms TMA pulse: Squares (experiments), bold line
(model).
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simulated first, so that the kinetics implemented in the model lead
to a constant GPC as it will be detailed in Section 4.3.

The thickness of the layer was calculated using the following
equation:

h ¼ MAl2O3

CAl2O3

qAl2O3

ð14Þ

where MAl2O3 is the molecular mass of alumina, CAl2O3 is the bulk
concentration of the produced alumina film, and qAl2O3 is the den-
sity of alumina, taken at 3500 kg/m3 (Ott et al., 1997).

The comparison of the experimental (experiments 1–12 in
Table 1) and calculated GPC at the center of the substrate (Simu-
lated experiments 1–12), as a function of temperature and the
TMA pulse duration, is presented in Fig. 3.

The model accurately predicts the experimental GPC for this
range of operating conditions. Therefore, the model will be used
for the analysis of the surface chemistry mechanism.

When using a 25 ms TMA pulse, for the range of 125–300 �C, the
measured GPC increases with temperature from 0.83 Å

Cycle at 125 �C

(experiment 1) to 1 Å
Cycle at 300 �C (experiment 11). This can be

explained by the thermal activation of surface reactions, which
under low temperatures will not occur or will be too slow. When
a 60 ms TMA pulse is used, an overall increase of the GPC is both
measured and computed in comparison with 25 ms. This implies
that the TMA pulse of 25 ms was not long enough to cover the
whole surface.

For the experiments with 60 ms TMA pulse, the GPC increases
with temperature in the range 125–200 �C, as in the case of the

25 ms TMA pulse, this time reaching 1.03 Å
Cycle. Further temperature

increase leads to a slight GPC decrease, with the value of the GPC at

300 �C being 1 Å
Cycle. This behavior has been reported in other works

(Ott et al., 1997; Vandalon and Kessels, 2016; Pan et al., 2015; Xie
et al., 2015). It is usually ascribed to the activation of the TMA des-
orption at high temperature.

In our experiments, the GPC value at 300 �C (experiments 11
and 12) changes slightly with the increase of the TMA pulse; at
300 �C the OH surface sites were almost totally covered even with
the 25 ms TMA pulse.

The surface chemistry model takes into account species adsorp-
tion, desorption, and surface reaction, as well as the surface OH
concentration as a function of process temperature. The experi-
mental behavior reveals a complex mechanism and the surface
chemistry model with all the considered phenomena seems cap-
able to catch this complexity, thus validating our analysis in the
considered parametric window.

4.1.2. Reaction mechanisms
Before discussing the results of the surface chemistry model,

the activation energies associated with each mechanism can give
useful insight. Results from Widjaja and Musgrave (2002) summa-
rized in Table 2, show that the adsorption step has no activation
energy barrier for TMA nor H2O. Hence, as we assume a steady ini-
tial sticking coefficient s0 for each species as a function of temper-
ature, the adsorption step, at each time, will depend on the species
flux on the surface and the state of the surface. The adsorbed reac-
tant molecule can then either react on the surface, with an irre-
versible reaction, or desorb. These are two competing
mechanisms, taking place at the same time on the surface, and
their relative rates will show whether the reaction or the desorp-
tion is more favorable. This competition has not been thoroughly
discussed in previous works.

Again, results from Widjaja and Musgrave (2002) presented in
Table 2, show that for the adsorbed TMA molecule, the activation
energy for desorption is higher than the energy barrier to reach
its transition state, from which the irreversible reaction step is
exothermic. Therefore, the adsorbed TMA molecule is more likely
to react on the surface, producing DMA and subsequently MMA
species, than desorbing back to the gas phase. The opposite is
shown for H2O. The adsorbed H2O molecule desorption has a lower
energy barrier than the irreversible surface reaction, meaning that
the adsorbed H2O molecule is more likely to desorb than react on
the surface.

To study these behaviors as a function of temperature, we intro-
duce a reaction probability approach. Specifically, we study the
reaction probability, pk, of an already adsorbed molecule k, given
as the ratio of the forward surface reaction rate Rr to the sum of
the rates of the possible events, i.e. reaction and desorption rates.

pk ¼
Rr

Rr þ Rdes
ð15Þ

Here k denotes that the adsorbed molecules are surface species. If
we multiply this value with the initial sticking coefficient s0,i for
each gas species, we obtain the total initial probability pi of a gas
molecule i to adsorb and react on the surface, fully covered by avail-
able adsorption sites.

pinit;i ¼ s0;i � pk ð16Þ



Fig. 4. Model predictions for the gas species initial reaction probabilities pinit,i: TMA
(continuous line, left hand axis), H2O on DMA/MMA species (dotted line, right hand
axis) and H2O on MMAOH species (dashed line, right hand axis).
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Here, i denotes gas phase species. The dependence of the initial
reaction probability of the gas species is shown in Fig. 4.

At 100 �C, the reaction probability of a TMA molecule is
pinit,TMA = 3.77�10�3, a low value due to the low sticking probability
(s0,TMA = 0.004). Once the TMA molecule is adsorbed, it has a
pTMA = 94% probability of reacting (Eq. (15)). As the temperature
increases, the TMA desorption is activated, and the reaction prob-
ability slightly decreases. At 300 �C, the reaction probability of the
adsorbed TMA is pTMA = 86%, while the overall initial probability is
pinit, TMA = 3.44�10�3. It is seen that the reaction probability of the
already adsorbed TMA on the surface is high for all temperatures.
Hence, the TMA step is limited by the adsorption process, and
the low sticking probability of the molecule. To obtain a maximum
coverage of the surface after the TMA pulse, the pulse duration
must be adjusted, so that the TMA chemisorbs on the whole sub-
strate surface. The temperature has a small effect on the reaction
probability of TMA. The results for the TMA initial reaction proba-
bility are in good agreement with those experimentally found by
Vandalon and Kessels (2016) and confirm the small effect of tem-
perature on the TMA half step discussed in this work.

Fig. 4 also shows the reaction probabilities of H2O molecules on
the adsorbed DMA, MMA and MMAOH species. It is shown that for
100 �C, the reaction probability of H2O is 2.4�10�4 on DMA and
MMA, while a lower value of 0.7�10�4 is computed on MMAOH.
These low probabilities are due to the higher activation energy
for the surface reaction than for desorption. In addition to the
higher activation energies of the H2O reactions, growth at low pro-
cess temperatures is also impacted by the lower energy barrier for
desorption of the H2O molecule, leading to incomplete H2O
reactions.

As temperature increases, both surface reaction and desorption
are activated, with the latter at a smaller rate. The resulting reac-
tion probability increases, reaching 9.3�10�4 on DMA and MMA,
and 4.3�10�4 on MMAOH at 300 �C. Based on these values, our
model shows that the limiting mechanism would be the removal
of the methyl group present on the MMAOH species. This could
possibly be related to the conclusions of Vandalon and Kessels
(2016, 2017) namely that isolated CH3 groups are persistent and
harder to remove during the H2O exposure.

The probability of already adsorbed H2O molecules to react are
computed to bepH2O = 1.72% on DMA and MMA, andpH2O = 0.5% on
MMAOH at 100 �C. With the increase of temperature, these values
reach pH2O = 6.7% on DMA and MMA and pH2O = 3.1% on MMAOH at
300 �C. The sticking probability for the H2O molecules
(s0;H2O = 0.014) is higher than the TMA sticking probability (s0,
TMA = 0.004) thus showing that the adsorption step is faster for
H2O. However, the competition with desorption is very significant
in the H2O case, leading to less than 7% of adsorbed H2O molecules
to react on DMA, MMA and MMAOH species, even at 300 �C. These
values are significantly lower than for the TMA molecules, explain-
ing the longer exposure times needed for the H2O step, and the
effect of temperature on the activation H2O reactions (Vandalon
and Kessels, 2016, 2017).

The values predicted for the initial reaction probabilities of H2O
on MMAOH are close to the ones in literature taking into account
the uncertainty of the measurements and calculations for the reac-
tant flux reported by Vandalon and Kessels (2016).

It can then be deduced from these results that the GPC increase
with temperature in the region 125–300 �C is attributed to the H2O
half reactions, and their competition with desorption. An increase
of temperature favors the H2O reactions with the methyl groups on
the surface, hence leading to a higher GPC. The decrease of the GPC
at higher temperatures can be attributed to two factors. Both the
TMA desorption is favored and the maximum OH groups concen-
tration on the surface decreases with temperature. However, as
Fig. 4 shows, the relative decrease of the TMA probability with
temperature is not very significant. The decrease of the GPC is thus
attributed to the maximum number of OH groups. This will be fur-
ther discussed in the next section.
4.1.3. Surface coverage dynamics
Fig. 5 presents the evolution of the surface coverage of all stable

(OH, DMA, MMA andMMAOH) species, as a function of the number
of cycles at 150 �C and 25 ms of TMA pulse (simulated experiment
3 of Table 1), at the center of the wafer for the five first simulated
cycles. For the sake of clarity, the purge time is omitted. The expo-
sure step of each reactant is shown as a half-cycle, and each half
cycle duration corresponds to 1.2 s. This time duration has been
chosen as after that time, the reactant flux on the substrate surface
is not significant enough to impact the adsorption-reaction
process.

Results show that, starting from a fully hydroxylated surface,
the surface coverage of all four surface species reaches a steady
regime after a certain number of cycles. In this regime, the surface
state at the end of each cycle is the same as at its start, and the GPC
is constant. Characterizations (not shown here, to be published in a
forthcoming work) showed no carbon contamination. In the simu-
lation, all methyl intermediate species formed during the cycle, in
particular MMAOH, are eliminated during the next cycle and
immediately re-formed in the same proportions on the new reac-
tive surface, so as to have no buried carbon.

In Fig. 5, the OH surface species start from a surface coverage of
1 in the first cycle, while in the steady regime (cycles 4 and 5) the
surface coverage of OH groups at the start and end of the ALD cycle
is 0.685. The same trend is observed for the coverage of the DMA
and MMA species, at the end of the TMA pulse. The MMAOH
groups are the most difficult to remove. Hence, during the 3 first
cycles of deposition, the MMAOH coverage of the surface increases
after each cycle. Once the steady regime is established (4th and 5th
cycles), the MMAOH serves as an intermediate species, generated
from the hydroxylation of a DMA and removed by the second
hydroxylation of its last methyl group. This explains why the
MMAOH coverage on the surface at the start and end of each cycle
in the steady regime remains constant, as for all the other species.

The above observations confirm that the major mechanisms
limiting the ALD growth at low temperature such as 150 �C are
the H2O reactions. However, as shown experimentally and pre-
dicted by the model, an increase to the TMA pulse duration



Fig. 5. Model predictions of the surface coverage evolution of the four stable surface species during the 5 first simulated cycles in simulated experiment 3.
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increases the GPC (Fig. 3). Indeed, both the TMA and H2O pulses
inhibit the growth, when using a 25 ms TMA pulse. However, the
H2O step is the thermally activated mechanism, as discussed in
the previous section. The H2O reaction with MMAOH is the main
mechanism limiting the growth at low temperatures. This is why
the increase of the TMA pulse duration leads only to a marginal
increase of the GPC. This is consistent with results of Vandalon
and Kessels (2016) who showed that at low temperature, the
growth of the alumina thermal ALD process is limited by the H2O
step, which is unable to remove persistent methyl groups on the
surface.

When the steady regime is reached, all surface species concen-
trations present the same evolution; they are generated and
Fig. 6. Model predictions of the surface coverage evolution of the four stable surface spe
(b) DMA species coverage, (c) MMA species coverage, (d) MMAOH species coverage.
eliminated, and their coverage at the start of each cycle is the same.
This regime is dependent on the surface reactions, their kinetics
and the reactant fluxes. Hence, the initial assumption of the
hydroxyl group concentration does not affect the results that the
model predicts for the growth, once the steady regime is achieved.
This however, is valid only if the surface kinetics and the reactant
fluxes result in a growth that leads to non-full coverage of the
surface sites. If the surface kinetics and reactant fluxes allow the
deposition process to cover the maximum OH group concentration,
the growth is limited by the maximum OH group concentration
value. It will be shown below (Fig. 6) that this is the case at
300 �C, where at steady state, the initial OH coverage is close
to unity.
cies during an ALD cycle, for three different temperatures: (a) OH species coverage,
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In order to analyze the effect of temperature on the surface
kinetics, the surface coverage evolution of the four stable species
(OH, DMA, MMA, MMAOH) is presented in Fig. 6 as a function of
the ALD cycle. The surface coverages shown are the ones obtained
at the center of the wafer once the steady regime has been reached,
using a 25 ms TMA pulse. The purge times are not shown. As in
Fig. 5, each reactant exposure is equivalent to a half cycle, which
equals 1.2 s, for all temperatures, for comparison.

The initial coverage of the OH species during an ALD cycle in the
steady state regime increases with temperature, namely 68.5%,
82.6% and 96.8% at 150 �C, 200 �C and 300 �C, respectively. It is
worth recalling that, at the steady state regime the species distri-
bution on the surface is regenerated at the end of each cycle. The
DMA, MMA, MMAOH species present at the start of each cycle in
Fig. 6, are the sum of the species that could not be removed during
the TMA and H2O pulses of the previous non-steady regime simu-
lated cycles.

During the TMA pulse, TMAmolecules adsorb on the OH surface
groups, and react according to reactions (R3) and (R4). So, the OH
surface coverage decreases, asymptotically reaching zero. The DMA
and MMA species are created, hence leading to the increase of their
surface coverage. No significant effect of temperature can be
observed on the kinetics of these reactions. This is consistent with
results from Vandalon and Kessels (2016, 2017) who showed that
the temperature does not have a significant effect on the evolution
of the surface methyl group coverage, during the TMA pulse.

The results are different for the H2O exposure. During the H2O
pulse, water molecules adsorb on DMA and MMA molecules. The
H2O reaction leads to the formation of MMAOH species, on which
a second H2O molecule can adsorb and react. The product of all
these surface reactions is the elimination of methyl groups and
the formation of OH groups. So, during the H2O pulse, the OH sur-
face coverage increases and saturates to the initial value of the OH
coverage at the start of the ALD cycle. The opposite behavior is
observed for the DMA and MMA species, whose surface coverage
decreases until they reach their initial value, at the start of the
ALD cycle. The MMAOH surface coverage has the behavior of an
intermediate species; it is created during the first instants of the
H2O exposure, as a product of the reaction between DMA and
adsorbed H2O species, and then is eliminated, by its reaction with
another H2O molecule. Indeed, its surface coverage first increases,
reaching a maximum, and then decreases back to its initial value at
the start of the ALD cycle.

The effect of temperature on the evolution of the surface cover-
age during the H2O pulse is straightforward. At low temperature,
the DMA and MMA group elimination, and then the OH group
regeneration are slower. When the temperature is increased, the
reactions are faster, explaining that the OH, DMA, MMA groups
are regenerated or eliminated faster. The faster reactions of H2O
and DMA species at high temperatures lead to a rapid formation
of MMAOH, which reaches its maximum surface coverage faster
than in the lower temperature regime (<200 �C). Then the subse-
quent reaction of MMAOH with H2O is also favored at higher tem-
perature, leading to the formation of OH groups.

Fig. 6 also shows the mechanisms responsible for the decrease
of the GPC at 300 �C. In the steady state regime of the ALD cycle
at 300 �C, the initial and final OH surface coverage is 96.9%, which
is higher than in the case of 200 �C (82.6%). However, as shown in
Fig. 3, the GPC decreases from 200 �C to 300 �C, for the 60 ms TMA
pulse. The decrease of GPC at higher temperature is attributed
either to the activation of TMA desorption and/or to the decrease
of the stable OH groups. Results of Fig. 6 show that the TMA pulse
is able to remove almost all the surface OH groups, even for the
25 ms step. Consequently, the major factor limiting the GPC at
300 �C is the maximum number of OH groups that can be present
on the surface. This is also validated by the fact that when the TMA
pulse time is increased to 60 ms, the increase of thickness at 300 �C
is minimal.

4.2. Growth profile on the substrate

Once validated, it is of main interest to couple the surface
kinetic model with the reactor scale CFD one. In our previous fluid
dynamic and thermal CFD work, (Gakis et al., 2018) we showed
that during the TMA pulse, a recirculation takes place inside the
reactor chamber, which results in a non-uniform species distribu-
tion on the substrate surface. A time snapshot of the flow field and
the resulting TMA partial pressure on the substrate surface, for the
300 �C process (simulated experiment 11), is shown in Fig. 7.

Fig. 7 shows that the recirculation taking place in the gas phase
above the substrate impacts the species distribution on the sub-
strate, leading to a higher TMA partial pressure on the area
between the substrate center and the side of the substrate near
the loading door. The recirculation is due to the high speed flow
that enters the reactor chamber during the first ms of the TMA
pulse.

Fig. 8 shows two alumina thickness profiles obtained in condi-
tions corresponding to experiment 11, performed at 300 �C. The
profile in 8a is computed and was obtained by coupling the CFD
surface kinetic with model predictions for the GPC profile on the
substrate. The profile (8b) is experimental and was obtained
though ellipsometry measurements on various points, covering
the whole surface of the 200 mm wafer. For better visualizing the
experimental measurements, the experimental points are interpo-
lated, and a color map figure was developed in MATLAB�. The two
color maps of Fig. 8 have a different color scale, in order to better
show the thickness profile shape.

Comparison of the two maps for experiment 11 reveals a qual-
itative agreement between model predictions and experimental
GPC mapping. The higher GPC is obtained between the center of
the wafer and the loading door side of the substrate. This GPC pro-
file corresponds to the TMA species distribution profile on the sur-
face, during the TMA pulse, as shown in Fig. 7. We can conclude
that the recirculation taking place in the gas phase is dictating
the species deposition profile on the substrate surface.

In most cases, ALD is considered as an ideal process, dependent
only on surface kinetics. However, the results of Fig. 8, alongside
with the results of Fig. 7 and (Gakis et al., 2018) infirm this state-
ment and reveal that the flow field has a direct influence on the
GPC profile.

Fig. 9 presents the experimentally determined and computed
evolution of the GPC along the surface of the substrate. The results
correspond to two process conditions, namely to experiments 11
and 12, characterized by two different TMA pulse durations,
25 ms (experiment 11) and 60 ms (experiment 12). Two different
color scales are used: one for the simulation results and one for
the experimental measurements.

The measured GPC profile for experiment 11 corresponds to the
gas phase TMA species distribution on the substrate, as presented
in Fig. 7. When the TMA pulse is increased (experiment 12), a more
uniform GPC profile is obtained. The model predictions are in good
agreement the experimental measurements.

We set the maximum non-uniformity, as the difference
between the maximum and the minimum GPC obtained along
the substrate, divided by the minimum GPC value:

Non� uniformity% ¼ max�min
min

� 100 ð17Þ

The experimentally determined maximum non-uniformity is
2.40% when using a 25 ms pulse (experiment 11), and decreases
to 0.58% for the 60 ms TMA pulse (experiment 12). The equivalent
values for the model are 2.45% for the 25 ms (simulation 11) and



Fig. 7. Snapshots of (a) Flow field inside the reactor, (b) TMA partial pressure on the substrate surface, 25 ms after the start of the TMA pulse, at 300 �C.
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0.83% for the 60 ms (simulation 12) TMA pulse. The GPC profile on
the surface is also different for the 60 ms TMA pulse. From the
above it can be concluded that during experiment 11, the TMA
pulse duration was not long enough to allow the adsorption of
TMA on the OH groups to eliminate the OH groups on the whole
surface. Hence, the recirculation in the gas phase, which dictates
the species distribution on the substrate surface, also dictates the
thickness profile of the deposited film. In the case of experiment
12, the pulse duration is long enough to cover the OH groups on
the whole surface. Hence, the recirculation in the gas phase no
longer dictates the thickness profile on the substrate. From the
above we can conclude that, in contrast to the preconceived idea
Fig. 8. Profile of the GPC on the substrate surface corresponding to the experiment 1
that ALD depends only on surface kinetics, the uniformity of the
deposited film can also depend on the process conditions and reac-
tor geometry.

4.3. Effect of purge time decrease

In our previous work, (Gakis et al., 2018) we showed that a low
temperature zone was present in the loading door region of the
reactor, due to the non-heating of the loading door walls. This
low temperature zone can seriously affect the purging efficiency,
especially for the H2O exposure. H2O molecules are more difficult
to desorb from cold surfaces. H2O molecules will adsorb on the
1, performed at 300 �C. 8a: Model predictions, 8b: Experimental measurements.



Fig. 9. GPC profile on the substrate surface. (a) Simulated Experiment 11, (b) Experiment 11, (c) Simulated Experiment 12, (d) Experiment 12.
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colder loading door walls and will take time to desorb. Hence, this
increases the minimum purge time required to remove the reac-
tant species present in the gas phase that could lead to CVD reac-
tions during the next reactant exposure. The CFD model does not
take into account CVD reactions and adsorption/desorption on
the reactor walls. Hence the purging time effect was studied only
by experiments.

In order to see the effect of this low temperature zone on the
purging efficiency, a series of experiments using a reduced purge
recipe (experiments 13–15 of Table 1) were performed. Thickness
of the deposited film was measured along the diameter of the sub-
strate, in order to see the effect of the colder loading door zone on
the film uniformity.

The GPC along the substrate diameter is plotted for all four
recipes in Fig. 10.

Reducing the purge time in the 300 �C process leads to a signif-
icant increase in the GPC all over the substrate surface (experiment
13). This result can be attributed to the occurrence of CVD reac-
tions, due to the co-existence of both TMA and H2O in the gas
phase. The growth profile in the standard purge regime (experi-
ment 11) was found to be dictated by the recirculation in the gas
phase during the TMA pulse, as discussed in Section 4.2. The
growth profile is different for the reduced purge regime (experi-
ment 13). Indeed, in experiment 13, a higher GPC is found at the
side of the substrate exposed to the loading door. This is attributed
to the fact that in the low-temperature loading door zone, there is a
higher concentration of unremoved species, probably H2O mole-
cules due to their slow desorption (Chen et al., 1994) from the
loading door walls.

At 150 �C, as the temperature is lower, the purge time needs to
be increased because the desorption and diffusion processes are
slower. When using a standard purge (20 s, experiment 3), the
loading door side has a higher GPC than the rest of the substrate.
This is caused by the lower temperature close to the loading door
for the 150 �C process. The desorption of H2O molecules being even
slower, the 20 s standard purge is not long enough. This effect is
also present when the purge time is reduced to 10 s (experiment
14). In this case, the purge time reduction has no effect on the
whole side of the substrate that is situated on the opposite side
from the loading door. However, on the loading door side of the
substrate, the thickness is increased. The closer we get to the load-
ing door, the higher the GPC increase due to purge time reduction.



Fig. 10. Effect of the purge time decrease (25 ms TMA pulse). Rhombus: 300 �C
reduced purge (experiment 13), Squares: 300 �C 5 s purge (experiment 11), Circles:
150 �C 20 s purge (experiment 3), Triangles: 150 �C 10 s purge (experiment 14).

Fig. 11. Effect of the purge time decrease (150 �C, 60 ms TMA pulse). Squares: 20 s
purge (experiment 4), Triangles: 5 s purge (experiment 15).
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This is expected since the low temperature in the loading door
region favors CVD reactions due to unremoved reactants. The max-
imum non-uniformity was 1.8% for the 20 s purge (experiment 3),
while this value increased to 4.2% for the 10 s purge (experiment
14). The above results show that a better design of the reactor with
a heated loading door would allow the reduction of the purge time
to 10 s, ensuring high uniformity, while with the present design
even the 20 s purge is not enough to remove the influence of the
loading door.

This effect was more evident when the purge time decreased at
150 �C to a highly reduced 5 s purge (experiment 15). The effect of
the lower temperature of the loading door zone on the uniformity
is shown in Fig. 11, where the GPC profile along the substrate
diameter is plotted, for experiments 4 and 15.
The effect of the lower temperature zone in the loading door is
clear. For the experiment 4, the GPC is still higher in the loading
door side of the substrate, showing that the 20 s purge time is
not long enough. The maximum non-uniformity is 4.6%, which is
higher than for the 25 ms TMA pulse (experiment 3). When the
purge is reduced to 5 s (experiment 15), the whole substrate has
a higher GPC, proving that CVD reactions take place all over the
substrate due to the co-existence of reactants in the gas phase.
However, the GPC near the loading door is highly increased, lead-
ing to a significant increase of non-uniformity (maximum value of
34.5%).
5. Conclusions

The chemical surface mechanisms that dictate the growth over
the ALD temperature window for Al2O3 films deposited using TMA
and H2O vapor were unraveled. To that purpose, ALD experiments
were performed in a commercial Ultratech� FIJI F200 ALD reactor
on 200 mm silicon wafers; i.e. of industrial interest and large
enough to reveal local thickness inhomogeneity, for a variety of
process conditions. A complete surface reaction model, coupled
to a reactor scale CFD model, (Gakis et al., 2018) which takes into
account reactant adsorption, desorption, and surface reactions was
developed and validated by comparing the calculated GPC with
experimental measurements.

As revealed by an original reaction probability analysis, the
competition of surface reactions with desorption is found to be
the main factor that limits the growth at low temperature. To the
best of our knowledge, the competition between surface reactions
and desorption has never been analysed in detail before, for the
TMA + H2O process. The TMA exposure is limited by the adsorption
process, and the competition with desorption is not significant.
These results are in good agreement with the experimental results
of Vandalon and Kessels (2016, 2017) who showed that the H2O
step cannot remove the totality of the surface CH3 groups, during
the H2O pulse.

Our work also demonstrates that the decrease of the GPC at
higher (300 �C) temperature, previously presented in the literature
(Ott et al., 1997; Vandalon and Kessels, 2016; Pan et al., 2015; Xie
et al., 2015), is mainly due to the decrease of the number of stable
surface OH groups present on the surface, which decreases with
temperature (Haukka and Root, 1994), and secondarily to the acti-
vation of the TMA desorption. It is shown that temperature
increase does not significantly impact the TMA kinetics on the sur-
face. However, in the case of H2O, the time needed for reaching sur-
face saturation was found to decrease with increasing temperature.
These results are also in agreement with those of Vandalon and
Kessels (2016, 2017).

The effect on the film deposition of the transport phenomena
prevailing in the reactor chamber was investigated, both computa-
tionally and experimentally. Results show a direct link between
phenomena taking place in the gas phase, such as gas recirculation
and low temperature zones, and the resulting film uniformity, and
thus nuance the established vision of ALD as being solely con-
trolled by surface kinetics. They confirm the necessity to integrate
CFD and surface kinetics coupled modelling analyses to the ALD
process design and development.
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