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A B S T R A C T

Novel transistor fabrication methods such as area-selective atomic layer deposition (AS-ALD) are crucial to
improving nanopatterning, which is essential for facilitating transistor stacking in semiconducting wafers.
However, transistor surfaces are subjected to nonuniformities during the initial AS-ALD adsorption reactions
that are attributed to steric hindrance effects. To minimize the role of steric hindrance generated by an
oversaturation of reagent on the substrate surface, a discrete feed method is proposed for an ALD reactor
configuration where reagent is introduced in short pulses through a perpendicular delivery system. An optimal
reactor configuration is developed by modifying the inlet geometries of the reactor to ensure ideal fluid
dynamics conditions (e.g., minimal vortices, radial flow distribution) are achieved. Detailed computational
fluid dynamics simulations demonstrate the performance of the new reactor configuration and operational
strategy.
1. Introduction

The last decade has seen a major series of progressions in the
architectures of nanoscale devices. Various flaws that contribute to
the degradation of semiconductor transistor performance have been
addressed, including reducing current leakage and short-channel ef-
fects (Asenov et al., 2016; Huang, 2022) by implementing the gate-
all-around design (Loubet et al., 2017), which is suitable for transistors
with small feature sizes at the nanoscale. The densification of transis-
tors in wafers, particularly through the miniaturization of transistor
dimensions toward two-dimensional attributes and the conjoining of
transistors through vertical or horizontal stacking (Schram et al., 2022)
continue to align with the predictions of Moore’s Law (Moore, 1998)
while minimizing expenses, improving power efficiency, and enhancing
computational performance (Wang et al., 2022). Consumers benefit
from the increased performance of these nanoscale devices, which are
being incorporated into a plethora of applications in smart system
technologies, medical, gaming, computing, and telecommunications
industries (Anitha et al., 2015; Petti et al., 2016) as pictured in Fig. 1.
However, the fabrication of these nanoscale devices, which require
stringent product requirements, is an ongoing challenge that is arguably
associated with high inventory turnover, a measure of the demand
against the supply of the product (Lee et al., 2017).
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Recently, the demand for high-performance electronics in the
United States has been increasing owing to a variety of factors, in-
cluding increased application of artificial intelligence tools and broad
implementation of smart manufacturing practices in industry (Handw-
erker, 2021). Future predictions speculate the potential for four-fold
global semiconductor sales by 2030, which are exacerbated by the ris-
ing demand for high-performance computing and automation (Dziczek,
2022). However, the United States accounts for only 12% of the global
production of semiconductor chips, which stokes fears of potential
shortage for these chips in the United States as a result of limited
production. In response to the limited availability of these semiconduc-
tors (Mohammad et al., 2022), the United States invested more funding
toward research in 2022 to improve inefficient manufacturing practices
with more productive and accurate procedures and develop advanced
technologies that are intended to fabricate wafers more efficiently with
highly conformal quality (Meng and Goodrich, 2021; Swanson, 2023).
Efforts to achieve highly conformal film quality have proven successful
in the last two decades with the emergence of new techniques such as
atomic layer deposition (ALD) (George, 2010; Johnson et al., 2014),
atomic layer etching (ALE) (Carver et al., 2015; Kanarik et al., 2015),
and area-selective atomic layer deposition (AS-ALD) (Chen et al., 2005;
Mackus et al., 2019; Andreoni and Yip, 2020). These cutting edge
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Fig. 1. Chart depicting the semiconductor usage in a diverse economy of electronic devices.
fabrication methods are conducted with countless reagents such as
plasma, oxidative agents, and chemical inhibitors, or through high-
temperature environments. Previously, bottom-up fabrication methods
using atomic layer deposition, in which sequential cycles of surface
modification and deposition steps are performed to produce transis-
tors that are assembled on a wafer plane, were conducted in the
semiconductor manufacturing industry (George, 2010). However, new
research has been centered on preserving or enhancing surface unifor-
mity to facilitate the self-alignment of transistors during the stacking
process (Powell et al., 2000; Cao et al., 2020) using atomic layer etching
as a post-processing, top-down, procedure following ALD (Faraz et al.,
2015) or area-selective atomic layer deposition (AS-ALD), which does
not require atomic layer etching steps. Recently, AS-ALD has been
recognized as a pivotal process for achieving higher product yield
with high film quality and greater control of localized nanopatterning
through self-assembled monolayers (SAMs) (Lee and Bent, 2011).

In addition to the chemical mechanisms for semiconductor fab-
rication, the optimization of reactors and operating conditions are
necessary for achieving greater product yield and film quality. Various
reactor modeling proposals and patents have been developed, partic-
ularly batch (stationary) (Elers et al., 2006) and spatial (Poodt et al.,
2012; De la Huerta et al., 2018) configurations as depicted in Fig. 2.
Additionally, reactor models have been constructed with different ap-
proaches. Variations include the configuration of the reagent delivery
system to the substrate through cross or perpendicular (overhead)
flow distributions (Elers et al., 2006; Kimes et al., 2012) as shown
in Fig. 3, continuous feed (Ritala and Leskelä, 2002; Muñoz-Rojas
et al., 2019) or discrete feed (Lin et al., 2023) pulses, and fluid
partitioning by using dividers such as showerheads (Lee et al., 2007)
and inclined plates (George, 2010) as illustrated in Fig. 4, or substrate
holders (Dahmen, 2003) to minimize reagent concentration gradients
on the surface of the substrate. While the development of these reactors
is a first step toward their integration to industrial applications, in
silico modeling (Deng et al., 2016b) provides an effective approach to
studying the behavior of the fluid dynamics for a variety of reactor
models, particularly small reactor models, that will improve the process
efficiency of the reactor and maximize reagent usage. For instance,
spatial reactor models for AS-ALD and ALD perform poorly at attaining
complete surface coverage due to the overdosage of reagent to the
wafer surface, thereby risking the integrity of self-aligning transistors
during this bottom-up fabrication procedure. In particular, this work
2

will examine the fluid dynamics of a stationary-type reactor that em-
ploys a perpendicular feed mechanism with a showerhead distributor
that will be used for an area-selective atomic layer deposition (AS-ALD)
process.

Past works (Mameli et al., 2017; Merkx et al., 2020, 2022) have
studied the effectiveness of integrating AS-ALD reaction mechanisms
using small molecule inhibitors (SMIs) to reduce post-processing etch-
ing and lithography steps to improve the substrate film uniformity
(Mackus et al., 2014). However, the aforementioned works require in
vitro experiments, which are time-consuming, difficult to replicate in
similar operating conditions, and challenging to quantitatively charac-
terize with limited data. Thus, in silico modeling facilitates the proce-
dures for gathering data more efficiently while also generating large
data sets that align with the findings from experimental works. For
instance, prior works (Yun et al., 2022b,c) have focused on multi-
scale modeling, an intricate simulation configuration that conjoins
microscopic, mesoscopic, and macroscopic modeling (Maroudas, 2000;
Christofides et al., 2009), of various reactor designs, stationary and spa-
tial, using different reagent delivery systems (showerhead, plate, cross-
flow, and perpendicular flow) for ALE processes. Most recently, Yun
et al. (2023) conducted multiscale computational fluid dynamics (CFD)
modeling to study the spatiotemporal behavior of reagent distribution
in a spatial-type rotary reactor for an AS-ALD process. Several works
have also examined the optimization of reactor design for spatial
reactors for ALD processes (Pan et al., 2016; Cong et al., 2020; Pan,
2021) and the optimization of reactor operating conditions (Deng et al.,
2016a,b) using CFD. Thus, in silico modeling presents an alternative
approach for data collection and reactor performance evaluation, which
enables the development of advanced technologies that are capable of
producing highly conformal thin films by studying the spatiotemporal
behaviors of species pressure, temperature, and velocity profiles to
further optimize reactor and process design. Particularly, this work will
examine the role of the reactor geometry on the fluid dynamics on the
substrate surface that can be employed for industrial applications for
semiconductor manufacturing.

Motivated by the above considerations, this work will employ com-
putational fluid dynamics (CFD) modeling to study the behavior of the
fluid dynamics within the discrete feed reactor model proposed by Lin
et al. (2023) for an AS-ALD process characterized by Mameli et al.
(2017). One caveat of the AS-ALD process is that steric hindrance plays
an important role in the process. Steric hindrance is caused by bulky
molecular species such as bis-diethylaminosilane (BDEAS), and it can
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Fig. 2. (a) Stationary and (b) spatial, sheet-to-sheet, reactor configurations for thin-layer deposition and etching processes.
Fig. 3. (a) Cross-flow orientation where feed is introduced parallel to the substrate surface, and (b) perpendicular flow orientation where feed is introduced above the substrate
surface for thin-layer deposition and etching processes.
Fig. 4. (a) Inclined plate and (b) showerhead distributors to control reagent flow uniformity for thin-layer deposition and etching processes.
introduce surface film deposition nonuniformities and cause incomplete
surface coverage due to an excess of molecular interactions when
the substrate is exposed to an abundance of reagents (Merkx et al.,
2020; Li et al., 2022), which is exemplified in Fig. 5. Prior work (Yun
et al., 2022a) studied these molecular interactions using a mesoscopic
modeling simulation that is employed with a kinetic Monte Carlo
(kMC) algorithm to stochastically simulate the adsorption reactions and
the orientation of adsorbates on the substrate surface. The previous
works (Yun et al., 2023; Tom et al., 2023) performed multiscale CFD
modeling for an AS-ALD process with a silica/alumina substrate for
the optimization of an advanced spatial, rotary reactor configuration.
However, these works did not account for reactor optimization for
mitigating the screening effects induced by steric repulsions, which
lead to incomplete surface coverage (i.e., lower observed deposition
rates) and ultimately nonuniform thin film surfaces. This work will
perform computational optimization of an AS-ALD stationary reactor
using a discrete feed method (DFM) to control the fluid dynamics of the
reagents on the surface of the substrate. Several factors including the
evacuation of gases and temporal progression of surface pressure will
3

be discussed to determine saturation pressures that will be beneficial
for discrete feed modeling in future multiscale modeling work for the
same reactor geometry. For instance, Xiong et al. (2021) studied the
fluid velocity distribution of ALD processes on alumina through CFD
modeling and the effect of precursor overdosage on homogeneous flow.
Likewise, Chen et al. (2023) examined the role of precursor flow rate
and residence time on the flow distribution. The ideal reactor has been
optimized to have the following characteristics from a physical and
computational perspective:

• Wafer surface saturation to initiate chemical adsorption (Park
et al., 2011).

• Minimal entrainment of gaseous species (i.e., small residence time
of gases to reduce steric effects).

• Reactor design that is appropriately meshed to meet simulation
standards (ANSYS, 2022a) while yielding realistic simulation time
demands.

Additionally, the present work examines the fluid dynamics, particu-
larly the uniformity of the reagent distribution, which is crucial for



Computers and Chemical Engineering 178 (2023) 108400M. Tom et al.
Fig. 5. Illustration of the steric hindrance screening effect caused by excess reagent or overproduction of byproduct such as diethylamine (DEA), blocking precursors such as
bis-diethylaminosilane (BDEAS) from adsorbing to the substrate surface composed of SiO2. Red arrows indicate screening effects from DEA and excess BDEAS while blue arrows
have a probable adsorption path.
achieving high film uniformity. Likewise, this work aims to determine
the saturation time, which is when the wafer is fully exposed to the
reagents, and purging times, which is when all reagents are completely
removed from the reactor, to determine appropriate operating con-
ditions for future multiscale modeling research on the discrete feed
mechanism for this reactor design, and to provide an applicable reactor
configuration for potential integration into industrial applications. The
utilization of the DFM and the optimization of reactor models to
counter the effects of steric hindrance will enable the development
of large-scale, advanced reactors for ALD and AS-ALD processes by
examining the effect of the inlet geometry on the uniform distribution
of reagent along the substrate surface, which is a vital condition to
enable the production of highly conformal thin film surfaces.

This manuscript will be organized in several sections. Section 2 will
examine the development of the CFD simulation through reactor design
and optimization, meshing, and CFD modeling construction through
Ansys fluids products, and Section 3 will evaluate the fluid dynamics
of the reactor model, and discuss procedures intended to maintain film
uniformity and maximize the deposition rate per cycle.

2. Computational fluid dynamics modeling framework

This work proposes a computational fluid dynamics (CFD) model for
a reactor configuration that is developed through a framework of vari-
ous software tools (to be discussed below) to replicate the conditions of
AS-ALD for a discrete feed method (DFM) approach. The reactor that
this paper discusses is modeled loosely using a previously developed
design (Lin et al., 2023) that is constructed through computer aided de-
sign (CAD) software. Consequently, the reactor geometry is discretized
into a mesh that conforms to software quality criteria (ANSYS, 2022a)
while simultaneously reducing the computational strain on the simula-
tion. CFD is later utilized to model the various reactor configurations
that are characterized by different reagent delivery systems to study
the spatiotemporal behavior of the gases, particularly the development
of laminar flow, the evacuation of gases, the formation of vortices, and
the distribution of gases. Such conditions will ensure that the reactor
is constructed and optimized to ensure that the resulting flow behavior
will achieve film uniformity and purge byproducts sufficiently to limit
the effects of steric hindrance. This section discusses the procedural
steps and assumptions conducted for the construction of the reactor
through CAD software, Ansys DesignModeler, and meshing and CFD
simulation through Ansys multiphysics software, Fluent.
4

2.1. The impact of steric hindrance

Steric shielding is caused by the bulkiness of molecular species
expanding beyond molecular distances between substrate atoms (Si-
imon and Aarik, 1997; Puurunen, 2005). This repulsion effect is also
influenced by the formation of byproducts that hinder the adsorbates
and small reactive site distances that facilitate the adsorption of bulky
adsorbates. Thus, the self-limiting behavior of AS-ALD, such that mono-
layers of surface material are deposited with each cycle, is not observed
due to the effects of steric hindrance (Xu et al., 2022), and limits the
reaction pathway. Following the rate-limited adsorptions, the surface
of the wafer will experience an oversaturation of reagent, which will
be exhausted and wasteful for the process. To leverage the screening
effects induced by the bulky adsorbates, small molecule inhibitors
(SMIs) have been integrated into AS-ALD processes (Yarbrough et al.,
2021, 2022), where the steric behavior of an SMI was simulated in
prior work through kinetic Monte Carlo (kMC) simulation, which uses
a stochastic procedure to replicate the conversion of active surface
sites in the atomic scale and atomistic methods that employ ab initio
quantum mechanics simulations to evaluate kinetic parameters (Yun
et al., 2022a). Several works have proposed discrete reagent delivery
methods that occur in short pulses with sequential purging pulses to
reduce the generation of byproduct species, thereby minimizing the
intermolecular collisions with adsorbates (Wang et al., 2019; Lee et al.,
2023). For instance, Muneshwar and Cadien (2016) proposed a pulsed
feed method using a numerical study by introducing a steric factor to
replicate the rate-limiting behavior of adsorption reactions. Park et al.
(2011) conducted a discrete feed method for atomic layer deposition of
HfO thin films to mitigate the screening effects by suppressing reagent
overdosage, and observed higher growth film rate and improved elec-
trical properties of the film. Motivated by the prior works, this work
aims to consider the role of steric hindrance in an AS-ALD process and
to adopt reactor configurations that are appropriate for minimizing the
role of screening effects for adsorption reactions.

2.2. Computational fluid dynamics modeling equations

The spatiotemporal behavior of the fluid transport is captured by
numerically solving the mass, momentum, and energy transport equa-
tions, which are the fundamental equations that characterize the mo-
tion of the fluids in the reactor. The mass and momentum balance
equations are defined by the following expressions, respectively:
𝜕𝜌

+ ∇ ⋅
(

𝜌⃖⃗𝑣
)

= 𝑆 (1)

𝜕𝑡 𝑚
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Table 1
Dimensions for the reactor configurations.

Reactor dimension Value

Plate diameter 290 mm
Ring inlet outer diameter 170 mm
Ring inlet inner diameter 130 mm
Round inlet diameter 20 mm
Round outlet diameter 4 mm
Showerhead diameter 250 mm
Showerhead pores diameter 10 mm
Showerhead thickness 0.5 mm
Showerhead-wafer gap distance 5 mm
Inlet-showerhead gap distance 3 mm
Wall sector angle 40◦

𝜕
(

𝜌⃖⃗𝑣
)

𝜕𝑡
+ ∇ ⋅

(

𝜌⃖⃗𝑣⃖⃗𝑣
)

= −∇𝑃 + ∇ ⋅
(

𝜏
)

+ 𝜌⃖⃗𝑔 + ⃖⃖⃗𝐹 (2)

where 𝜌 is defined to be the density of the fluid mixture, ⃖⃗𝑣 represents
the velocity of the fluid mixture, 𝑆𝑚 is the mass transfer source rate, 𝑃
is the static pressure of the system, 𝜏 denotes the symmetric, second-
order rank, stress tensor term, 𝜌⃖⃗𝑔 is the gravitational body force exerted
by the fluid mixture, and ⃖⃖⃗𝐹 reflects the external body force on the fluid
mixture.

Additionally, the energy conservation of the system is expressed by
the following equation:
𝜕
𝜕𝑡

(𝜌𝐸) + ∇
(

⃖⃗𝑣 (𝜌𝐸 + 𝑃 )
)

= −∇
(

𝛴ℎ𝑗 ⃖⃖⃗𝐽 𝑗

)

+ 𝑆ℎ (3)

where 𝐸 represents the internal energy of the system, ℎ𝑗 expresses the
sensible enthalpy of fluid species 𝑗, 𝑆ℎ denotes the heat transfer source
rate, and ⃖⃖⃗𝐽 𝑗 describes the mass diffusion flux rate of fluid species. The
transport equations will be simplified by making assumptions to the
reactor design that are elucidated in Section 2.5.

2.3. Reactor designs

With the laminar viscous model defined, various three-dimensional
(3D) reactor configurations are constructed by modifying the geometry
of the gas delivery system to the substrate (e.g., the showerhead and
shape of the inlet). The inlet to the reactor is positioned above the
showerhead divider to allow the reagent to flow perpendicular to the
surface of the substrate, and the reactor outlets are oriented along
the lateral sides of the reactor to allow the gases to evacuate in a
cross-flow manner. The reactor geometry is constructed using Ansys
DesignModeler using a reactor model that employs the discrete feed
method (DFM) with a perpendicular flow orientation through a show-
erhead plate (Lin et al., 2023). The reactor has a cylindrical body that
is 300 mm in diameter and 8 mm in height, where the lateral region
contains an inlet and outlet for the substrate and for the evacuation of
gases, which is illustrated in Fig. 6. The gap distance between the inlet
(4) to the showerhead (5) is 3 mm, where the showerhead is composed
of pores that are 10 mm in diameter, and the gap distance between
the showerhead and the substrate is 5 mm. The outflows (3) have a
diameter of 4 mm, and the wall is constructed with a sector angle of
40◦. Additionally, the wafer (1) is modeled as a thin, 250-mm diameter
surface which rests on a plate (2), which allows the wafer to enter
and exit the reaction zone (6) by way of a rotating conveyor belt that
is similar to the rotary reactor modeled in a prior work (Yun et al.,
2023). A summary of the reactor configuration dimensions are provided
in Table 1.

The reactor configuration design will be analyzed by changing the
geometry of the modeled inlet. Various inlet geometries include a single
round inlet (Case 1), multiple round inlets (Case 2), a ring-shaped
inlet (Case 3), and a combined ring-shaped and circular inlet (Case
5

4), which are all depicted in Fig. 7. The modification of the inlet
Fig. 6. Schematic of the proposed reactor constructed using CAD modeling software,
Ansys DesignModeler, containing a (1) substrate (in red), (2) substrate holder or bottom
plate (in gray), (3) outflows (in blue), (4) inlets (in yellow), (5) showerhead distributor
(in teal), and (6) wafer inlet and exit from the reactor chamber, which also serves as
an outlet for gases.

geometries serves to provide a crucial understanding of their effect on
the uniformity of the reagent distribution along the radial direction
of the substrate. Such geometries also aim to prevent an excess of
reagent delivery by placing the showerhead plate to limit the amount
of reagent exposure, thereby reducing potential steric shielding caused
by molecular collisions between byproducts and unreacted reagent.

2.4. Reactor meshing

To generate spatiotemporal data for the reactor, a finite element
approach is integrated into the work by discretizing the reactor ge-
ometry into cells through a meshing procedure. The Meshing Mode
of Ansys Fluent contains several functions that optimize the efficiency
and accuracy of the computations depending on the fineness or size of
the mesh while defining the geometry of the cells and the resolution
of the mesh. A nonuniform mesh resolution is fundamental to the
meshing procedures, which densifies discretized elements in boundary
layer zones and disperses cells with increasing distance from the bound-
ary layers. Additionally, several features are available to improve the
quality of the mesh to conform to recommended mesh quality criteria
by the Ansys guidelines (ANSYS, 2022a) to ensure that simulation
accuracy and efficiency are appropriately balanced. Such mesh quality
parameters include the minimum orthogonality, the skewness, and the
aspect ratio as summarized in Table 2, which are important features
that are intended to preserve the computational accuracy and efficiency
of the simulation.

The minimum orthogonality is a parameter that measures the qual-
ity (accuracy and stability) of the mesh. This quality indicator is
calculated by finding the minimum value of the normalized dot product
of an area vector from a face ⃖⃖⃗𝐴𝑖 for a cell 𝑖 and a vector from the
centroid of the cell, 𝑖, to the face, ⃖⃖⃗𝑓 𝑖, and the normalized dot product
of area vectors of a face ⃖⃖⃗𝐴𝑖 for a cell 𝑖 and a vector from the centroid
of a cell 𝑖 and the centroid of an adjacent cell that shares the same face
⃖⃗𝑐𝑖 for all cells, 𝑁 , in the mesh. An ideal mesh would have a minimum
orthogonality of unity.

Orthogonality = min
⎛

⎜

⎜

⎝

⃖⃖⃗𝐴𝑖 ⋅ ⃖⃖⃗𝑓 𝑖
|

|

|

⃖⃖⃗𝐴𝑖
|

|

|

|

|

|

⃖⃖⃗𝑓 𝑖
|

|

|

,
⃖⃖⃗𝐴𝑖 ⋅ ⃖⃗𝑐𝑖
|

|

|

⃖⃖⃗𝐴𝑖
|

|

|

|

|

⃖⃗𝑐𝑖||

⎞

⎟

⎟

⎠

∀ 𝑖 ∈ {1, 2,… , 𝑁} (4)

The minimum orthogonality is selected for all cells and is expressed
in Table 2.

The skewness is a measure of the rigidity of a cell, 𝑖, from its
equilateral counterpart, which is defined as the ratio between the
difference of the equilateral cell volume, 𝑉𝑒𝑞,𝑖 and cell volume 𝑉𝑐,𝑖 to
the equilateral cell volume, as follows:

Skewness =
|

|

|

𝑉𝑒𝑞,𝑖 − 𝑉𝑐,𝑖
|

|

| ∀𝑖 ∈ {1, 2,… , 𝑁} (5)

𝑉𝑒𝑞,𝑖
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Fig. 7. Inlet geometries composed of the (a) single round inlet, (b) multi-round inlet, (c) ring inlet, and (d) combined round and ring inlet, which are examined for their
performance in the reactor model.
Table 2
The mesh quality for various reactor configurations in comparison to mesh quality
standards provided by Ansys Fluent.

Quality indicator Orthogonality Skewness Aspect ratio Number of cells

Criteria range 0.001 ∼ 1a 0a ∼ 0.95 1a ∼ 8 N/A

Case 1 0.140 0.443 3.022 1,181,523
Case 2 0.105 0.451 3.040 1,149,495
Case 3 0.097 0.448 3.028 1,171,125
Case 4 0.103 0.449 3.029 1,178,849

a Desired value for ideal mesh quality.

The averaged value of the skewness of all cells, 𝑁 , in the mesh is
expressed in Table 2, and a skewness close to 0 is desirable.

Lastly, the aspect ratio is a quality parameter that characterizes the
stretching of a cell 𝑖 by comparing the maximum and minimum values
of the distance between the centroid of the cell to the centroid of a
face in the cell, 𝑑𝑓,𝑖 or the distance between the centroid of the cell to
a node in the cell, 𝑑𝑛,𝑖.

Aspect Ratio =
max

(

𝑑𝑓,𝑖, 𝑑𝑛,𝑖
)

min
(

𝑑𝑓,𝑖, 𝑑𝑛,𝑖
) ∀𝑖 ∈ {1, 2,… , 𝑁} (6)

The averaged aspect ratio for all cells is evaluated and expressed
in Table 2.

Several user-defined parameters of the mesh are defined to reduce
the number of cells while maintaining a robust quality, which includes
the cell growth rate on the surface and inside the reactor volume (1.5)
and the minimum and maximum cell lengths (0.36 mm and 7.8 mm,
respectively). The meshing software also employs algorithms intended
to improve the organization, structure, and quality of the mesh by
removing obsolete cells and restructuring irregular cell geometry in
essential boundary layer zones. Additionally, tetrahedral volume cells
and triangular surface cells are utilized for the three-dimensional (3D)
reactor mesh. The quality of the meshes for each of the reactor config-
urations are shown in Table 2 and indicate that all meshes are within
the appropriate tolerances for mesh quality indicators; thus, simulations
are conducted with high computational accuracy and efficiency.

2.5. Simulation development and parameters

By applying the mass and momentum conservation equations de-
scribed by Eqs. (1) and (2), the spatiotemporal behavior of the delivery
system of reagent to the substrate surface is studied and then optimized
so that the inlet geometry and showerhead will achieve substantial
exposure uniformity for small pulse times. Additionally, the design of
the reactor outflow must minimize the residence time of the byproducts
and excess reagents within the reaction zone, minimize the effect of
steric hindrance on surface nonuniformities, and also maximize the
amount of deposited material within the deposition cycle. Therefore,
the ideal residence time for all species is low as a consequence of the
combined pressure force induced by the outflow vacuum pressure and
6

the tendency for gases to migrate toward regions of lower concentra-
tion. It is also notable that this work simplifies Eq. (1) by neglecting
the mass species source term, 𝑆𝑚, due to this work focusing specifically
on the fluid dynamics of the system to optimize the species delivery
and purging systems for the reactor. Therefore, reactions and chemical
kinetics are not considered for this aspect of the work.

The reagent delivery system of the reactor must overcome the mass
suction forces generated by the vacuum pressure outflow parameters
that cause the gases to migrate radially outward from the center of
the wafer, while simultaneously reducing the residence time of the
gases in the reactor. To lessen the potential formation of fluid vortices
and eddies, the reagents and carrier gases are delivered in laminar
conditions, which also minimizes reagent usage, minimizes reactor size,
and simplifies the computational complexity of the model (Ponraj et al.,
2013). Thus, the reagent delivery to the wafer surface is influenced
by the gravitational force and mass diffusion due to the assumptions
that the external body and viscous forces within ⃖⃖⃗𝐹 in Eq. (2) are
negligible when the laminar model in Ansys Fluent is defined in the
CFD simulation (ANSYS, 2022b). With the laminar model specified, the
diffusion flux rate for gas species 𝑗, ⃖⃖⃗𝐽 𝑗 presented in Eq. (3) is defined by
the following fundamental expression that is referred to as Fick’s Law:

⃖⃖⃗𝐽 𝑗 = −𝜌𝐷𝑗,𝑚∇𝑦𝑗 −𝐷𝑇 ,𝑗
∇𝑇
𝑇

(7)

where 𝐷𝑗,𝑚 denotes the mass diffusion coefficient for species, 𝑗, 𝑦𝑗
represents the mole fraction for species 𝑗, and 𝐷𝑇 ,𝑗 describes the
thermal or Soret diffusion coefficient. The CFD simulation also operates
under isothermal conditions, assuming that the reactor has a suitable
temperature control system; therefore, in Eq. (7), the mass diffusion
flux is dependent only on concentration gradients within the fluid
mixture.

The fluid flow pattern may be classified by the Reynolds number,
𝑅𝑒, which describes flow as being laminar, transient, or turbulent and
is defined as follows:

𝑅𝑒 =
𝜌⃖⃗𝑣𝐷
𝜇

By assuming that the dynamic viscosity (𝜇), density (𝜌), and mass flow
rate of the fluid for each inlet configuration (hence the velocity, ⃖⃗𝑣 of
the fluid exiting the inlet is constant) in Cases 1 through 4 are constant,
the Reynolds number is dependent on the characteristic length, 𝐷. The
characteristic lengths for the round inlet and ring-shaped inlet depend
on the ratio of the surface area, 𝐴𝑖𝑛𝑙𝑒𝑡, of the inlet and the wetted
perimeter, 𝑃𝑖𝑛𝑙𝑒𝑡 of the inlet that can be calculated as follows:

𝐷𝑟𝑖𝑛𝑔 =
4𝐴𝑟𝑖𝑛𝑔

𝑃𝑟𝑖𝑛𝑔
=

𝜋𝑑2𝑜 − 𝜋𝑑2𝑖
𝜋𝑑𝑜 + 𝜋𝑑𝑖

= 𝑑𝑜 − 𝑑𝑖 (8)

𝐷𝑟𝑜𝑢𝑛𝑑 =
4𝐴𝑟𝑜𝑢𝑛𝑑
𝑃𝑟𝑜𝑢𝑛𝑑

= 𝜋𝑑2

𝜋𝑑
= 𝑑 (9)

The characteristic length of concentric circles described by the ring
inlet in Eq. (8) depends on the inner and outer diameters (𝑑𝑜 and 𝑑𝑖,
respectively), while the characteristic length of a circle described by
the round inlet in Eq. (9) depends on the diameter, 𝑑, of the inlet.
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Fig. 8. Velocity magnitude fields for the four reactor configurations at process times of 3 s. One-direction radial flow from the center to the outer regions of the reactor wall
ensures minimal reagent intermixing that disrupts uniform flow behavior. This disturbed flow is exemplified by Case 2 while Cases 1 and 4 produce a more homogeneous flow.
Several user specifications are designated within the simulation to
replicate industrial processes, including the mass inflow and outflow
rates, temperatures, and pressures, as well as simulation parameters
intended to carry out the numerical computations through finite el-
ement discretization methods and numerical solver approaches. For
instance, the mass inflow and outflow boundary conditions are defined
to the reactor model. Mass inflow rates for an arbitrarily chosen gaseous
7

species are defined to have constant flow rates of 2.50 × 10−5 kg/s
and constant mole fractions of 0.5. For this work, oxygen gas, O2 is
defined to the CFD model with material (e.g., density, viscosity, and
thermal conductivity) and thermophysical property data (e.g., standard
enthalpy, entropy, and heat capacity) selected from the Ansys Chemkin
database. Outflow boundary conditions are specified to ensure that
there is no accumulation of gas within the reactor and to prevent
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Table 3
Parameters specified to the CFD model and solver.

Parameter Value

Operating temperature 523 K
Operating pressure 101.3 kPa
Gas mass flow rate 2.50 × 10−5 kg/s
Gas mole fraction 0.50
Time step size 0.001 s
Maximum iterations per time step 200

backflow, such that the inflow gas flow rate would be equivalent to the
outflow gas flow rate. The reactor operating temperature and pressure
are defined to be 523 K and 101.3 kPa, respectively. A summary of all
parameters defined to the model are provided in Table 3. The simula-
tion will be conducted using a pressure-based coupled solver method
that optimizes the computation speed by simultaneously solving the
transport equations at the expense of requiring more random access
memory (RAM) (ANSYS, 2022a). Additionally, the central processing
unit (CPU), which consists of compute cores, has a substantial role
in the parallel-computing environment that enables mesh partitioning
for simultaneous computing of the CFD simulation. A fixed time step
size of 0.001 s is selected for a first-order implicit numerical solver
method to numerically solve the transient CFD process model, which
satisfies the recommendations by the software for the global Courant
number. Simulations are performed through a Linux computer cluster
system comprising of two nodes with 36 and 48 computational cores
and 384 GB and 512 GB of RAM, respectively, and averaging 6 to 8 h
of simulation time to run 4 s of process time.

3. Simulation results and discussion

The computational fluid dynamics (CFD) simulation is performed
to determine the role of the inlet configurations on the flow uniformity
and understand what conditions will minimize the effects of steric hin-
drance that are caused by an oversaturation of reagents and byproducts
in the vicinity of the substrate surface. To dilute this screening effect,
the reagent delivery system limits the amount of exposure that the
wafer has at any given time, thereby limiting the rate of reaction,
particularly for the initial adsorption steps for the AS-ALD process.
Thus, the flow profiles for each of the reactor models, particularly the
velocity fields and pathlines illustrated in Figs. 8 and 9, respectively,
and the mass transfer behavior presented in Fig. 10, provide a valuable
depiction of the movement of gases on the substrate surface.

The velocity magnitude fields and pathlines provide an understand-
ing of the dispersion of flow in the radial direction, as well as locations
for fluid vortex and eddy formation. Fig. 8(a), for example, presents
a homogeneous distribution of flow for the singular and round-shaped
inlet reactor configuration, Case 1, without the formation of vortices or
flow perturbations shown in Fig. 9(a). However, the velocity field for
Case 1 indicates that all fluid movement is concentrated on the central
region of the wafer, thereby extending the time to achieve complete
saturation of the wafer surface, which is supported by the mole fraction
contours for Case 1 in Fig. 10(a). The oversaturation of reagent to the
substrate in a localized region increases repulsions between adsorbates
and unexhausted reagent due to the increase in desorption reactions,
which dominate over adsorption reactions as the coverage approaches
unity (Holmqvist et al., 2012). Such results demonstrate that despite
the small distance between the showerhead and inlets, the showerhead
performs poorly at distributing the reagent due to the gravitational and
body forces overcoming the effects of the vacuum forces at the outlet.
Consequently, the reagent is unable to diffuse to the outer regions
of the substrate in the initial stages of the delivery, which impacts
the homogeneity of deposition. Thus, additional geometries, Cases 2
through 4, were created to improve the radial distribution of reagent,
thus reducing the potential for large concentration gradients, which
8

contribute to poor surface uniformity and steric repulsions.
The inclusion of multiple, round-shaped inlets for reactor model
Case 2 was designed to improve the dispersion of the gases, which is
illustrated by the vector fields in Fig. 8(b); however, there is an in-
creasing likelihood for steric repulsions due to the opposing interactions
between the inlet ports and flow field non-smoothness. The over-
concentration of reagent resulted in disruptive flow behavior caused
by increased convection from the combined gravitational forces and
the perpendicular flow configuration. The inhomogeneous fluid flow
is representative of the observations made by Xiong et al. (2021),
who concluded that increased reagent pressure acts as a disturbance
to the flow field, and leads to nonuniform deposition growth. Thus,
the interactions worsened the radial distribution of reagent, which is
pictured in Fig. 10(b) and generates highly concentrated regions that
appear to increase the possibility of screening effects observed by the
mole fraction contours of Case 1 in Fig. 10(a). Thus, a ring-shaped
inlet configuration in reactor Case 3 was developed to improve the
uniformity of the flow in the radial direction. Although the flow field
presented in Figs. 8(c) and 9(c) indicates greater flow migration in the
radial direction, the vacuum pressure of the outlets prevented further
gas diffusion into the central regions of the wafer, which is depicted
in Fig. 10(c), and limited the potential to achieve complete surface
coverage of the wafer. To facilitate the distribution of gases toward
the center of the wafer, an additional round-shaped inlet and ring-
shaped inlet was positioned in the center of the inlet plate, which
resulted in a more uniform movement of reagent in the radial direction
by minimizing the gas interactions between both inlet configuration,
which is presented in Figs. 8(d) and 9(d), and improved the distribution
of reagent in the radial direction of the wafer in Fig. 10(d).

Conversely, Reynolds number plots produced in Fig. 11 illustrate
that the fluid flow in all reactor models are laminar. However, the
development of non-smooth flow profiles is influenced by the inlet
geometry, which increased the potential for screening effects. The
localization of reagent in the central region of the wafer led to the
nonuniform flow distribution for reactor configuration Case 1, which
is illustrated in Fig. 11(a). Likewise, Case 2 demonstrates that an
overdosage of reagent through a multiple inlet configuration increases
the potential for gas entrainment observed by Mousa et al. (2015)
and eventual steric hindrance that restricts maximum deposition of
substrate material in monolayers shown in Fig. 11(b). The observed
increase in Reynolds number is caused by the increase in characteristic
lengths produced by round-shaped inlet geometry in Eq. (9), which
results in an increase in Reynolds number with added round inlets. As a
result, a small number of inlets should be adopted into the inlet geom-
etry to minimize flow non-smoothness. The appearance of turbulence
in Case 4, which is illustrated in Fig. 11(d), is caused by the mixing of
the reagents from both inlets, which may produce steric effects due to
the pressure difference induced by the vacuum outlets across the wafer
surface. The eventual pressure gradient causes variations in velocity in
the radial direction of the wafer, which effectuated Reynolds number
fluctuations. In contrast, the ring-shaped inlet in Case 3, visualized
in Fig. 11(c), mitigates turbulent flow due to the symmetry of the
inlet and the effective removal of reagent by the vacuum pressure. The
observation is supported by the characteristic length for ring-shaped
inlet geometry in Eq. (8), which reduces the Reynolds number for larger
surface area. However, the central region of the wafer is unexposed
to reagent as a consequence of this strong pressure difference between
the inlet and outlet pressures, which limits reagent migration to the
center of the wafer. Hence, further optimization of operating condi-
tions, particularly the inlet flow rates, are needed for future study
into the optimization of the AS-ALD process as a whole. From the
aforementioned results, the inlet geometry of the AS-ALD reactor has
a profound effect on the distribution of the flow, and on the quality
of substrate. Furthermore, advanced technologies are able to employ
inlet geometries that are structured with characteristic lengths that are
capable of minimizing the Reynolds number and controlling the fluid

dynamics on the substrate surface. A summary of results is provided
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Fig. 9. Velocity magnitude pathlines for the four reactor configurations at process times of 3 s. The pathlines demonstrate the directionality of flow to ensure effective purging
and minimal flow disruption is observed is Cases 1 and 4, while pathlines for Cases 3 and 4 indicate that backflow is possible.
Table 4
Comparison of reactor configurations based on criteria.
Reactor Radial flow Uniform distribution Effective purging Complete coverage

Case 1 ✓ ✓

Case 2
Case 3 ✓ ✓ ✓

Case 4 ✓ ✓ ✓ ✓
9
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Fig. 10. Mole fractions of the gaseous species on the wafer surface for the four reactor configurations at process times of 3 s, which illustrate the dispersion of gases in the radial
direction as well as complete surface exposure to gases. The contours for Case 4 are indicative of the aforementioned characteristics for radial fluid flow and complete surface
exposure.
Fig. 11. Reynolds number contours of the substrate surface and bottom plate for all reactor configurations at process times of 3 s to discuss flow perturbations. Case 3 indicates
that laminar flow is uniform throughout the reactor, suggesting that ring-shaped inlet geometry leads to laminar flow, and is supported by the characteristic length computation
in Eq. (8).
in Table 4 to illustrate the effectiveness of inlet geometry design on
radial flow, gas distribution, purging, and coverage completion within
3 s of process time.

In addition to the distribution of flow, the removal of gases from
the reactor have an important role in minimizing the steric collisions
between molecules during the initial adsorption phase. For each reactor
model, four outlet ports were generated to prevent backflow of gases
into the reaction zone. The velocity pathlines presented in Fig. 9 illus-
trate that all four reactor models effectively purge materials from the
reaction zone. Particularly, Case 4 was studied to determine the time
to achieve reagent exposure on all surfaces of the wafer and the time
to effectively purge all material through a cut-in purging step. Results
presented in Fig. 12 reveal that 3.8 s of reagent feeding is needed to
achieve a saturation of the wafer surface, while 7.0 s of purging by
feeding pure inert species was needed to evacuate all gas species from
the reaction chamber after reagent surface saturation was observed.
Arguably, the reagent dosage times are lower than that from Chen
et al. (2023), who determined that longer dosage times are needed to
achieve optimal growth rates. However, this work demonstrated the
7.0 s of purging time is analogous to the recommendations by Chen
et al. (2023) of 7.0 s to 10.0 s. From an economics perspective, the
Case 4 reactor configuration demonstrated that minimal reagent loss is
observable with the spatially homogeneous distribution of reagent and
10
the reduction in concentration to limit surface adsorption kinetics for
preventing steric hindrance generated by screening effects. Thus, the
reactor model illustrates that discontinuous feeding of reagent provides
sufficient surface exposure within processing times analogous to spatial
reactor configurations studied by Yun et al. (2022b, 2023). A further
use of the modeling framework developed in this work would be to
generate reactor variable profiles for a variety of operating conditions
that can be used to augment experimental data and then use the overall
data set to implement data-driven subspace identification for batch
processes (Rashid and Mhaskar, 2023; Chandrasekar et al., 2023) to
model and improve thin film (product) quality at the end of the batch.

4. Conclusions

With the rise of high-performance electronics, novel fabrication
methods including area-selective atomic layer deposition (AS-ALD) are
needed to improve the quality and production rate of semiconducting
wafers that require stringent product specifications. The role of reactor
configurations, particularly their inlet gas delivery systems, are of in-
creasing interest to maintain wafer surface uniformity and coverage to
improve nanopatterning and self-alignment for bottom-up fabrication
of transistors. This work examined the impact of a new gas delivery sys-
tem that employs a showerhead distributor, a perpendicular flow inlet,
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Fig. 12. Gas mole fraction on the substrate surface at various processing times for the Case 4 reactor geometry. Complete coverage is observed within 3.8 s of process time and
takes 6.2 s or process time to achieve complete purging of reagents on the surface.
and cross-flow inlets on the distribution. Additionally, the removal of
gaseous species from a reactor chamber to minimize steric hindrance
induced by screening effects from excess reagent exposure and over-
production of byproducts in a temporal state was examined. Four inlet
configurations were designed, discretized into finite elements, and later
simulated through computational fluid dynamics (CFD) software to
study the spatiotemporal behavior of the gases and examine the times
required to achieve complete wafer exposure to reagents and minimize
the residence time of gases through cut-in purging and output geometry
modification. Results indicated that the combined ring-shaped and
round-shaped inlet plate as well as four outflow ports were sufficient
to achieve all the aforementioned objectives. This geometry can then
be integrated into a multiscale CFD model to evaluate the discrete feed
method approach on the surface coverage of the wafer.
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