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a b s t r a c t

This paper presents a computational fluid dynamics model to optimize atomic layer deposition (ALD)
process, in which the temperature, precursor mass fraction, mass flow and pressure have been quanti-
tatively analyzed by combining surface chemical reactions with species transport. Simulation results
show that the higher temperature increases the growth rate and accelerates the surface deposition
process, yet has little impact on precursor distribution in the entire chamber. Both computational and
experimental results reveal that precursor concentration is the critical parameter which affects the cycle
time and the precursor mass. The gas velocity, depended by the mass flow rate and chamber pressure, is
the determinant factor for minimizing the cycle time. Moreover, quicker diffusion and homogeneous
distribution resulted from low pressure and high mass flow rate facilitate the optimization of the ALD
process. This quantitative model has been verified by experiments under different fluid conditions, which
could provide instructive guidance to optimize deposition process in a large pressure range.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Atomic Layer Deposition (ALD) is a powerful thin film deposition
technique based on sequential self-terminating surface reactions
[1e3]. The self-limiting nature of the precursor chemisorption in an
ideal ALD process enables precise control of film thickness, as well
as nice conformality and uniformity over large areas [4,5]. Recently,
ALD has attracted much attention in the fields of microelectronics,
optoelectronics, renewable energy, etc. [4,6,7]. One drawback of the
ALD process, however, is the relatively low growth rate. To speed up
the ALD process and lower the cost, it is necessary to reduce ALD
cycle time and promote precursor usage by improving reactor
structure and developing corresponding processes [8e10].

To date, conventional methods to optimize ALD processes are
usually based on massive experiment runs [8,9,11e16]. Although
some previous literature [11e13] have discussed the ALD growth
among pressure, temperature and precursor materials respectively,
en).
the quantitative correlation study of process parameters is limited
under particular reactor geometry. On the other hand, numerical
modeling is an effective method to study the multiple operational
parameters of ALD processes. There are three major types of
quantitative simulations on ALD processes: microscopic simulation,
theoretical derivation and equipment scale numerical simulation.
Microscopic atomic scale simulations such as kinetic Monte Carlo
methods have been utilized to calculate precursor transport and
surface deposition on high aspect ratio substrates [17]. These
microscopic methods, nevertheless, are restricted to small scales of
space and time (usually within several micrometers/microsec-
onds), and need a rather long time to complete calculations.
Mathematical methods from theoretical derivations primarily focus
on the calculation of the thermodynamic equilibrium states [18,19].
The computational fluid dynamic (CFD) simulations have been
explored in equipment scale to analyze steady flow information of
temperature distribution, pressure gradient, precursor concentra-
tion, etc. [20e25]. The quantitative optimizations of these process
parameters require a comprehensive dynamic model that com-
bines microscopic surface reactions in the reactor scale. Yuan's
group has developed a quantitative numerical model with detailed
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surface reaction mechanisms to study the influences of tempera-
ture and precursor distributions on deposition rate at low pressure
(0.1 Torr) [26,27]. The wide range of chamber pressures from vac-
uum (0.1 Torr) to atmospheric (760 Torr) conditions is chosen, yet
the analysis on quantitative relationships between process pa-
rameters and the deposition efficiency is rarely reported. Exploring
process operated under ambient pressure conditions will further
expand the cognition of ALD processes in engineering.

In the present work, the influences of the temperature, pre-
cursor mass fraction, mass flow rate and pressure on the dynamic
process optimization have been explored with a quantitative nu-
merical model. The connection of process parameters with the
deposition efficiency has been quantitatively discussed. The pre-
cursor concentration and gas velocity are the determinant factors
for process optimizations. Experiments with different fluid condi-
tions (precursor mass fraction, mass flow rate and pressure) have
been conducted to support the model simulation results. This
quantitative model combining surface chemistry and fluid dy-
namics would be instructive for both process optimization and
reactor designs.
2. Methods

2.1. System description

Simulations on the study of operational parameters are verified
by experiments on a bottom conductive heating reactor (inner
diameter: 80 mm, height: 10 mm) as shown in Fig. 1a. The bottom
heating reactors of this type are widely used in research labora-
tories due to their compact size and effective gas delivery. The
entire system consists of five parts: precursor dosing hold-cells, the
gas manifold, the closed chamber, integrated quadrupole mass
spectrometer and pumping system (Fig. 1b). Though the pressure of
gas mixture which contains precursor and carrier gas is monitored
by a vacuum gauge (Edwards APGX-H-NW25), the precise amount
of precursor could not be calculated from this total gauge pressure
[8,9]. In order to solve this problem, hold-cells are designed to
provide quantitative precursor dose which is very important to
perform experimental verification in our equipment. The hold-cells
measure the partial pressures of all species with in-situ quadrupole
mass spectrometer of AMETEK Dycor (LC-D200). The partial pres-
sure difference before and after precursor dosing represents the
amount of precursor molecules pulsed into the chamber. The
Fig. 1. a) The picture of reaction chamber with actual dimensi
precursor molecules are injected into the reactor by switching off
valves in the precursor dosing hold-cells. After the hold cell is
pumped down to 1 Torr pressure, the thread valve is opened and
other valves are closed, and then precursor molecules diffuse from
precursor bottle to the hold cell. Precursor is taken out from the
hold cell by a small amount of nitrogen gas (20 sccm), then is
diluted with 500 sccm nitrogen again, finally fills into the manifold
of the reactor. The amount of precursor molecules could be pre-
cisely controlled into the reactor regardless of the chamber pres-
sure. In the experiment, the lowest dose amount is represented by
the minimal dose time for the saturated ALD chemical adsorption.
The minimal purge time is defined as the shortest time to
completely remove the reactant and by product molecules from the
reactor without overlap of the other precursor.
2.2. CFD model description

The CFD model is chosen to analyze these quantitative in-
dicators by solving the conservation equations for mass, mo-
mentum, and energy [20e22]. The surface reaction is incorporated
with the conventional dynamic flow for analyzing the velocity
distribution and precursor concentration. The surface coverage
represents the percentage of replaced species on the surface. Once
the surface coverage reaches 100%, the value of consumed precur-
sor gets the minimum for a completed ALD half reaction. In our
study, the minimal dose time is represented by the shortest pulse
time during which precursor molecules diffuse from the inlet to the
boundary layer and adsorb on the substrate surface. The minimal
purge time is defined as time interval in purging stage that the
residual precursor mass fraction or molar fraction of gas mixture
decrease to lower than 1.0 � 10�6 on the entire reactor. The opti-
mizations of the cycle time are critical to improve the throughput
and reduce precursor waste. Static chemical kinetics in surface
exchange process is described by the Arrhenius expression. The
physical parameters of all the associated chemical species and gas
mixtures are listed in Table 1 (in Appendix).

In fluid dynamics theory, species distribution is comprised of
the boundary layer and volume distributions [12]. In the boundary
layer, the flow stream begins to stagnate and precursors contribute
to the surface reaction. Once the gas molecules get into the
boundary layer, the velocities decrease sharply and reach zero at
the substrate surface. The boundary layer is an important media
that links the macroscopic process parameters and the microscopic
on; b) the schematic of hold-cells integrated ALD system.



Table 1
Physical parameters of chemical species by the quantitative calculations.

Species Standard state enthalpy [J/kmol] Standard state entropy [J/kmol-k] Molecular weight [kg/kmol]

1 AleOH* 3.89Eþ07 183587.5 44.01
2 Al(CH3)3 �8.49Eþ07 350149.3 72.09
3 AlOAl(CH3)2* 5.34Eþ07 323887.9 100.05
4 CH4 �7.49Eþ07 186040.1 16.04
5 AleCH3* 8.263Eþ07 253895.8 42.02
6 H2O(vapor) �2.42Eþ08 188696.4 18.02
7 N2 0 191494.8 28.01

The asterisk indicates the avtive species of the surface.
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surface chemical reactions. The thickness of the boundary layer is
within a fewmillimeters regardless of mass flow rates. According to
the transport theory, mass flux of precursor dose includes chamber
volume flux, unreactive wall surface flux, and reactive surface flux.
The calculation of total precursor mass pulsed into the reactor can
be described as

mprecursor ¼
�
∬NprecursordSþ∭ rprecursordV

�
dt

¼
Ztpulse

0

�Z �Z
DcoHBLdcprecursor

�
dS

þ
Z

CbulkdV
�
dtfFðp; f ; cÞ; (1)

here Nprecursor is the flux of precursor in unit surface area, rprecursor is
the gas density of precursor, Dco is the diffusion coefficient, HBL is
the boundary layer thickness, cprecursor is the concentration in the
boundary layer, Cbulk is the concentration in the volume, p is the
chamber pressure, f is the mass flow rate, c is the precursor mass
fraction at the inlet. The surplus precursor molecules of volume flux
and unreactive wall surface flux in the chamber will be purged
away, while the molecules in the boundary layer contribute to the
film growth. The simulations focus on fluid processes' key factors
which determine the fluid status in the boundary layer.
3. Results and discussion

3.1. Influence of temperature distribution

The increase of the temperature accelerates the surface depo-
sition in ALD process. At higher temperature, the decreased the
growth rate is attributed to the enhanced desorption of the surface
species [11,12,27]. Moreover, temperature distribution between the
walls improves gas molecules movement by the thermophoretic
force which generates longitudinal motion of gas molecules in the
dynamic process.

The simulation results in Fig. 2 show the correlations of surface
deposition rates and TMA mass fraction for pulsing process at
100 �C, 170 �C, and 250 �C, respectively. The mass changing of solid
species O<s> deposited in TMA half reaction presents the instant
deposition rate on the substrate. The black dotted lines in Fig. 2
show temperature effect on surface reactions and precursor dis-
tribution in dynamic flow. The growth rate (nm/cycle) is sensitive
to the substrate temperature, and reduces at high temperature due
to precursor desorption. The deposition rate of O<s> (kg/m2$s) has
little difference with temperature from 100 �C to 250 �C, however
the residual time for surface coverage decreases from 90 ms to
50ms. The deposition rate of O<s> is an order of magnitude smaller
than that in the report [27] because of lower precursor concen-
tration in our simulations. Thereafter, despite the increase of TMA
mass fraction, the deposition rate turns to zero and the surface
growth process finishes. Although surface deposition is dependent
on temperature, TMA concentrations at substrate and middle vol-
ume are the same with temperature from 100 �C to 250 �C. Before
the surface getting saturated, the deposition rate rises with the
increase of precursor concentration. Then the growth rate will be
largely restrained, once the surface sites are fully taken by nonre-
active surface species. After the reactive surface species are totally
substituted, the deposition rate turns to zero. The precursor con-
centration in the boundary layer is relatively smaller than that in
the chamber volume. Higher temperature enhances the growth
rate and accelerates surface deposition processes. Nevertheless,
precursor distribution near the substrate and in the chamber vol-
ume remains the same value under different temperatures. With
different substrate temperatures at the same fluid conditions,
precursor gradient in space could be ignored.

3.2. Influence of precursor mass fraction

As mentioned above, the precursor concentration in the
boundary layer is a part of the precursor mass influx into the
chamber. Higher concentration in the boundary layer gets faster
diffusion and adsorption in the surface reaction, yet leads to more
unreacted precursors. Based on the self-limiting nature of the ALD,
precursor molecules forms a monolayer on the substrate, and
excess ones will be taken away by the purge gas. As shown in Fig. 3,
under the same pressure and constant mass flow rate, lower pre-
cursor mass fraction requires longer dose time, especially at the
precursor mass fraction below 1.0%. In this region, the consumed
precursor mass determined by both precursor concentration and
dose time will increase obviously. When the precursor mass frac-
tion between 1.0% and 2.0%, the dose time decreases as precursor
concentration increases. When the precursor mass fraction is
higher than 2.0%, increasing concentration has hardly any contri-
bution to species diffusion, thus the dose time is nearly a constant.
In such a situation, however, larger concentration causes more
precursor wastes. Consequently, the optimum precursor mass
fraction ranges from 1.0% to 2.0% considering both minimization of
dose time and precursor mass. Similar trends of the minimal dose
time are observed under different pressures. A set of doable ex-
periments on the relationship of the minimal dose time and the
precursor mass fraction has been performed at 500 sccmmass flow
and 600 Torr. The trends of such experiments are consistent with
the simulation results as shown in Fig. 3. Furthermore, the rela-
tionship between the pressure and the minimal dose time needs to
be analyzed jointly with the mass flow rate. Quantitative experi-
ments on validation of pressures at constant precursor mass frac-
tion will be discussed in the next section.

The minimal dose time is obtained at 3 Torr and 10 Torr in Fig. 3.
At less than 10 Torr pressure, the states of dynamic precursor dis-
tribution are the same ones. The minimal dose time increases
correspondingly as the pressure increases. Higher precursor mass
fraction leads to more effective diffusion and shorter pulse time
than those of low precursor mass fraction. Though higher precursor
usage is obtained, long dose time is required with precursor



Fig. 2. Surface deposition rate of O<s> and TMA mass fraction distributions in pulse process with 10 Torr, 500 sccm at 100 �C, 170 �C and 250 �C.

Fig. 3. Precursor dose time with different precursor mass fractions at several pressures
and its experimental verification at 500 sccm and 600 Torr.
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concentration lower than 1%, which is undesired for cycle time
optimization. From high precursor usage perspective, the pressures
below 10 Torr are better. The maximum TMA usage at vacuum in
the given chamber is nearly 10%, which is relatively high compared
to some other vacuum processes with either flow tube chamber
[12] or bottom heating reactor [27]. Although using a particular
source of TMA in this study, the precursor usage of other materials
could be calculated with the corresponding physical and chemical
parameters.

3.3. Influences of mass flow and pressure

Precursor distributions in the volume and the boundary layer
are largely depended on the geometry and process conditions. The
changes of each fluid parameter will result in different precursor
distributions. To optimize the process and precursor usage, wide
ranges of ALD fluid conditions (mass flow rate, pressure, precursor
mass fraction) have been chosen. Specifically, the mass flow rate is
between 500 and 5000 sccm, the pressure is between 10 Torr and
760 Torr, and the precursor mass fraction is between 0.1% and 5.0%.

The simulation results in Fig. 4 indicate that gas velocity,
determined by mass flow rate and pressure, plays a major role on
precursor distribution in the entire chamber. To explore the trend
of cycle time by different gas velocities, a series of simulations are
summarized with different mass flow rates and pressures under a
constant precursor concentration. As shown in Fig. 4a, in terms of
overall trend, the minimal dose time decreases with the mass flow
rate increasing. With the reduction of pressure, the minimal dose
time decreases gradually to a constant value eventually. The min-
imal dose time is jointly determined by the mass flow rate and the
pressure. Under these vacuum conditions, the minimal dose time
turns to a small value and changes slightly under different mass
flow rates. Within the entire pressure range studied here, the
minimal precursor consumption is lowest and constant below
10 Torr. The lower vacuum pressure leads to higher gas velocity and
quicker diffusion, which results in effective optimization of ALD
cycle time. This explains why a large number of ALD experiments
are performed at the pressure below 10 Torr (lower to 0.1 Torr).
While at high pressure near atmospheric conditions, both the gas
velocity and themean free path of molecules decrease, and then the
mass flow rate tends to be more significant role in the decreasing of
the cycle time. When the mass flow rate is lower than 5000 sccm,
the minimal dose time is slightly affected with the increasing of gas
velocity. In such a situation, laminar flow presents the irregularity.
When the mass flow rate is higher than 5000 sccm, the minimal
dose time tends to be a constant, and the system status turns to
more complicated. In this region, higher mass flow rate has little
contribution to improve precursor diffusion. Since the pulse and
purge processes have the similar characteristic in the boundary
layer, the adsorption in the pulse process and desorption in the
purge process (Fig. 4b) follow the same trends as shown in Fig. 4a.

To validate the influence of mass flow rate on the ALD process,
experiments are conducted with the mass flow rate varying from
500 sccm to 5000 sccmwith 760 Torr pressure. As shown in Fig. 4c,



Fig. 4. a) The minimal precursor dose time simulation results; b) the minimal purge time simulation results; c) simulations and experiments comparison of the minimal dose and
purge times at 760 Torr; d) simulations and experiments comparison of the minimal dose and purge times at 1000 sccm.
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the experimental values are in a good agreement with the simu-
lation predictions. Similarly, other experiments are carried out at
the pressure range from 10 Torr to 760 Torr under constant
1000 sccmmass flow rate, to indicate that the minimal dose time is
linear with the pressure. While the diffusion enhances greatly at
low pressure, the dose time reaching 100% coverage decreases to
0.1 s at pressure lower than 10 Torr. Relatively better minimizations
of dose and purge times are obtained at this pressure range.
Although high gas velocity flow could be obtained at low pressure
and high mass flow rate respectively, the status of fluid flow is
different.

From the calculation of Reynolds number, fluid flow stays in
laminar at different pressures. Although the cycle time changes
linearly, the transient fluid status as pressure increasing from vac-
uum to atmospheric pressure changes irregularly. Similar to the
influence of precursor concentration, the minimal value of cycle
time is available at 10 Torr, and keeps the same at low vacuum
pressure (0.1 Torre10 Torr). In this situation, the regular laminar
flow enables species rapid and uniform distribution. While at sub-
atmospheric (500 Torre760 Torr), the convection becomes the
leading factor for irregular flow. To compare these fluid statuses,
the velocity vectors at vacuum and high pressure conditions are
shown in Fig. 5 respectively. As Fig. 5a shows, the irregular flow
appears in the entire chamber at high pressure. Under the vacuum
condition, the velocity vectors are uniformly distributed in the
chamber as a laminar flow shown in Fig. 5b. With larger gas density
and shorter molecular mean free path under higher pressure, the
convection plays a greater impact on precursors' distribution near
the substrate. While increasing the mass flow rate at sub-
atmospheric pressure, the system tends to be irregular status
which affects greatly on precursor distribution in the boundary
layer. In short, high velocity at low pressure and highmass flow rate
facilitate ALD reactions because of the faster diffusion and homo-
geneous distribution near the substrate surface.

In fluid theory, the average velocity is parallel to the substrate,
which is the bulk velocity of stream v, and it can be derived from the
formula of flow conductivity and presented with the mass flow rate
and pressure. According to the summary of dose and purge time
results in Fig. 4, the cycle time could be determined by both pres-
sure and mass flow rate as equation (2)

Tcycle ¼ tpulse þ tpurge ¼ C
vþ E

þ D ¼ AP
Kð4þ BÞ þ D; (2)

here Tcycle, tpulse, tpurge are the cycle time, dose time and purge time
of the ALD process respectively, A, B, C, D, E and K are constants



Fig. 5. Fluid distribution a) irregular flow at atmospheric pressure with 760 Torr and 500 sccm; b) regular laminar flow at vacuum pressure with 10 Torr and 500 sccm.
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concluded from simulation results in Fig. 4. The cycle time is
associated with the average gas velocity, which is proportional to
mass flow rate, and inversely proportional to pressure. Concluded
from equation (2), there is a strong correlation between the cycle
time and gas velocity with the media of mass flow rate and pres-
sure. Therefore, under the given temperature, low pressure P and
high mass flow rate 4 result in large velocity which shortens the
cycle time for each monolayer formation. The system stays at the
transition states of irregular laminar flow. These fluid flow condi-
tions are better choices for production application in an open
environment. Under vacuum conditions (<500 Torr), species
diffusion is strengthened and laminar flow becomes steady. Thus,
faster diffusion and better species transport make these conditions
suitable for large number of ALD processes.

Process efficiency and precursor utilization are improved with
smaller reactor volume. However, the smaller geometry may end
up with non-uniform precursor distribution. For high throughput
required applications like solar cells, small chamber and quick
process need to be placed at atmospheric environment. For high
quality thin film requirement, the vacuum condition needs to be
chosen in a closed chamber. The quantitative relationship between
chamber structure and process could provide instructive informa-
tion for reactor and process designs. Some structural designs like
shower head in the gas inlet are also estimable for efficiency
improvement. Meanwhile, chemistry kinetics with the planar
substrate in this quantitative model could be easily expanded to the
large area deposition, even with flexible or rolled ways in mass
production.
4. Conclusions

With the quantitative numerical model, the temperature, pre-
cursor mass fraction, mass flow rate and pressure are analyzed for
ALD process efficiency. Although higher temperature increases the
growth rate and accelerates the surface deposition processes, it has
little impact on precursor distribution in the entire chamber. Pre-
cursor gradient resulted from the temperature difference could be
neglected. Quicker diffusion and shorter pulse time could be
available at higher precursor mass fraction. At low pressure
(0.1 Torre10 Torr), species distribution turns to be the same and
effective state. By summarizing the results from simulations and
experiments, a balance between shorter dose time and better
precursor usage is necessary based on an optimum range of pre-
cursor mass fraction. Simulations and experimental results reveal
that gas velocity decided by the mass flow rate and chamber
pressure is the determinant factor for minimization of the cycle
time. While increasing the mass flow rate at sub-atmospheric
pressure, the system tends to be irregular status which affects
greatly on precursor distribution near the substrate. Thus, quicker
diffusion and homogeneous distribution resulted from low pres-
sure and high mass flow rate facilitate the optimization of the ALD
process. This quantitative model combining surface chemistry and
fluid dynamics is informative to improve the process at large scale
of pressure, and effective to replace massive experiment runs in
production applications.
Acknowledgments

The authors would like to acknowledge Aoming Li fromAMETEK
lab for mass spectrum detection, as well as technology support by
the Analytic Testing Center of HUST. This work is supported by the
National Basic Research Program of China (2013CB934800), the
National Natural Science Foundation of China (51575217 and
51572097), the Hubei Province Funds for Distinguished Young
Scientists (2015CFA034 and 2014CFA018) and the State Key Labo-
ratory of Digital Manufacturing Equipment and Technology Fund-
ing (DMET2015A01). Rong Chen acknowledges the Thousand
Young Talents Plan, the Recruitment Program of Global Experts, and
the Program for Changjiang Scholars and Innovative Research Team
in University (IRT13017).



Z. Deng et al. / Vacuum 123 (2016) 103e110 109
Appendix A. Supplementary material

Supplementary material related to this article can be found at
http://dx.doi.org/10.1016/j.vacuum.2015.10.023.

Appendix

In this study, the activation energy and pre-exponential factor of
chemical reactions are taken from Arrhenius expression for Al2O3
thin films with trimethylaluminum (TMA) and water as precursors.
Other precursors and thin film materials with specific parameters
of chemistry kinetics could also be analyzed by fluid kinetics from
the numerical model. With fundamental surface theory, SieO bond
length of 1.6 Å is selected, and a value of site density is derived as
D ¼ 5 � 1014 molecules/cm2, and the precursor mass for saturated
monolayer growth is

mA ¼ Dpr2M
NA

; (3)

here r is the radius of the silicon wafer, M is the molar weight and
NA is Avogadro's constant. From equation (3), the minimal precur-
sor mass of 4.699 mg is available to replace the surface sites
completely.

Table 1 provides the values for the molecular weight (M), the
standard state enthalpy, and the standard state entropy for each
species considered in the model. The specific heat capacities at
constant pressure (Cp) are calculated from kinetics theory.

The model is initialized with the mixture of N2 carrier gas and
precursors, and the temperature of gas mixture (Nitrogen þ TMA)
from the inlet is set to 298 K. The mass fraction of TMA in the
mixture varies from 1 � 10�3 to 5 � 10�2. The wall temperature
distribution of the reactor model fits to the results of experimental
measurement, and the reactive substrate surface is set to 443 K
which is in the temperature window of Al2O3 ALD. As the contin-
uous fluid flow in the ALD process is decided by the Knudsen
number, the CFD calculation is fitted to this complicated situation.
According to the Reynolds equation, there is laminar flow in vac-
uum condition and tends to be irregular when pressure increased.

As mentioned above, the minimal dose time is defined as the
shortest pulse time of fully surface coverage by reactive species,
which means the minimum consumption of precursor mass for a
surface reaction. As illustrated in Fig. 6 (see Supplementary
material), the surface coverage reaches near 80% at the transient
of 0.5 s. At this moment, the percentage of exchanged species on
substrate is presented in Fig. 6b. By contrast with Fig. 6a, the pre-
cursor distributions in the volume could not reflect the progress of
surface reaction directly. The minimal dose time is measured by the
combination of in-situ quadrupole mass spectrometer (QMS) and
ellipsometer. QMS is integrated for species tracking at upstream
and downstream of the reactor, while the ellipsometry is installed
hanging above the top cover of the chamber for the real time
thickness measurement at dose process. From the transparent
windows on the top cover, the polarized light incident into sub-
strate and reflect out to the chamber. The minimal dose time is
represented by the shortest pulse time during which precursor
molecules diffuse into the chamber and the saturated growth on
the surface is finished. QMS could monitor the precursor dose mass
and the reaction time from concentration tracking of precursors
and by products species, while the growth thickness from the in-
situ ellipsometry could represent the saturation of the film growth.

The minimal purge time means that the species concentrations
of reactants and by products are lower than 1 ppm on the entire
reactor wall. The purge time in simulation is selected as the mean
value of minimum and maximum residual time of precursor
species in the chamber. The minimal residual time selects the
points on the outlet or the substrate as the amount tracking of
residual molecules; while the maximal residual time selects the
point at dead angle (Fig. 7a in Supplementary material). In the
constant concentration pulse, the MFC's response time is 2.0 s. The
delay of MFC is about 1.0 s in every switch (Fig. 7b in
Supplementary material). These offsets have been amended in
the reported experimental results. The reactant tracking from
downstream QMS could be directly used to measure the purge
time. When the QMS signal of 57 (TMA) sharply decrease to the
baseline during a purge process, it represents this purge process
completes with all the surplus precursor molecules be effectively
wiped out. The time length in such progress is defined as the
minimal purge time.
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