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Atomic layer deposition (ALD) is a widely utilized deposition technology in the semicon-

ductor industry due to its superior ability to generate highly conformal films and to deposit

materials into high aspect-ratio geometric structures. However, ALD experiments remain

expensive and time-consuming, and the existing first-principles based models have not yet

been able to provide solutions to key process outputs that are computationally efficient,

which is necessary for on-line optimization and real-time control. In this work, a multi-

scale data-driven model is proposed and developed to capture the macroscopic process

domain dynamics with a linear parameter varying model, and to characterize the micro-

scopic  domain film growth dynamics with a feed-forward artificial neural network (ANN)

model. The multiscale data-driven model predicts the transient deposition rate from the

following four key process operating parameters that can be manipulated, measured or esti-

mated by process engineers: precursor feed flow rate, operating pressure, surface heating,

and  transient film coverage. Our results demonstrate that the multiscale data-driven model

can  efficiently characterize the transient input-output relationship for the SiO2 thermal ALD

process using bis(tertiary-butylamino)silane (BTBAS) as the Si precursor. The multiscale

data-driven model successfully reduces the computational time from 0.6 to 1.2 h for each

time step, which is required for the first-principles based multiscale computational fluid

dynamics (CFD) model, to less than 0.1 s, making its real-time usage feasible. The developed

data-driven modeling methodology can be further generalized and used for other thermal

ALD  or similar deposition systems, which will greatly enhance the feasibility of industrial
manufacturing processes.

©  2019 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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require sophisticated non-planar 3D design and ultra-thin
gates (<10 nm)  with demanding conformity and defect for-
mation criteria (George et al., 1996; Schuegraf et al., 2013).
Originated as a derivative of the chemical vapor deposition
(CVD), atomic layer deposition (ALD) has been developed to
build the thin-films that meet the demands for more  uniform
films and higher aspect-ratio micro-structures (Kääriäinen
et al., 2013). In a typical ALD process, two precursor gases
are introduced in pulses into the reactor sequentially, with
inert purge gas pulse injected between the two precursor
pulses. Each precursor pulse is called a half-cycle, and the
inert gas pulses are called purging. In each half-cycle, ideally,
only one precursor will be in contact and react with the sub-
strate surface. Given the appropriate operating conditions and
cycle-time, an ideal ALD half-cycle will be self-limiting, result-
ing in a highly conformal and fully covered substrate surface
terminated with the desired element introduced by the precur-
sor species (George, 2009). Following this alternating precursor
scheme, ALD can precisely deposit materials layer-by-layer
and effectively allow the uniform coverage on complex geome-
tries (Tanner et al., 2007; Foong et al., 2010; Shirazi and Elliott,
2014; Ishikawa et al., 2017). As a result, ALD has been widely
utilized in the field of nanoelectromechanical systems (NEMS),
especially for the manufacturing of semiconductor memory
devices.

The past decade has witnessed an increasing research
interest on ALD and a growing market in the industrial
manufacturing of thin-film materials (Raaijmakers, 2011;
Kääriäinen et al., 2013). The ALD industry also holds a promis-
ing future with its global market expected to reach US$3.2
billion by 2026. Novel precursors and reaction mechanisms
were discovered, making the film processing of high aspect-
ratio substrate layouts more  efficient and feasible. Yet, the
limited throughput and the high manufacturing cost of ALD
production still trouble the manufacturers, especially amid
the fluctuating global semiconductor market. Despite the
urgent need for further enhancement of the ALD processes,
the overall cost of precursors and equipment thwarts the
progression of more  extensive research efforts (Shirazi and
Elliott, 2014). More  specifically, one of the major roadblocks
to a deeper understanding of the ALD process is the coupled
effect between the reactor gas-phase development and the
microscopic thin-film deposition process. Beside the appar-
ent absence of a clear and direct theoretical explanation, it
is also extremely difficult to obtain an empirical database of
film growth during the experiments due to the limitations in
real-time in-situ sensing. Scanning electron microscopy (SEM)
and scanning tunneling microscopy (STM) provide detailed
film profiles but are often expensive and destructive to the
deposited film, and therefore, they cannot be used to perform
on-line monitoring (Chen, 1993; Goldstein et al., 2017). Quartz
crystal microbalance (QCM) does a good job of measuring the
overall deposition rate by examining the total mass of the sub-
strate surface in real-time, but fails to unveil local changes
within the substrate (Elam et al., 2002). Another option is the
in-situ spectroscopic ellipsometry, which is capable of pro-
viding local structural information of the film. However, the
operation of spectroscopic ellipsometry equipment is very
complicated and thus is not prevalent in industry (Pittal et al.,
1993; Dalton et al., 1994). With all aforementioned shortcom-
ings, the existing hardware monitoring methods, despite their
fidelity and capability to report the actual film profiles, are not

yet applicable for a complete measurement of local film cov-
erage profiles during the industrial ALD process. Therefore,
an accurate and all-inclusive simulation model for the ALD
processes could be helpful in estimating the transient film
coverage and in understanding the real-time development on
both microscopic and macroscopic scales, which could be of
significant value to both industrial and experimental works.

Many efforts have been done in the past to develop an
appropriate model for thermal ALD processes. Due to the
limitation of computational power and the inherent differ-
ences in operational length scales, it is not economical or
even feasible to develop a model that describes both the bulk
gas-phase and the substrate surface processes using a sin-
gle simulation method. As a result, multiscale models are
often proposed and developed in which different simulation
methods and techniques are adopted for gas-phase and sur-
face processes, respectively (e.g., Ding et al., 2019). For the
gas-phase model, one approach is to develop analytical or
numerical solutions of the mass, momentum, and energy
conservation equations with the suitable boundary condi-
tions (Christofides et al., 2008). Nevertheless, the assumptions
in these models, particularly when analytical solutions are
sought, make the applicability of the results rather limited
as they fail to be applicable to industrial-scale ALD systems,
where complex reactor designs are often used to enhance
species transport. Therefore, computational fluid dynamics
(CFD) modeling may be employed instead and it has been
demonstrated to be capable of computing highly accurate gas-
phase profiles for complex reactor geometries (Pan et al., 2014;
Crose et al., 2018). On the microscopic scale, surface reactions
are the predominant processes that determine film deposi-
tion. Molecular Dynamics (MD) has traditionally been used to
simulate a variety of molecular-scale microscopic events, but
again it cannot be applied to simulate the industrial-size ALD
system. More recently, the kMC method, which statistically
determines and tracks the probability of each event instead of
each particle, is proven to be able to efficiently and accurately
represent ALD systems, and thereby it is a good choice for the
simulation of the microscopic film-growth activities (Knoops
et al., 2010; Elliott and Greer, 2004; Weckman et al., 2018; Crose
et al., 2018). Therefore, utilizing and combining distinct meth-
ods for the macroscopic (gas-phase) and microscopic (film
growth) simulations, we can accurately characterize the ALD
system as a whole. Recently, we  have investigated the thermal
ALD process of SiO2 adopting BTBAS as the precursor (Ding
et al., 2019). Specifically, using a standalone 3D surface depo-
sition kMC model, we successfully reported a growth rate that
lies within the experimental range (1.4 Å ∼ 2.1 Å per cycle); and
in Zhang et al. (2019), we created a 3D multiscale CFD model
integrating the CFD and the kMC model, which correctly pre-
dicted the half-cycle time needed under different precursor
inlet flow rates and reduced the half-cycle time needed by
39.6%, following the ALD chamber geometry optimizations.

Although the multiscale CFD model provides valuable
insights to the dynamics of the ALD process, its solu-
tion is computationally time-intensive and thus infeasible
to be applied in the context of industrial on-line opera-
tional optimization. Data-driven modeling adopting machine
learning techniques, especially neural networks, has recently
received attention in the field of deposition simulations.
Djurabekova et al. (2007) and Nicolas and Lorenzo (2010)
have employed an artificial neural network (ANN) to char-
acterize the result of kMC  simulation for lattice microscopic
structures. Chaffart and Ricardez-Sandoval (2018) and Kimaev

and Ricardez-Sandoval (2019) have looked into ANN formula-
tions of multiscale deposition simulation on a 2D geometry.
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Fig. 1 – Multiscale workflow, parallel processing and
information exchange illustration.
owever, no machine learning-based formulation has yet
een investigated for an industrial-scale ALD system. Moti-
ated by these considerations, in this work, we first construct

 database using the previously developed multiscale CFD
odel that incorporates the gas-phase CFD model, the micro-

copic kMC  model, and the multiscale workflow (Zhang et al.,
019). Then, a multiscale data-driven model is developed,
hich consists of a linear parameter varying model approx-

mating the gas-phase CFD model and a feed-forward ANN
pproximating the microscopic kMC  model. By fully parame-
erizing the film deposition rate in terms of input variables that
an be manipulated, measured or estimated in real-time, we
re able to preserve the model fidelity of key input-output rela-
ionships, while greatly enhancing the computational speed.
hereby, the developed multiscale data-driven model may

ead to a significant economic benefit by allowing on-line
rediction of the minimum cycle-time for full coverage. By
ontrast, in order to conduct a thorough research on operat-
ng conditions with experiments, the precursor alone could
ost about 4.08 million dollars, in addition to the operational
ost for heating and running the reactor. For some other pre-
ursors, such as BDEAS, this number could be doubled due to
heir smaller production scale.

.  Multiscale  CFD  modeling,  data  collection
nd data-driven  model  construction

his section summarizes the process description of the SiO2

hermal ALD deposition, the set-up of the multiscale CFD
odel, the collection and pre-processing of simulation data,

s well as the formulation of the multiscale data-driven
odel. The following discussion consists of four subsections.

irst, the macroscopic gas-phase CFD model is introduced,
ncluding the geometry development and the tuning of the
as-phase transport model. Next, the microscopic deposition
odel with the kMC  algorithm is discussed. Then, the DFT cal-

ulations for the important process-related thermodynamic
arameters are briefly reviewed. Subsequently, the multiscale
ata-driven model, combining a macroscopic linear parame-
er varying model and a microscopic ANN model, is presented
nd evaluated. Finally, the simulation data collection proce-
ure adopting the parallel process message passing interface

MPI) scheme and the optimization handling and noise elimi-
ation are introduced.

Fig. 1 shows the automated process workflow and serves as
 guide for the following sections. The blue region is the gas-
hase CFD model domain, the green region is the microscopic
MC  model domain, and the orange region is the cross-linking
PI  domain. At the beginning of each simulation time step,

he CFD simulation is carried out on multiple computational
ores in parallel. Next, the reconciled CFD result is passed
o the microscopic kMC  model, which is also performed in
istributed computation, and its results are fed back to the
FD model as the physical time of the system is updated. The
ata inter-communication is crucial to the fidelity of the mul-
iscale CFD model and is explained in detail in Zhang et al.
2019) as well as the data collection in both microscopic and

acroscopic domains.

.1.  CFD  model  for  gas  phase

he ALD deposition profile during the short half-cycle pulse

ime is closely related to the transient gas-phase transport
henomena. Based on the reactor design of EmerALD XP by
ASM International, which is one of the standard industrial
cylindrical designs for showerhead reactors, Zhang et al. (2019)
performed a series of geometry optimizations that facilitated
the gas profile development and improved distribution and
deposition rate spatial uniformity, including a redistribution
of the showerhead holes and sizes and a chamber upstream
modification, shown in Fig. 2(a) and (b). These improvements
successfully decreased the half-cycle time required by 39.6%.

Specifically, the optimized reactor chamber accommodates
the industrial standard 300 mm wafer (King, 2011). As shown
in Fig. 2, precursor gas comes into the reactor from the small
circular inlet, labeled 1, which is 10 mm in diameter. In the
upstream region, labeled 2, a horn-shaped upstream design
reduces the dead-zone volume in the reactor and leads to a
more  uniform flow profile. Next, precursor gas flows  through
the showerhead region, labeled 3, which consists of a show-
erhead panel specifically tailored for the thermal ALD process
(Zhang et al., 2019). In this CFD simulation, the outlet, labeled
4, omits the final downstream region, which does not con-
tribute to the deposition on the substrate surface, labeled 5.
It is important to construct the model in 3D for the ALD reac-
tor simulation because the complex showerhead design is not
symmetric in the azimuthal direction and cannot be fully cap-
tured by a 2D axis-symmetric model.

The 3D geometry of the ALD reactor is constructed in
AUTOCAD and is meshed using the ANSYS meshing tool. As
demonstrated in Zhang et al. (2019), a hybrid mesh, com-
bining structured and unstructured mesh, can produce high
mesh quality, reduce computational demand, and save labor
time. A final mesh with 3 million cells is chosen based on
the mesh independence test (Hintermüller and Ulbrich, 2004).
The meshing quality critically impacts the computational effi-
ciency and accuracy of the CFD simulation, which is generally
characterized by the quality, skewness, and aspect-ratio of cell
elements shown in Table 1. The result shows that the min/max
quality of each parameter lies within the acceptable range, and
the average value is close to the desired value, denoted by *,
suggested by the manufacturer ANSYS Inc. (Fluent, 2013).
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Fig. 2 – (a) Hybrid reactor mesh. (b) Optimized radially distributed showerhead configuration. (c) x-cross-section geometry of
the optimized ALD reactor. The gas inlet is labeled 1; the upstream region is labeled 2, where the gas-profile gradually
develops; the showerhead holes is labeled 3; the gas outlet is labeled 4, and the substrate surface is labeled 5. The white
arrows stand for the overall flow direction.

Table 1 – Cell quality of the hybrid reactor mesh.

Acceptable range Resulted mesh bound; average

Quality 0–1* 0.33; 0.79
Skewness 0*–0.95 0.74; 0.29

Aspect-ratio 1*–100 

The transient gas-phase CFD calculation is realized using
the ANSYS Fluent pressure-based solver (Fluent, 2013). Three
important gas species, BTBAS, ozone, and argon, are included
using the Fluent Mixture Template. The thermodynamic prop-
erties of ozone and argon are generated from the Fluent
database, while those of BTBAS are acquired from DFT cal-
culations, which will be explained in Section 2.3. The mixture
is defined as an incompressible ideal gas, where Fluent cal-
culates the gas density from ideal gas law using the operating
pressure, and applies the assumption of constant density with
respect to velocity during the flow field calculation. These
assumptions are appropriate for a low pressure and high tem-
perature thermal ALD reactor with Mach  number <0.3 under
the maximum inlet flow rate and operating pressure (Young
et al., 2010). The operating and time-dependent boundary con-
ditions for the inlet, outlet and substrate surface, accounting
for the flow rate, species compositions, temperature, pressure,
consumption of precursors from microscopic kMC deposition,
are defined using the built-in gas properties and the user-
defined functions (UDFs) as explained in Zhang et al. (2019).
Second-order finite volume methods are used to numeri-
cally solve the flow field governing momentum, mass, and
energy transports equations in each mesh grid as shown below
(Acton, 2012; Fluent, 2013):

¯̄� = �

[
(∇�v + ∇�vT) − 2

3
∇ · �vI

]
(1)
∂(��v)
∂t

+ ∇ · (��v�v) = −∇P + ∇ · ( ¯̄�) + ��g + �F (2)
6.49; 1.98

∂

∂t
(�E) + ∇(�v(�E + p)) = ∇(k∇T − �h�J  + ( ¯̄��v)) + Sh (3)

�Ji = −�Dm,i∇Yi − DT,i
∇T
T

(4)

∂

∂t
(�Yi) + ∇ · (��vYi) = −∇ · �Ji + Ri + Si (5)

where ¯̄� is the stress tensor, � is the fluid viscosity, �v is the
velocity of gas-phase species mixture, I is the unit tensor, � is
the density of the gas-phase species mixture, P is the static
pressure, �g is the acceleration of gravity, �F is the force, E is
the fluid internal energy, T is the fluid temperature, k is the
heat conductivity, Ri and Si are the reactions and mass trans-
fer source terms of species i, respectively, Sh is heat transfer
source term, Yi is the user-defined transport input, �Ji is the dif-
fusive flux of species i, and Dm,i and DT,i are the mass and heat
diffusivities of species i, respectively.

The calculation time step is determined by the
Courant–Friedrichs–Lewy (CFL) condition, which relates
the discretization time to the speed of information traveling
in the physical space and the discrete physical length scale
(Moura and Kubrusly, 2012):

�t = C�x

u
, (6)

where C is the selected Courant number, a quantitative

description of the number of computational cells that the
fluid moves through in one time step, �x is the minimum cell
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ength and u is the average flow velocity. Under all experimen-
al conditions, Fluent converges with a Courant number of 50
fficiently and accurately (Fluent, 2013).

.2.  KMC  model  for  film  growth

n addition to the macroscopic CFD model that describes the
as-phase development profile, the microscopic simulation
tilizes the kMC  method to model the reaction mechanisms
nd the structural details of the SiO2 thin-film. Each kMC
odel has a large enough dimension of 1200 × 1200 sites per

ayer as well as a height that equals the number of cycles simu-
ated, which is computationally efficient and yields lattice-size
ndependent results (Huang et al., 2010a,b). A 3D triangular lat-
ice is adopted to approximate the true �-Quartz SiO2 lattice as
hown in Fig. 3(a) and (b), which is demonstrated to preserve
he fidelity of the key features in the microscopic structure
Ding et al., 2019).

As mentioned in Section 1, a typical ALD process con-
ains two half-cycles. The first half-cycle is the Si-cycle,
hich consists of BTBAS physisorption and two-step dissocia-

ive chemisorption and abstraction. In the physisorption, the
recursor forms a strong H-bond with the more  electroneg-
tive oxygen atom from the surface O–H groups. Then, the
hysisorbed precursor sequentially releases two aminoethyl
roups to fully attach the Si atom on the substrate, leaving two
i–H bonds as the new surface. It is important to note that,
uring the second chemisorption, the precursor can either
hoose an O–H from the same or neighboring Si, leading to
elf-binding and neighbor-binding final product, respectively.
he second reaction pathway is more  kinetically favorable, but

he first reaction pathway retains the original surface orienta-
ion. In addition, the chemisorbed precursor can potentially go
hrough the reverse reaction and get abstracted from the sur-
ace. Similarly, as shown in Fig. 4(c), the second half-cycle is
he O-cycle consists of ozone physisorption, ozone abstraction
nd two individual surface oxidation reactions. After the O-
ycle, the surface will again be terminated by hydroxyl groups.
he detailed reaction mechanism can be found in Han et al.

2011).
In reality, all reactions are simultaneously competing with

ach other and the kinetic rates for the above reactions are cru-
ial for the kMC  algorithm formulation. The physisorption rate
an be described by the collision theory, which is applicable to
as-surface athermal barrierless processes, as follows:

phs = pi
RT

√
8kbT
�mi

sc,iNa	 (7)

here rphs is the physisorption reaction rate, pi is the partial
ressure of the species i, R is the ideal gas constant, T is the
emperature, kb is the Boltzmann constant, mi is the mass of
he molecule for species i, sc,i is the sticking coefficient of the
pecies i at given temperature, Na is the Avogadro number, and

 is the average area per surface site.
For thermodynamically activated reactions like chemisorp-

ion, abstraction, and oxidation, the transition state theory is
dopted to characterize their rates (Cortright and Dumesic,
001). The reaction rate can be described by an Arrhenius-type
ate law of the equilibrated transition state complex as follows:
rxn,i = f TST
i

(
kbT

h

)
exp

(−Ea,i
kbT

)
(8)
where rrxn,i is the reaction rate of the i-th thermodynamically
activated reaction, Ea,i is its activation energy for the tran-
sition state complex, kb is the Boltzmann constant, h is the
Plank’s constant, T is the temperature, and f TST

i
is the ratio of

the vibrational partition function between the transition state
complex and the reactant.

Adopting the above rate equations, an n-fold hybrid kMC
model can be utilized to determine event selection and time
evolution. Specifically, the reaction rate of an individual reac-
tion is normalized with respect to the total reaction rate, rtotal,
which is defined as:

rtotal =
N∑
i=1

ri, (9)

where ri represents the respective rate of each event within
an event set, which consists of total N events. The normalized
indicator of the i-th event, li ∈ (0, 1], can be interpreted as the
sum of the normalized probabilities of the first i events:

li =
∑i

j=1rj

rtotal
, i = 1, . . .,  N (10)

Then, a uniformly distributed random number, 
1 ∈ (0, 1], is
generated. If 
1 lies within the normalized interval of li−1 to li,
the corresponding i-th event will be chosen for execution in
the kMC algorithm.

In addition, given the chosen event, the kMC  algorithm cal-
culates the time evolution �t of the physical process with the
following equation:

�t = − ln 
2

rtotal
, (11)

where 
2 ∈ (0, 1] is a second uniformly distributed random
number.

Standard n-fold kMC can generally be adopted directly
to the O-cycle events. However, for the Si-cycle, due to the
competition between the kinetic and thermodynamic favora-
bility of potential reaction pathways in the Si-cycle, we need
to take the forward and the reverse reaction of the sequen-
tial chemisorption into account. As a result, we  distinguished
physisorption and abstraction from the rest of the reactions in
the Si-cycle and adopted a discretized probability calculation
process. Thus, a modified kMC  model, with decoupled reaction
sets, is formulated for the Si-cycle and is explained in detail
in Ding et al. (2019).

2.3.  DFT  and  thermodynamic  calculations

As suggested by Fang et al. (2016), experimental studies have
been performed on a majority of the popular ALD precursors.
However, as the experimental determination of the kinetic
information is very difficult, most of the activation energies
determined for the ALD reactions are the apparent equiva-
lent activation energies, which may serve as a general rate
estimator, but they are not sufficient for detailed structural
simulations. Therefore, many  thermodynamic properties of
BTBAS that are important for transport phenomena calcu-
lation and surface reactions have yet to be determined. In
order to derive the multiscale model from first-principles
and accurately reproduce the experimental findings, DFT is

adopted using the Gaussian09 software packages, which is
one approach to approximate the solution of the complex
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Fig. 3 – (a) Top view of the hydroxylated SiO2 (0 0 1) surface, where O1 is the more  electronegative oxygen. (b) Top view of a
5-layer 12 × 12-site miniature demonstration of the full kMC  simulation lattice. The five layers and the species on the lattice
are shown using different colors and symbols, respectively. The first (bottom) layer, labeled red, contains the base Si atoms.
The second layer, labeled black, contains bare or hydrogenated oxygen atoms. The third layer, labeled orange, contains the
species from the first silicon half-cycle: Si is the neighbour-binding silicon, Si! is the self-binding silicon, and PsP and CsP
are the physisorbed and chemisorbed precursors, respectively. The fourth layer, labeled green, contains the species from the
first oxygen half-cycle: O and OH are the oxygen atoms and hydroxyl groups. The fifth (top) layer, labeled blue, contains the
physisorbed ozones (PO1 and PO2), which are going to oxidize. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4 – (a) Surface reaction mechanism: (1) First dissociative chemisorption step of BTBAS. (2) Second dissociative
chemisorption step of BTBAS under self-binding and neighbour-binding mechanisms. (3) Oxidation of self-binding and
neighbour-binding SiH2 with ozone.(b) Physisorbed BTBAS molecule demonstration. (c) Physisorbed ozone molecule

demonstration.

Schrödinger equation for a many-body system by solving the
overall electron density (Frisch et al., 2000; Council et al., 2003;
Fermeglia and Pricl, 2009; Liu and Liu, 2018):
Ĥ�(ri, RI) = E�(ri, RI), (12)
where � is the particle wave  function, ri is the position of each
electron i, RI is the position of each nuclei I, E is the ground

state energy, and Ĥ is the Hamiltonian operator.
For the CFD simulation, specific heat Cp, standard state
entropy So(298K), standard state enthalpy of formation �fHo(M,
298K), and viscosity � are needed for the transport equations.
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Fig. 5 – Structure of a feed-forward artificial neural network
(ANN) with multiple inputs, two hidden layers, and one
output. W is the weight for each ANN layer, Ns and Hs
represent the neurons, and f represents the activation
function, which can be tansig or sigmoid function based on
the neural network structures being used.
aussian-4 (G4) theory, which is a highly accurate calcula-
ion procedure for the first three row elements, is adopted for
alculating such parameters. In the G4 theory, a sequence of
ingle-point energy calculations is performed using the appro-
riate spin-orbit, basis set, and the advanced higher level
orrection (Curtiss et al., 2007). Specific heat Cp and the stan-
ard state entropy So(298K) are directly obtained from this
ethod and the determination of the standard state enthalpy

f formation �fHo(M,  298K) is discussed in detail in Ochterski
2000). Furthermore, the viscosity � is approximated using the

olecular theory of Newtonian gases (Bird et al., 2007).
For the surface deposition model, the vibrational partition

oefficient is crucial to the determination of the abstrac-
ion reaction kinetics. The transition-state complexes of the
bstracted BTBAS need to be calculated using the “opti-
ization to transition state” (Opt = TS) method from an

ptimized ground-state 3 × 3 ×1 SiO2 surface lattice and a
TBAS molecule. Those two molecules are optimized to
-31G+dp accuracy level using the Becke, 3-parameters, Lee-
ang-Parr (B3LYP) functional (Lee et al., 1988; Mankad and Jhu,
016). Then, the G4 theory is again used to acquire an accurate
ibrational frequency. The results, along with other important
hermodynamic parameters are reported in Ding et al. (2019).

.4.  Multiscale  data-driven  model  construction

ith the multiscale CFD model, it is possible to calculate
he temporal deposition profile under different operating
ressures, inlet precursor flow rates, and surface heating tem-
eratures, which reveals valuable information of the thermal
LD process. However, a complete half-cycle simulation of

he multiscale CFD model takes 5–10 days to finish depending
n the operating conditions, utilizing the parallel computa-
ion workflow with 36 cores on the UCLA Hoffman2 Cluster
Fluent, 2013). As a result, the prediction from the multiscale
FD model is deemed too time-consuming to be implemented

or on-line operational optimization in industry. In order to
peed up the computation while retaining the key process
nformation, a multiscale data-driven model that accurately
eproduces the results of both microscopic and macroscopic
omains is developed and validated in this work.

.4.1.  Multiscale  data-based  model  construction
s mentioned above, each full multiscale CFD simulation is
omputationally intensive due to the communication over-
ead between the two simulation domains and the allocation
f computational resources on the computation cluster.
herefore, it would be impossible to incorporate both domains

nto one single integrated data-driven model since it would be
oo time-consuming to generate a sufficiently large database
o train a model that characterizes the actual process dynam-
cs. As an alternative, a decoupling scheme is proposed to
eparately describe the macroscopic (gas phase) domain and
he microscopic (film growth) domain. The decoupled multi-
cale data-driven model allows a quicker data collection while
reserving the model fidelity to key process features.

For the microscopic deposition model, as introduced in the
MC  section, its explicit inputs, which are generated by the
acroscopic CFD model, include the surface temperature and

he surface partial pressure of the half-cycle precursor. Addi-
ionally, to accurately predict the transient deposition rate, the
urface configuration, which is predominantly represented

y the surface coverage, also needs to be incorporated into
he inputs for the microscopic data-driven model. Due to the
non-linear and non-convex relationship between the micro-
scopic domain input-output parameters, a traditional least
square method or system identification method fails to pro-
vide satisfying regression result. Thus, feed-forward artificial
neural network (ANN) is utilized to characterize this complex
microscopic model. Among various training algorithms, it is
observed that the traditional gradient descent algorithm and
the more  recent RMSprop algorithm both encounter difficul-
ties in determining the appropriate amount of hidden layers
and neurons. In addition, despite the popularity of the deep
learning network, it suffers from the dilemma of balancing
between the overall model accuracy and the over-fitting for
solving a regression problem with high precision demand.
Thus, a Bayesian regularized artificial neural network (BRANN)
is adopted as an alternative structure by incorporating the
probability theory into the algorithm, where the Bayes’ theo-
rem is used to calculate the probability of a current event based
on its associated prior knowledge and conditions. This proba-
bility inference successfully makes BRANN more  robust than
the standard deep neural networks because the Bayesian regu-
larization algorithm is formulated as a rigid regression model,
which is a well-posed statistical problem for complicated non-
convex and non-linear scenarios. BRANN also has the ability
to systematically turn off weight parameters that are less rel-
evant in the training process, which is similar to the usage
of drop-out regularization in a standard ANN. In addition,
BRANN avoids the over-fitting problem by using the Occam’s
razor principle and incorporating evidence procedures under
the Bayesian criterion (Burden and Dave, 2008). In our model,
the MATLAB machine learning toolbox is used for the BRANN
construction, training and validation. The general structure
of a multiple-input-single-output (MISO) feed-forward neu-
ral network with two hidden layers is shown in Fig. 5, where
Hij are the hidden layer neurons, Nin are the input neurons,
No is the output neuron, and Wi is the weight for the i-th
ANN layer. Specifically, in this neural network, the input layer
contains three neurons, representing the surface tempera-
ture, the precursor partial pressure, and the current surface
coverage, respectively. The output layer contains one neuron,
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representing the transient deposition rate. The neural network
calculates the activation using feed-forward propagation:

Al = �(WlAl−1 + Bl), (13)

where Al is the activation matrix, Wl is the weight matrix,
and Bl is the bias matrix for layer L, respectively. � represents
the activation function, which is the hyperbolic tangent sig-
moid function (tansig)  in the BRANN. It is a good candidate
under Bayesian regularization because of its performance in
the statistical inference (MacKay, 1992):

tansig(x) = 2
1 + e−2x

− 1 (14)

Additionally, for probability update in BRANN backpropaga-
tion, the hyperparameters  ̨ and ˇ, chosen from a uniform
random distribution, are added to the standard mean square
error (MSE) function, S(w), which is typical for regression appli-
cations:

S(w) = ˇ

ND∑
i=1

[yi − f (xi, w)]2 + ˛

Nw∑
j=1

w2
j , (15)

where ND is the number of data samples in the training
dataset, w is the weight vector for all hidden layers, which
is assumed to have a Gaussian distribution, Nw is the number
of weight parameters, wj is the j-th entry in the weight vec-
tor, yi is the desired output value, and f (xi, w) is the predicted
value dependent on w and the input xi. In order to compute
the optimal w, a sequence of optimization problems are solved
using the Levenberg–Marquardt algorithm (Moré, 1978). Then,
hyperparameters  ̨ and  ̌ are updated using Bayesian infer-
ence calculation. The detailed explanation and construction of
the optimization problems are discussed in detail by MacKay
(1992) and Burden and Dave (2008). To further avoid saturation
and high variance activation, batch normalization is applied
between layers, thereby facilitating convergence speed and
learning rate (Ioffe and Szegedy, 2015).

For the macroscopic model, at each transient time step,
a convex relationship is observed between the input param-
eters (i.e., feed flow rate and operating pressure), and the
output parameter (i.e., surface partial pressure). Also, it is
demonstrated that the precursor usage feedback from the
microscopic kMC  model at different inlet flow rates does
contribute to the gas phase development rate but does not
significantly alter the overall shape of the gas phase response
curves. Thus, a system identification method using a linear
differential equation model with parameters dependent on
operating pressure and inlet precursor flow rate (linear param-
eter varying model) is adopted to characterize the gas-phase
profile. Under each set of operating conditions executed, a
third-order linear parameter varying model is fitted to describe
the partial pressure temporal development over time:

a3(v, Pop)
d3y

dt3
+ a2(v, Pop)

d2y

dt2
+ a1(v, Pop)

dy

dt
+ a0(v, Pop)y

= K(v, Pop)v (16)
y(0) = 0,
dy

dt
(0) = 0,

d2y

dt2
(0) = 0,

d3y

dt3
(0) = 0 (17)
where y is the surface precursor partial pressure, and dy
dt

, d
2y

dt2
,

and d3y

dt3
are its first, second, and third-order time derivatives. K,

a0, a1, a2, a3, are the gain and other model parameters, respec-
tively, which are all functions of operating pressure Pop, and
inlet precursor flow rate v, which is also the step input. Third-
order linear parameter varying model is selected because it
was found to be the best fit to our data, while lower order mod-
els failed to provide enough degrees of freedom to model the
data. After we determined the parameters, which is depen-
dent on v and Pop, from the known datasets, the unknown
conditions can be estimated with interpolation with respect
to the input parameters.

2.4.2.  Data  collection  and  processing
According to our computational resource, on average one
macroscopic model simulation or 3000 microscopic simula-
tions can be completed within 200 h. For the microscopic
surface model, a large database under various fixed input
conditions is constructed in order to capture the complex
input-output relationship. The output of the model is the
transient deposition rate, which depends on the surface tem-
perature, precursor partial pressure and the transient film
coverage. The surface temperature ranges from 475 K to 625 K
with an interval of 1 K, partial pressure ranges from 30 Pa
to 200 Pa with an interval of 1 Pa, and each set of inputs
dynamically runs 400 time steps with a time step size of
0.05 s. Moreover, staring from zero, the transient film cover-
age is the accumulation of total precursor usage until the
last time step. A raw dataset containing over 10 million data
points is collected. Two steps are carried out to preprocess the
dataset for the purpose of better fitting. First, the microscopic
deposition steady-state identification is executed. With the
term microscopic deposition steady-state, we  refer to the case
where an equilibrium is reached between the rates of material
deposition into the field and the rate of abstraction (desorp-
tion) of material from the film to the gas phase. With high
enough temperature and pressure, at the microscopic depo-
sition steady-state, the deposited film achieves full coverage.
However, under some other operating conditions, the depo-
sition reactions will be slower than the abstraction reactions
at certain coverages, thereby causing non-full coverages and
non-uniformities of the films when the steady-state deposi-
tion rates are reached.

Locating the microscopic deposition steady-state not only
reduces the amount of data needed for training of the ANN
because the deposition rate after steady-state is reached
always fluctuates around zero, and thus can be discarded, but
also reduces the neural network fitting complexity by elimi-
nating a non-differentiable turning point in the majority of the
data. For each operating condition, the simulation data is fitted
by a two-segment function described in Eq. (18), where the first
segment represents the pre-steady-state process, fitted using
the step-response of a first-order linear model, and the second
segment represents the profile after achieving steady-state,
fitted by a straight horizontal line:

y =

⎧⎨
⎩
b1

(
1 − exp

(
−b2

t

))
t ≤ b3

b4 t ≥ b3

(18)

where b1 and b2 are the gain and the time constant of the

first-order step-response function, respectively, b3 represents
the time in which the microscopic deposition steady-state
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ccurs and b4 represents the microscopic deposition steady-
tate surface coverage. It is noteworthy that the choice of a
rst-order step-response linear function as our function pro-
otype is solely due to its flexible shape rather than proving an
xplicit relationship between deposition time and film cover-
ge.

In order to accurately determine the values of the four
arameters (b1 to b4), the deviation between the fitted function
nd the data is minimized through an optimization problem
escribed as follows:

minb1,b2,b3,b4

N∑
i=1

(yi − Di)
2

s.t. b1(1 − exp(
−b2

b3
)) ≤ b4

, (19)

here N is the total number of data points provided, yi

nd Di represent the corresponding fitted value and the pro-
ided data. This constraint ensures that there is no overshoot
n the fitted function before the second segment, which

akes physical sense because the coverage should in gen-
ral be a monotonously increasing function. This optimization
roblem is solved in IPOPT using the interior point algo-
ithm, obtaining the optimal parameter b3 allows determining
he time at which the steady-state deposition rate occurs
Wächter and Biegler, 2006).

After the microscopic deposition steady-states are iden-
ified for each operating condition, the first segments of all
atasets are selected, which in total consist of about 2.5 mil-

ion data points. Further noise reduction is performed by
pplying a moving average of every five consecutive data
oints for each dataset. The smoothened datasets are then
erged for the feed-forward ANN. The final dataset is divided

nto training, validation, and test data under the ratio of
:1.5:1.5. The training dataset is only used to train the ANN
odel parameters, while the validation dataset is used to val-

date and improve the result in the training process. The test
ataset is randomly chosen and separated from the data used
or training in advance and is used to evaluate the final neural
etwork performance.

For the macroscopic gas-phase model, because of the afore-
entioned convex relationship, a rather small dataset of the
ultiscale CFD model is needed to characterize the system.

our sets of CFD simulations at different precursor flow rates
ith and without microscopic kMC  feedback workflow are
erformed to examine the gas-phase development and the

nfluence of surface deposition on the macroscopic domain.
fter the macroscopic gas-phase model is identified, two more
ets of multiscale CFD simulations are carried out for inter-
olation and validation purposes. Three operating pressures
re tested to verify the model independence from operating
ressure. Moreover, to determine the linear parameter varying
odel, a series of step inputs is generated based the CFD time

tep and the deposition half-cycle time under each precursor
owrate.

.  Multiscale  data-driven  model
evelopment  and  validation

n this section, the resulting macroscopic linear parameter

arying model and the microscopic ANN model are sum-
arized, and the combined multiscale data-driven model is
compared to the first-principles based multiscale CFD model.
In addition, advantages and applications adopting this multi-
scale data-driven model are discussed.

3.1.  Microscopic  ANN  model  parameter  determination

In this section, the preprocessing of the training data for con-
structing the microscopic ANN and the training results are
explained. As discussed in Section 2.4, the original dataset
contains a large number of data points that are collected
after the microscopic deposition steady-states have occurred.
Since those data points stay mostly constant regardless of
the deposition time, they do not make positive contribution
to the data-driven model prediction. Furthermore, a direct
attempt to use the entire dataset is not computationally feasi-
ble because a complete grid search for the ANN structure with
the available resources would take hundreds of hours to fin-
ish. By locating the microscopic steady-state using the method
mentioned in Section 2.4.2, deposition steady-state times are
successfully determined for all sets of temperature and pres-
sure conditions. As shown in Fig. 6(a), two random sets of input
conditions are plotted and the steady-state in each condition
is successfully identified by the prediction model. In addition,
there are fluctuating white noises, due to the inherent ran-
dom nature of the kMC algorithm as introduced in Section 2.
The white noise associated with the kMC predicted transient
deposition rate and the accumulated coverage hinder the neu-
ral network fitting accuracy and precision. Fig. 6(b) shows that
the moving mean algorithm successfully reduces the white
noise in the transient deposition rate while retaining the cor-
rect mean of the original data. By performing noise reduction
and data culling, this algorithm is proven to be highly accurate.

As introduced in Section 2.4, the ANN model takes three
inputs: surface partial pressure, surface temperature, and
current deposition coverage, and it generates one output: tran-
sient deposition rate. Two hidden layers, each containing 15
neurons, are chosen for the BRANN model based on a grid
search. It is found that a single layer cannot generalize the
complex input-output relationship, and that a two-layer net-
work with too many  neurons may result in over-fitting error.
As shown in Fig. 7(a), a mean square error on the training
dataset drops by four orders of magnitude and reaches a final
performance of 7.2 × 103 after 1000 epochs. This error cor-
responds to a normalized error that is less than 1.0 × 10−3

and less than 10% of the transient deposition rate. Fig. 7(b)
shows that the testing error of the resulting neural network is
normally distributed. In addition, Fig. 7(c) shows a good cor-
relation (R2 = 0.99) between the predicted and the simulated
transient deposition rate, which indicates that the neural net-
work achieves a good result in fitting the microscopic kMC
simulation data.

A visualization of the trained ANN model performance
is shown in Fig. 8. Because the system consists of three
inputs and one output, the parameters’ relationship cannot
be directly plotted in a single figure. Since surface tempera-
ture will be kept constant in the multiscale model, we  separate
the temperature input for illustration purpose. A series of rep-
resentative temperatures are selected and the results of the
other three parameters are examined and plotted for each
chosen temperature. The trained ANN is demonstrated to suc-
cessfully predict the kMC simulation result in the majority of
operating regions as most testing data points lie close to the

fitted surface. However, there are some tendencies to over-
fit in the high temperature and high accumulation scenarios.
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Fig. 6 – (a) Comparison between the kMC  result and the steady-state fitting result at two randomly chosen operating
conditions (T = 622 K, P = 166 Pa and T = 600 K, P = 69 Pa). The dashed lines are generated from the fitting and the solid lines
are taken from the kMC  simulation. The black boxes indicate the steady-states identified by the fitting algorithm and TSss

indicates the number of time step when steady-state is reached. The x-axis is the number of time steps and the y-axis is
the surface coverage, which has a maximum of 90,000. (b) Comparison between the raw and the smoothened transient
deposition rate at a randomly chosen operating condition (T = 570 K, P = 80 Pa). Dashed line indicates the location of the

ps an
predicted steady-state. The x-axis is the number of time ste

The reason that over-fitting happened is that the reaction rate
scales up rapidly with temperature which is indicated by the
Arrhenius rate law. The surface reaction reaches steady-state
very quickly at high temperature, which results in a smaller
amount of data points for training. Also, due to the stochastic
nature of the kMC  method, a fast deposition rate gives rise to a
larger uncertainty at every time-step. The method of circum-
venting this over-fitting problem will be discussed in Section
3.2.1, where the multiscale data-driven model is validated.

3.2.  Macroscopic  linear  parameter  varying  model
determination

In this section, the macroscopic gas-phase model linear
parameter varying model validation and parameter deter-
mination are elaborated. In total, four pairs of multiscale
CFD simulations are carried out under various operating
conditions. Each simulation pair, under the same operating
conditions, contains a standalone macroscopic CFD simu-
lation and a multiscale CFD simulation, which couples the
macroscopic CFD with the microscopic kMC  model, taking
the output of the microscopic kMC  result as feedback to CFD
at each time step. Under various operating conditions, the
gas phase development profile response curves from all CFD
simulations share a similar overall shape. This shape can
be characterized by a linear parameter varying model that
is higher than first-order without zeros and varying parame-
ters. In addition, we  have endeavored to incorporate the radial
information into a single gas-phase model. Nevertheless, it
was found that the formulation of such a model is complicated
and the error associated with this model is too significant
to be representative. Thus, we  have decided to build several
linear parameter varying models in parallel for different loca-
tions. As a result, third-order linear parameter varying models
are constructed as explained in Section 2 to characterize the

gas-phase development and its result is compared with the
simulation data.
d y-axis is the transient deposition rate.

The operating pressure effect shows an independent lin-
ear relationship with respect to the surface partial pressure
output and therefore is considered separately from the lin-
ear parameter varying model. The decoupling of the operating
pressure makes physical sense due to the fast transport of the
incompressible gas mixture according to the physical dimen-
sions of the ALD reactor (Zhang et al., 2019). The total pressure
development is greatly affected by the momentum transfer of
Argon left from the purging, which takes less than 0.1 s across
the entire reactor at all operating conditions and is much
faster than the precursor species transport rate. After the total
pressure reaches steady-state, it is almost equal to the oper-
ating pressure throughout the reactor, with a relatively small
decreasing differential pressure from the inlet to the outlet. It
is further determined that a change in the operating pressure
within an order of magnitude does not dramatically influence
the species transport speed. Thus, the surface precursor par-
tial pressure, which is the product of the precursor species
concentration and the total pressure, can be considered to be
directly proportional to the operating pressure setting after the
initial period. As a result, the operating pressure can be inde-
pendently considered in the gas-phase data-driven model.

The third-order linear parameter varying model with step
response successfully reproduces the temporal surface partial
pressure development for different inlet precursor flow rates
as shown in Fig. 9. The model accuracy, defined as the root
mean squared error (RMSE), ranges from 1.147 to 3.778, and the
fit to estimation ranges from 95.06% to 98.76% under various
conditions.

Each of the third-order linear parameter varying model
parameters shows a semi-log relationship with inlet pre-
cursor flow rates. Thus, we find that an interpolation of
the known parameters to generate process parameters of
unknown interior operating conditions is promising. Since the
linear parameter varying model is quite sensitive to its param-
eters, the fitting accuracy of the validation flow rate is better
for higher flow rate where the linear parameter varying model

provides a better fit. Nevertheless, all flow rates provide accu-
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Fig. 7 – Training and performance of the constructed BRANN model: (a) Training and validation history. The x-axis is the
training epoch and the y-axis is the MSE  on output. (b) Prediction error distribution histogram of testing. The x-axis is the
magnitude of error and the y-axis is the number of occurrences of the corresponding error. (c) Correlational accuracy of the
predicted and the actual deposition rate of testing. The x-axis is the predicted transient deposition rate from the neural
n el.
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etwork and the y-axis is the actual rate from the kMC  mod

ate estimations of half-cycle finishing time as demonstrated
n the following section.

.2.1.  Multiscale  data-driven  model  validation
fter we  have constructed the data-driven models for both
icroscopic and macroscopic domains, we  combine the two
odels and incorporate the location information on the sub-

trate surface for a complete ALD process multiscale model.
alidation runs are performed and compared with previ-
us works to prove the model accuracy. One test scenario

s demonstrated with conditions as follows: The precursor
ow rate is 100 sccm, surface heating is 600 K, the operating
ressure is 133 Pa, half-cycle process time is 3.5 s, and a time-
tep size is chosen to be the optimal ANN model step size
o avoid the previously mentioned possible fitting problem.
s discussed in the previous section, at each time step, the

inear parameter varying model calculates the surface partial
ressure under given input conditions and radial coordinates.
hen, the microscopic ANN model draws this surface partial
ressure input and the surface heating temperature input and
alculates the transient deposition rate. This calculation pro-

ess is executed for each of the 36 wafer grid locations (Zhang
t al., 2019).
As shown in Fig. 10(a), the two  vertical lines specify the
time for the fastest and slowest grid locations to achieve full
coverage, which occur at t = 1.82 s and t = 3.11 s, respectively,
from the data-driven model simulation. In addition, the cen-
tral region shows a faster deposition rate than the peripheral
region as predicted by the CFD model. By contrast, Fig. 10(b)
shows the result from the multiscale CFD model for the same
operating conditions reported in Zhang et al. (2019), and the
differences of the fastest and slowest finishing time between
the multiscale data-driven model and the multiscale CFD
model are less than 10%. Therefore, it is demonstrated that
the multiscale data-driven model correctly captures the gen-
eral trend of the temporal coverage and the final completion
times. Nevertheless, it is noted that the process curves pro-
duced by the data-driven model are not smooth because of its
discrete nature. As the film growth gradually approaches its
steady-state coverage, the slight model mismatch in micro-
scopic deposition steady-state identification can cause the
model to temporarily mis-identify a microscopic deposition
steady-state value according to the current operating condi-
tion, thereby causing the prediction to plateau until the next

steady-state is found after an updated operating condition is
provided by the gas-phase.
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Fig. 8 – Fitting results of the ANN model. The black dots are the kMC  simulation result and the surfaces are the neural
network fitting result. The vertical z-axis is the output transient deposition rate as in precursor usage, and the horizontal
x-axis and y-axis are the input accumulated coverage and surface partial pressure, respectively. This fitting is presented
under various representative temperature inputs: (a) T = 475 K, (b) T = 500 K, (c) T = 550 K, and (d) T = 600 K.

Fig. 9 – Comparison of the wafer-average linear parameter varying model fitting and the CFD gas-phase development. The
x-axis is the ALD half-cycle physical time, and the y-axis is the surface BTBAS partial pressure. The dashed lines are the
original CFD data and the solid lines are the fitting result from the linear parameter varying model. As indicated, the blue,
red, yellow and purple lines are 100, 200, 400 and 1330 sccm inlet precursor flow rates, respectively. (For interpretation of the

d to 
references to color in this figure legend, the reader is referre

3.2.2.  Multiscale  data-driven  model  advantages  and
applications
As discussed in previous sections, a full multiscale CFD sim-
ulation takes a long time (i.e., 5–10 days). Specifically, each
time step needs, on average, from 0.6 to 1.2 h to compute. By
contrast, when the multiscale data-driven model is adopted,
an entire run now only takes around ten seconds, with each

time step taking less than 0.1 s. Thus, it is demonstrated that
the time scale of this model is comparable to the actual phys-
the web version of this article.)

ical time progress. Due to the slight mismatch between the
model-predicted and the actual shape of the process curve,
real-time control within each half-cycle might not be achiev-
able for a single-wafer reactor. However, this model is possible
to be incorporated with on-line monitoring and half-cycle
time prediction in real-time. Moreover, the accurate deposi-
tion completion time prediction allows for a fast cycle-to-cycle

film quality control.
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Fig. 10 – Comparison of one testing scenario between the data-driven model and the validation multiscale CFD data. The
test scenario is under a substrate surface temperature of 600 K, an operating pressure of 133 Pa and an inlet feed flow rate of
100 sccm. The x-axis represents the process operation time, the y-axis represents the surface coverage and the dashed lines
represent the occurrence of the fastest (tf,ss) and the slowest (ts,ss) deposition steady-states. (a) The data-driven model
results, where the completion of deposition on the wafer surface is achieved between 1.82 s and 3.11 s, and (b) the
multiscale CFD simulation results, where the completion of deposition is achieved between 2.02 s and 3.29 s. The deviation
between the two calculations is less than 10%, respectively.
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Table 2 – (a) Comparison of the predicted deposition
time to full coverage under various temperatures
between the standalone kMC  model and the multiscale
data-driven model, and (b) additional temperature and
inlet precursor flow rate predictions using the multiscale
data-driven model.

(a)

Temperature (K) Standalone
kMC prediction
(s)

Multiscale
data-driven
model
prediction (s)

590 4.05 3.81
595 3.85 3.56
600 3.65 3.11
610 3.55 3.01

(b)

Temperature (K) Flow rate (sccm) Predicted time (s)

600 100 3.11
600 1330 1.45
550 1330 2.18
550 400 2.48
One application of this multiscale data-driven model is to
rovide an industrial operating guideline by making a fast and
omputationally feasible half-cycle time prediction under var-
ous input condition combinations, including the precursor
ow rate, operating pressure and surface heating. An esti-
ation can be made in advance of experiments so that the

perating cost can be minimized. A variety of operating con-
itions that are in the industrial operating space is shown

n Table 2(a) and (b). Typically, in the industry, to ensure the
chievement of good film coverage under all operating condi-
ions, a half-cycle time of at least five seconds or even longer
s adopted. However, with the prior-operation prediction using
he multiscale data-driven model, the half-cycle time can be
ut by at least 37.8%. In particular, under high flow rate operat-
ng conditions, the multiscale data-driven model can provide

 huge economic advantage by cutting unnecessary process
ime and precursor usage in conventional practices, thereby
ncreasing the throughput by accelerating the manufacturing
rocess. In addition, this model can provide a more  complete
nd more  accurate prediction than the previously proposed
stimation models. In our prior work, Ding et al. (2019) has
nvestigated into the estimation of half-cycle time using an
NN for the standalone kMC  simulation with an indepen-
ent consideration of the gas-phase development. As shown

n Table 2(a), we  compare the predicted half-cycle time at these
perating conditions using the standalone kMC model and the
ultiscale data-driven model. On top of the microscopic depo-
ition time, the standalone kMC  model predictions assume a
xed time of 3 s for gas phase profile development, which is
a good estimation for an 100 sccm inlet flow rate according to
Zhang et al. (2019). On the other hand, the multiscale data-
driven model accounts for the coupled gas-phase and surface
deposition profile and process time. Therefore, the multiscale

data-driven model provides a more  realistic half-cycle time
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prediction for a thermal ALD process by 5% to 15% depending
on the operating temperature, thereby significantly reducing
half-cycle time.

A machine-learning model opens up the possibility for
run-to-run and real-time control. There are reactor envi-
ronment changes, for example, materials deposited to the
wall, that should be considered for run-to-run control pur-
poses. These effects, nevertheless, do not dramatically alter
the developed input-output relationships. Thus, the machine-
learning model could be adapted online to accommodate
those changes, using film coverage measurements after a
complete deposition has occurred. This updated machine-
learning model may then be used in a run-to-run controller
to update the operating conditions. With respect to the oper-
ation of the control actuators, Proportional-Integral control
schemes should be used to regulate the actuator outputs to
the values calculated by the machine-learning model. Specif-
ically, the machine-learning model calculates the substrate
temperature, precursor feed flowrate, and operating pressure
required to ensure full coverage within a specific deposition
time. However, these three variables are regulated by control
actuators. For example, the precursor feed flow rate is set by
the valve position. These actuators should be controlled by
Proportional-Integral controllers with suitable tuning param-
eters to ensure that these three variables reach the values
requested by the machine-learning model quickly given the
short deposition duration in ALD.

4.  Conclusion

In this work, we  developed a multiscale data-driven model
from a first-principles based multiscale CFD model of the ther-
mal  ALD SiO2 thin-film deposition using BTBAS as precursor.
Specifically, the resulting multiscale data-driven model con-
sisted of an ANN-based model for the microscopic film growth
domain and a linear parameter varying model for the macro-
scopic gas-phase domain. The final trained microscopic ANN
model achieved a good prediction with a normalized error of
1.0 × 10−3 and a precise correlation of the predicted and kMC
data with R2 = 0.99. The macroscopic linear parameter varying
model also captured the gas-phase partial pressure develop-
ment under various flow rates, using the step response of a
third-order linear parameter varying model as the form of
fitting function. An average error of 3.07% was observed for
the fitting under all flow rates. A validation test for the mul-
tiscale data-driven model was carried out at 600 K, 133 Pa and
100 sccm feed flow rate. The prediction results closely resem-
bled those from the multiscale CFD model, with less than 10%
deviation in the deposition completion time. The profile mis-
match did not affect the prediction accuracy and still allowed
for a fast cycle-to-cycle control. Moreover, the multiscale data-
driven model enabled a low-cost on-line process operational
space exploration, which may significantly reduce the amount
of time and resource spent on experimental and industrial
work. In addition, this versatile model could provide insights
on different thermal ALD thin-film deposition processes under
various working conditions and precursors.
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