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ARTICLE INFO ABSTRACT

Keywords: A physics-based digital twin framework is developed for transient molybdenum pentachloride (MoCls) transport

Semiconductor manufacturing in an optically-accessible, experimental atomic layer deposition (ALD) reactor at the National Institute of

CFD I_“"ddmg . Standards and Technology (NIST). The framework is anchored to high-speed absorption-imaging measurements

:/[tog"lc liYSrSePOSItIO" reported by NIST and is implemented using a three-dimensional, time-resolved computational fluid dynamics
odel valiaation

(CFD) model that resolves momentum, heat, and species transport during pulsed precursor delivery. Experimen-
tally measured, time-dependent absorbance data are used to inform the inlet precursor waveform, enabling
direct comparison of normalized transport behavior between simulation and experiment in the absence of
calibrated absolute concentrations. The digital twin of the reactor gas delivery system is validated against
multiple experimental observables, including inlet velocity, precursor buildup and decay dynamics, residence
time, spatial plume structure, and wafer chuck-level transport behavior, for representative operating conditions.
The model reproduces the dominant temporal and spatial trends observed experimentally, including plume
symmetry, transport delays, and purge dynamics, while maintaining physically consistent flow scaling near
the wafer surface. Image-based comparisons further confirm that the CFD modeling framework captures
the transient evolution and symmetry of MoCls; plumes under both low- and high-flow conditions. Beyond
validation, a parametric study is conducted in which flow rate, chamber pressure, and injection duration are
varied using a unified model configuration, including evaluation of an intermediate 300 SCCM condition to
assess consistency between baseline cases. The results demonstrate that the model responds smoothly and
predictably across the operating space, with wafer chuck-level velocity governed primarily by mass flow rate
and precursor exposure transitioning from transport-limited to injection-duration-limited behavior for long
pulses. Together, these results establish the present modeling framework as an experiment-informed, reusable
digital twin suitable for rapid evaluation of ALD operating conditions and future extension to reaction-coupled
modeling and process optimization.

1. Introduction

Relentless device scaling and the transition from planar to three-
dimensional transistor architectures have tightened process windows
throughout semiconductor manufacturing. As summarized in recent
work on multiscale CFD for atomic layer etching (ALE), EUV lithog-
raphy enhanced FinFET (Wang et al., 2020) scaling from the 22 nm
generation to nominal 5 nm nodes has confronted mobility loss and
short-channel effects (Jurczak et al.,, 2009), motivating the gate-all-
around (GAA) nanosheet architecture as a successor technology that
demands atomic-scale precision in thin-film processing (Loubet et al.,
2017; Lee et al., 2020) as entering into 3 nm process era (Chen et al.,

2015; Huang, 2022). In this context, atomic layer deposition (ALD)
and its inverse, atomic layer etching (ALE), have become indispens-
able because their sequential, self-limiting surface reactions enable
angstrom-level control of film addition and removal across complex 3D
geometries (George, 2010; Kanarik et al., 2015).

Although the chemistry of ALD/ALE is surface-limited by design,
reactor-scale transport strongly influences uniformity, throughput, and
precursor utilization. The introduction of the ALE chamber optimiza-
tion study (Yun et al., 2022) catalogs how nonuniform precursor deliv-
ery, flow recirculation, and departures from laminar behavior degrade
spatial uniformity and can compromise the benefits of self-limitation;
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it also surveys the emergence of reactor-scale modeling to interrogate
such effects. Over roughly the past decade, computational fluid dynam-
ics (CFD) has been applied to ALD (Pan et al., 2014; Shaeri et al., 2015;
Peltonen et al., 2018) and related processes to quantify momentum,
heat, and mass transport, and also connect reactor design choices with
wafer-level outcomes when coupled to microscopic reaction models.

Beyond aiding interpretation, CFD provides the core of a physics-
based digital twin for atomic-layer processes: an executable, predictive
representation of the reactor that can be interrogated across a wide
operating space without risk to hardware or product. Two motiva-
tions emphasized in recent multiscale ALD frameworks align directly
with digital twin practice: (i) experimental diagnostics are often lim-
ited to a small number of locations and are costly to iterate, and
(ii) three-dimensional CFD enables systematic sweeps of operating
conditions and reactor configurations while providing local state vari-
ables (e.g., pressure, temperature, and species concentration) needed to
inform microscopic surface-reaction models.

Moreover, reactor chamber configuration constitutes a critical de-
sign variable that can be systematically explored and optimized within
a digital twin framework. In Yun et al. (2022), a set of four cross-flow
reactor geometries was evaluated using multiscale modeling to quantify
their impact on transport uniformity, cycle efficiency, and precursor
utilization. Among the configurations studied, the inclined-plate design
achieved simultaneously improved flow uniformity and reduced half-
cycle times. Importantly, this configuration also led to a substantial
reduction in annual HF and TMA consumption relative to a conven-
tional reactor, demonstrating that targeted hardware modifications can
yield concurrent gains in process performance and manufacturing cost
efficiency.

The influence of chamber configuration on reactor efficiency and
precursor utilization has also been examined beyond stationary single-
wafer systems. Recent work has extended this analysis to spatially
moving reactor architectures, where gas—surface interaction dynamics
are inherently coupled to substrate motion (Yun et al., 2023). These
studies consistently highlight that chamber geometry plays a central
role in governing transport efficiency, precursor usage, and overall pro-
cess economics, underscoring the importance of chamber configuration
optimization and digital-twin based reactor design.

High-quality, spatially resolved measurements are needed to cali-
brate and validate such digital twins. Recent work at NIST (Maslar
and Kalanyan, 2025) describes a camera-based absorption imaging
system that visualizes molybdenum pentachloride (MoCls), a widely
applied precursor to deposit molybdenum contained materials (Juppo
et al., 1998; Lubnin et al., 2022; Yoshikawa and Kikuchi, 1996), to
be transported in an optically accessible vapor-deposition chamber
at 93fps with 0.13 mm/pixel sampling. Beyond demonstrating instru-
mentation details (telecentric imaging and 443 nm LED illumination),
they demonstrate that modest flow/pressure conditions produce a grad-
ually advancing, relatively uniform precursor front with short residence
time, whereas higher carrier flow and chamber pressure generate a
high-velocity jet that impinges on the chuck and creates recirculation
zones, lengthening residence time and compromising uniformity. They
also note that such 2D image sequences are well suited for training and
validating CFD, and that multi-view tomography could enable full 3D
precursor reconstructions.

Building on these developments, this work reports on a collabora-
tion with NIST and uses their optically accessible MoCly ALD process
as an experimental anchor to construct a physics-based CFD digital
twin. Using upstream optical measurements, time-resolved absorption-
imaging data and reported operating conditions, a transient three-
dimensional model of MoCl; delivery is developed and validated against
experimentally observed transport behavior. The model is then sim-
ulated across multiple operating conditions to examine key transport
features governing process performance, including wafer exposure, jet-
induced recirculation, residence time, and spatial uniformity. These
results establish a validated digital twin foundation suitable for pre-
dictive analysis and future coupling with surface-reaction kinetics and
process optimization workflows.
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2. Chamber geometry and macroscopic CFD model
2.1. Reactor geometry and computational domain

The computational model is based on an optically accessible,
perpendicular-flow, single-wafer atomic layer deposition (ALD) process
developed at the NIST for time-resolved gas-phase diagnostics (Kimes
et al., 2012). The chamber was specifically designed to minimize gas
residence time while preserving optical access for in-situ absorption
imaging by camera, making it well-suited as an experimental anchor
for CFD-based digital-twin development. Similar optical-access reactor
configurations enabling visualization of internal flow and reaction
phenomena have also been reported in Oikawa et al. (2022) and Sakai
et al. (2023).

The chamber consists of three primary components assembled along
the vertical flow direction: an expansion cone, a cylindrical chamber
body, and an exhaust manifold integrated with a centrally mounted
wafer chuck. Precursor and carrier gases are introduced through four
symmetrically arranged stainless-steel injection lines located at the top
of the expansion cone. Each injection line has an internal diameter
of approximately 4.6-4.8 mm (quarter-inch outer diameter tubing),
and the four inlets are evenly distributed azimuthally to promote
circumferential flow uniformity prior to entering the main chamber
volume.

Immediately downstream of the inlets, the expansion cone transi-
tions from a 50 mm inner diameter at the inlet plane to a 102 mm
inner diameter over a length of approximately 110 mm. This gradual
expansion reduces inlet jet momentum and promotes lateral spreading
of the incoming flow before it enters the chamber body. In the ex-
perimental system, the expansion cone is actively heated to suppress
precursor condensation and maintain thermal uniformity.

The reactor body is an aluminum cuboid with external dimensions
of approximately 152 mm X 152 mm X 94 mm and a 102 mm-
diameter cylindrical bore running axially through its center. Three
recessed diagnostic ports are located on a single horizontal plane along
the reactor body, providing optical access across the full diameter of
the reactor. These ports define the imaging plane used in the NIST
absorption measurements and are therefore explicitly included in the
computational domain to preserve the correct internal volume and flow
path. A fourth port on the same plane serves as a loading access for
wafer installation.

Downstream of the reactor body, the flow enters the exhaust mani-
fold, which also houses the wafer chuck. The 76.2 mm-diameter chuck
supports a 50.4 mm-diameter wafer positioned coaxially within the
reactor. Gas exits the reactor through four radially symmetric exhaust
tubes with an internal diameter of 10.2 mm, located in a recessed re-
gion surrounding the wafer chuck. This exhaust configuration strongly
influences flow symmetry, vortex formation, and gas residence time
near the wafer surface.

The computational domain includes the full internal gas volume of
the reactor, encompassing the inlet lines, expansion cone, reactor body,
wafer region, and exhaust manifold up to the outlet boundaries. Exter-
nal components such as upstream valves, bubblers, and downstream
pumping lines are not modeled explicitly; instead, their influence is
incorporated through time-dependent inlet conditions and pressure-
based outlet boundary conditions consistent with the experimental
configuration. This approach preserves geometric fidelity within the
reactor while maintaining computational tractability for transient sim-
ulations. A schematic of the reactor geometry and the computational
mesh used in the CFD model is shown in Fig. 1.

2.2. Governing equations and species transport model

The macroscopic transport of momentum, mass, and chemical species
within the ALD reactor was modeled using transient computational
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(b) Simplified geometry

(d) Highlighted wafer-surface mesh.

Fig. 1. Reactor geometry and computational mesh used in the CFD model. Top row: geometry views. Bottom row: overall mesh and local refinement near the

wafer region.

fluid dynamics (CFD). The gas-phase flow was described by the con-
servation equations for mass and momentum, coupled with a species
transport equation to resolve the spatiotemporal evolution of the pre-
cursor concentration. The model focuses exclusively on reactor-scale
transport phenomena and intentionally excludes gas-phase chemical
reactions, consistent with the separated pulsed injection of precursors
and self-limiting feature of atomic layer deposition/etching process.

2.2.1. Mass and momentum conservation

The carrier and precursor gases were treated as a compressible,
Newtonian fluid mixture. Conservation of mass is expressed as
dp
or
where p is the gas density and u is the velocity vector. Momentum
transport is governed by the Navier—Stokes equations,

J(pu)
ot
where p is the static pressure, g is the gravitational acceleration vector,

and 7 is the viscous stress tensor, given for a Newtonian fluid by

+ V- (pu) =0,

+V-(pu®u)=-Vp+ V- 1+pg,

T=p[Vu+(Vu)'] - gﬂ(v ‘wl,

with u denoting the dynamic viscosity and I the identity tensor. Al-
though the flow velocities are moderate, gas compressibility was re-
tained due to the low operating pressures characteristic of ALD reactors.

The velocity field, u, obtained from the coupled mass and mo-
mentum equations is subsequently post-processed to compute derived
observables used in validation, such as wafer-averaged speed and inlet
velocity time histories.

2.2.2. Thermodynamic closure and density model

The energy equation was solved with isothermal wall boundary
conditions prescribed at the experimental reactor setpoint (393 K).
Although the reactor is externally insulated, the reactor walls are
actively temperature controlled and thermally massive compared to gas
within the reactor in the NIST system; therefore, an isothermal wall
condition provides an appropriate representation of the experimental
thermal environment.
Gas density was evaluated using the ideal gas equation of state,

p

ﬁs
where R is the specific gas constant of the mixture and 7 is the
absolute temperature. This formulation allows density to vary with

p=
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Mesh-sensitivity setup and quality summary. The 8 mm mesh (baseline) is listed with its reported mesh metrics; across the full mesh
sweep (100-4 mm), all meshes maintained acceptable quality, and the total cell count increased by approximately 40% from the coarsest

to the finest mesh.

Max cell length (mm) Growth rate

Total cells (k)

Min orth. quality Max aspect ratio

100 3.00 240
50 3.00 253
12 1.25 274
8 (baseline) 1.20 279
6 1.15 301
4 1.10 343

0.280 24.0
0.280 24.0
0.219 24.0
0.290 25.1
0.260 24.5
0.240 24.3

both pressure and temperature and is appropriate for the low-pressure
(order of 102-10° Pa) operating conditions considered in this work.
Because the wall temperature is fixed at the experimental setpoint,
density variations arise primarily from transient pressure fluctuations
associated with pulsed injection and flow redistribution.

2.2.3. Species transport model

Transport of the precursor species (MoCls) was modeled using the
transient convection—diffusion equation for the species mass fraction Y;:
L8 49 ury = v (pD,¥Y)),
where D, is the effective binary diffusivity of MoCls in the argon
carrier gas. In ANSYS Fluent, D; was specified as a constant using
the constant-dilute-approx option. The nominal value D; =
10~* m?/s was selected as an order-of-magnitude estimate consistent
with typical gas-phase binary diffusivities for heavy vapor species in
inert carrier gases at elevated temperature (Bird et al., 2002). Due to
limited validated transport-property data for the MoCls/Ar system at
393 K, the diffusivity was treated as an effective parameter rather than
being calculated from first-principles correlations.

To assess the importance of diffusion, D; was varied over two orders
of magnitude (10-*~10~2 m?/s). No measurable changes were observed
in the reactor-scale transport behavior or in the wafer chuck-level
flow/transport trends reported in this work. This confirms that macro-
scopic transport under the present operating conditions is convection-
dominated and that the primary conclusions are not sensitive to the
exact value of D;. Diffusion was retained for physical completeness
and to support future extensions that couple gas-phase transport to
near-surface concentration gradients.

2.3. Model meshing - sensitivity study

A mesh-sensitivity (grid-independence) study was performed to ver-
ify that the predicted flow and species transport results are not in-
fluenced by spatial discretization. A set of meshes spanning a wide
resolution range was generated, with maximum cell lengths varying
from 100 mm (coarsest) to 4 mm (finest). As the mesh is refined, spatial
resolution and total cell count increase, while all meshes maintain
acceptable orthogonal quality and aspect ratio metrics, as summarized
in Table 1. The orthogonal quality and aspect ratio of all candidate
meshes in the grid-independence study meet the “good” criteria defined
in the ANSYS theoretical guide (ANSYS, 2021).

To assess mesh dependence, three representative quantities were ex-
amined: (i) wafer-averaged MoCl; mass fraction, (ii) maximum MoCls
mass fraction on the wafer, and (iii) inlet velocity. Fig. 2 compares the
temporal evolution of these quantities across all mesh resolutions. The
results are indistinguishable across the mesh sweep, with only minor
deviations confined to the transient peak.

To further verify the adequacy of the near-wall resolution, the non-
dimensional wall distance y*+ was evaluated for the baseline mesh. Two
wall zones are defined in the model: the wafer surface and the reactor
wall, which includes the chamber body. Area-weighted statistics show
that the reactor wall exhibits an average y* of 0.50 with a maximum
value of 1.50, while the wafer surface maintains an average y* of

Average MoCls Mass Fraction on Wafer vs Time
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Fig. 2. Mesh-sensitivity results for representative flow and transport observ-
ables across the full mesh sweep.
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Fig. 3. Distribution of wall y* values across the reactor wall and wafer surface for the baseline mesh. Most reactor surfaces remain below y* ~ 1, while the wafer

surface stays well within the viscous sublayer regime.

0.07 with a maximum of 0.10. These values fall within best-practice
guidelines for simulations employing the Scale-Adaptive Simulation
(SAS) turbulence model based on the k-w SST formulation, where
resolving the viscous sublayer typically requires y* < 1 on solid
boundaries (Menter et al., 2003; ANSYS, 2021). The wafer surface in
particular remains deeply within the viscous sublayer regime across
the entire domain, ensuring accurate resolution of near-wall shear and
species transport. The spatial distribution of y* across the reactor walls
and wafer surface is shown in Fig. 3, confirming that the baseline mesh
provides consistently fine near-wall resolution throughout the reactor.

This limited sensitivity to mesh refinement is expected, as the
present model focuses on flow and passive species transport without
gas-phase reactions or strongly mesh-dependent source terms. Based
on these results, a maximum cell length of 8 mm provides mesh-
independent predictions while maintaining adequate near-wall resolu-
tion, as confirmed by the y* analysis discussed above

2.4. Model settings and assumptions

The governing equations were solved using a pressure-based, tran-
sient solver suitable for low-Mach-number compressible flows. Based
on characteristic velocities in the domain and argon/MoCls properties
at 393 K, the Mach number remains in the range M ~ 1075-10—2
across all cases. Species transport was enabled without volumetric
chemical reactions, and the precursor species was introduced through
time-dependent inlet boundary conditions corresponding to the exper-
imentally prescribed pulsing sequences.

All solid reactor surfaces, including the expansion cone, reactor
body, wafer chuck, and exhaust manifold, were modeled as no-slip
walls with prescribed constant temperatures at 393 K consistent with
the experimental operating conditions, including insulated external and
actively controlled wall temperature. Thermal gradients within the
gas phase were therefore weak, and buoyancy effects were secondary
compared to forced convection induced by the inlet jets and exhaust
flow. Gravity was included in the simulations but was not a dominant
driver of the flow structure under the examined conditions.

The modeling framework focuses on reactor-scale gas-phase trans-
port within the chamber. Surface adsorption, desorption, and reaction
kinetics are intentionally omitted in the present study in order to
isolate and validate the macroscopic flow and species transport be-
havior against experimental measurements. In atomic layer deposition
and etching processes, surface reactions are self-limiting and typically
consume approximately a monolayer of precursor species per cycle.
Consequently, under the convection-dominated operating conditions
considered here and the relatively high carrier-gas flow rates used in
the experiments, the total amount of precursor removed by surface

reactions represents a negligible fraction of the gas-phase inventory
within the reactor volume. As a result, the feedback effect of surface
uptake on reactor-scale hydrodynamics, exposure profiles, and gas
residence times is expected to be minimal.

This modeling approach is consistent with common multiscale ALD
strategies in which reactor-scale CFD is first validated independently
before being coupled to microscopic surface-reaction models. The
present transport-focused framework therefore provides the macro-
scopic thermofluidic environment required for future integration of
adsorption-reaction kinetics and wafer-scale growth models, which will
enable more detailed investigation of precursor utilization and process
optimization.

2.5. Flow regime and turbulence modeling

The flow regime within the ALD reactor spans laminar to low-
Reynolds-number transitional behavior, depending on the inlet flow
rate and operating pressure. Characteristic Reynolds numbers were esti-
mated based on the inlet tube diameter and mean inlet velocity. For the
lower-flow cases (e.g., 100 SCCM), the Reynolds number was approxi-
mately Re ~ 30-40, while for higher-flow conditions (e.g., 500 SCCM),
Re increased to approximately 150-200. These values place the flow
in a regime where laminar core flow coexists with localized unsteady
vortex dynamics generated by inlet jet impingement and geometric
expansion.

To ensure consistent treatment across all operating conditions and
to enable automated parametric studies, the Scale-Adaptive Simulation
(SAS) turbulence model was employed for all simulations to avoid the
potential disadvantages of pure laminar flow simulation (Kim et al.,
2003). The SAS approach bridges Reynolds-averaged Navier—Stokes
(RANS) and large-eddy simulation (LES) behavior by dynamically ad-
justing the resolved turbulence length scales based on local flow in-
stabilities and grid resolution. As a result, SAS naturally collapses
toward laminar behavior in low-Reynolds-number, steady regions while
resolving large-scale unsteady vortical structures where they develop.

For low-flow cases, the SAS model effectively reproduces laminar
flow behavior, yielding symmetric precursor plumes and residence-time
characteristics consistent with experimental observations. For high-
flow cases, the SAS formulation resolves unsteady jet-induced vortices
and recirculation zones that strongly influence precursor transport near
the wafer and exhaust regions. This capability is critical for accurately
capturing plume symmetry, transient concentration buildup and decay,
and residence-time distributions under transitional flow conditions.

Standard steady RANS models, such as the k- SST and Transition
SST models, were evaluated during model development but were found
to excessively damp unsteady vortex dynamics in the high-flow regime,
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Boundary conditions for baseline validation cases. Common conditions: uniform wall temperature
(393 K), no-slip walls, inert wafer (no surface reactions), initial Yyj,c), = 0 throughout the domain
and peak MoCl; inlet mass fraction = 3% during pulse.

Flow rate (SCCM)

Outlet pressure P2 (Pa)

MoCls pulse duration (s)

100 317.6
500 872.5

0.2
0.2

leading to artificial asymmetry and discrepancies with experimental
absorbance measurements. By contrast, the SAS model preserves large-
scale flow unsteadiness while maintaining numerical robustness near
walls, making it well suited for the unified, transient CFD framework
adopted in this study.

Based on these considerations, the SAS model was selected as a
single turbulence closure for all cases to ensure physical consistency
and numerical stability across the full range of flow rates and pulse
conditions examined.

2.6. Boundary and initial conditions

Carrier gas and precursor were introduced through the four in-
let lines located at the top of the expansion cone. The inlets were
modeled using mass-flow boundary conditions derived from the spec-
ified volumetric flow rates and inlet line geometry. Pulsed opera-
tion was represented by prescribing a time-dependent inlet MoCl;
mass-fraction profile, constructed from the experimentally measured
upstream absorbance trace for each case.

The total inlet mass flow rate was held constant during pulsed
operation, consistent with the specified carrier-gas flow conditions. The
inlet MoCls mass fraction followed the measured transient profile and
was scaled to a peak value of 3% for both baseline cases. Outside
the precursor pulse, the inlets supplied pure carrier gas to represent
purge conditions. Thus, pulsing was implemented as a time-dependent
compositional variation at fixed total mass flow, rather than by adding
mass to the system.

The reactor exhaust was modeled using pressure outlet boundary
conditions applied at the downstream ends of the exhaust manifold.
The outlet pressure was set to the experimentally measured chamber
pressure, denoted as P2, for each operating condition. The downstream
exhaust-line configuration — where the pressure P3 is measured exper-
imentally — was not included in the primary CFD domain. However,
the pressure drop between P2 and P3 was quantified separately using
dedicated inlet—outlet flow models to confirm that prescribing P2
as the outlet boundary condition accurately represents the reactor-
scale pressure field. Details of the pressure measurement locations and
absorbance-based precursor diagnostics are provided in Sections 3.1
and 3.3. To account for potential outlet backflow arising from pressure
gradients and turbulent fluctuations, backflow species fractions were
prescribed to match the carrier gas composition, thereby promoting
numerical stability during transient flow reversals.

Although the outlet boundary condition was prescribed using the
measured P2, the simulations were fully transient and compressible.
Any transient pressure redistribution within the chamber arises nat-
urally from the unsteady jet dynamics and flow recirculation during
pulsed operation rather than from an imposed increase in total mass
flow.

The initial condition for each simulation corresponded to a fully
purged reactor filled with carrier gas at the specified operating pressure
and temperature, with zero precursor mass fraction throughout the
domain. Precursor injection was initiated after a brief purge period to
establish a stable baseline flow field prior to pulsing.

Two representative operating conditions, corresponding to 100
SCCM and 500 SCCM total flow rate, were first simulated to validate
the CFD model against experimental absorption measurements. Sub-
sequently, the same boundary-condition framework was extended to a
broader set of flow rates, pulse durations, and pressures using a unified,

parametric CFD model. Details of the validation cases and parametric
study are presented in Section 4 (see Table 2 for boundary conditions
of the baseline validation cases).

3. Results and analysis
3.1. Experimental reference and comparison metrics

CFD results are evaluated against time-resolved experimental mea-
surements from the optically accessible NIST ALD reactor to assess
whether the model reproduces the dominant transport behavior govern-
ing transient MoCls delivery. The objective of the model is to capture
precursor transport dynamics for transport diagnostics and pulse timing
analysis. Reactor design comparison is not considered here since the ge-
ometry corresponds directly to the experimental reactor configuration,
although the framework can be extended to such studies.

Two operating conditions are used as reference cases: 100 SCCM
and 500 SCCM, with chamber pressure set to the experimentally mea-
sured values. These cases span distinct transport regimes from laminar-
dominated flow to laminar-to-transitional behavior and provide a rep-
resentative basis for model assessment. Validation focuses on compar-
ison of transport behavior and characteristic time scales, including the
buildup and decay trends as well as derived quantities such as residence
time and inferred inlet pressure and velocity. For the intended diagnos-
tic and pulse scheduling applications, agreement within approximately
20% is considered sufficient to capture the relevant transport dynamics.

The experimental absorbance traces are obtained from optical imag-
ing measurements and therefore include inherent measurement uncer-
tainty. As reported in the experimental study, the baseline noise level of
the absorbance signal is approximately ¢, ~ 1 x 10~3 absorbance units,
while slow baseline drift associated with window deposition during op-
eration is on the order of (1-2) x 10~* absorbance. In addition, the tem-
poral resolution of the measurements is limited by the camera acquisi-
tion rate of approximately 93 fps, corresponding to a timing resolution
of Ar ~ 0.011 s. These uncertainties primarily affect the absolute am-
plitude and precise timing of the measured signals but do not alter the
overall transport behavior observed in the buildup and decay dynamics.

The experimental diagnostics are summarized in Fig. 4 and com-
prise three complementary measurement approaches: (i) pressure mea-
surements, (ii) upstream in-line absorbance monitoring, and (iii) in-
chamber optical absorbance measurements.

Pressure characterization was performed using capacitance
diaphragm gauges located at multiple positions within the tool. In
particular, P1 denotes the upstream pressure measured in the inlet
line prior to chamber entry, while P2 corresponds to the chamber
pressure measured near the reactor exhaust. An additional gauge (P3)
was located downstream on the exhaust line. These measurements were
used to characterize pressure drops through the system and to infer
inlet velocity under various operating conditions.

MoCls absorbance was monitored upstream of the chamber using a
single-element in-line detector positioned in the inlet line. This mea-
surement captures the transient injection waveform delivered to the
reactor and serves as the basis for prescribing the inlet mass-fraction
boundary condition in the CFD model.

Within the chamber, two types of optical absorbance measurements
were performed. First, time-resolved absorbance signals were extracted
at three single-pixel locations along the reactor centerline (Points A, B,
and C above the wafer chuck in Fig. 9) as well as over a cylindrical
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Experimental Instrumentation Configuration —
Pressure and Optical Measurements

MoCls detection channel DG-D-I]G-
MoO,Cl, detection channel D(-D-u-q—
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P3 is located on the
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Fig. 4. Integrated experimental measurement configuration used in the NIST MoCls; ALD reactor. Capacitance diaphragm gauges measure upstream pressure
(P1), chamber pressure (P2), and exhaust pressure (P3). Optical diagnostics include (i) upstream in-line absorbance detection of the injection waveform and (ii)
in-chamber absorption imaging through the optical window using LED illumination, bandpass filters, a telecentric lens, and a CMOS camera.

region of interest (20 mm diameter, 106 mm optical path length) to
obtain a chamber-averaged signal. Second, full-field absorption imag-
ing was conducted through the optical window using LED illumination,
a telecentric lens, bandpass filters, and a CMOS camera, enabling
spatially resolved visualization of transient plume evolution.

The absorbance diagnostics provide signals proportional to local
MoCls partial pressure but are not calibrated to absolute concentra-
tion values. Accordingly, all model-experiment comparisons emphasize
relative transport behavior and temporal response rather than abso-
lute concentration magnitude. This includes comparison of precursor
arrival timing, buildup and decay dynamics, residence time, spatial
distribution, plume symmetry, and wafer-level exposure trends.

Model performance is assessed using the following complementary
observables:

upstream pressure (P1), chamber pressure (P2), and inferred inlet
velocity;

upstream in-line absorbance waveform used for inlet forcing;
time-resolved, normalized absorbance signals at Points A, B, C,
and the chamber-averaged cylindrical region;

residence time inferred from decay behavior during purge;
spatial structure and symmetry of transient precursor plumes from
optical imaging;

wafer chuck-level precursor transport behavior from CFD.

These metrics provide a structured and consistent framework for
evaluating the model across operating conditions. After establishing
agreement for the 100 SCCM and 500 SCCM reference cases, the same
framework is applied without modification to a broader parametric
study involving variations in flow rate, pressure, and injection duration,
as discussed in Section 4.

3.2. Inlet conditions and flow field behavior

Accurate specification of inlet boundary conditions and the resulting
flow field is essential for reliable prediction of precursor transport

within the reactor. Accordingly, inlet conditions and flow behavior are
first evaluated for the 100 SCCM and 500 SCCM reference cases, which
serve as the baseline for subsequent transport analysis. Subsequently,
results for the 300 SCCM case are also presented in Section 4.2.

To faithfully represent the experimentally observed injection dy-
namics while maintaining numerical tractability, the inlet MoCls mass-
fraction profile was implemented in the CFD model as a piecewise-
linear function derived from time-resolved upstream absorbance mea-
surements. This approach preserves the key temporal features of the ex-
perimental signal — including finite rise time, peak duration, and rapid
decay — while providing a stable and computationally efficient bound-
ary condition. The normalized absorbance signal was therefore approx-
imated using a piecewise-linear fit and mapped to a time-dependent
inlet mass-fraction profile, with the peak value scaled to 3% for both
baseline cases.

Fig. 5 presents a comparison between the measured absorbance
signal and the piecewise-linear inlet profile imposed in the simulations
for the 100 SCCM and 500 SCCM cases. The agreement demonstrates
that the constructed boundary condition captures the dominant tempo-
ral characteristics of the experimental injection, thereby ensuring that
the subsequent flow and transport simulations are driven by an inlet
representation consistent with experimental behavior.

The resulting reactor-scale flow topology is illustrated using path-
line visualizations in Fig. 6 for the 100 SCCM case. For both flow
rates, the pathlines reveal a consistent global flow structure charac-
terized by jet expansion within the inlet cone, downward transport
toward the wafer region, and symmetric recirculation beneath the
wafer. Differences between operating conditions arise primarily in
velocity magnitude and the degree of local unsteadiness rather than
in the underlying flow pattern.

Velocity magnitude contours on a representative vertical mid-plane
are shown in Fig. 7. For both the 100 SCCM and 500 SCCM cases, ele-
vated velocities are confined to the immediate vicinity of the inlet exits
and rapidly decay within the expansion cone, resulting in relatively low
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Fig. 5. Experiment-informed inlet forcing for the baseline cases: comparison of upstream absorbance signal and prescribed inlet MoCls mass-fraction profile used

as CFD input.

Evolution of Velocity Pathlines Colored by Velocity Magnitude — 100 SCCM Case

Velocity Ma
-gnitude
[mis]

pathlines-1

Fig. 6. Pathline visualizations of the reactor-scale flow field colored by velocity magnitude for 100 SCCM case. The overall flow topology is similar between the

100 SCCM and 500 SCCM cases.
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Velocity Magnitude Contours on the Vertical Mid-Plane
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Fig. 7. Velocity magnitude contours on a vertical mid-plane through the reactor for the 100 SCCM and 500 SCCM operating conditions.

velocities throughout the reactor body. Increasing the inlet flow rate
primarily amplifies velocity magnitude and enhances local unsteadiness
near the inlet region, while preserving the same overall spatial velocity
distribution.

For both flow rates, the prescribed inlet boundary conditions pro-
duce a high-velocity jet within the injection lines that rapidly de-
celerates upon entering the expansion cone. The sudden increase in
cross-sectional area reduces axial momentum and promotes lateral
spreading before the gas enters the main reactor body. This behavior
is consistent with the reactor design intent and with experimental
observations reported for the NIST system.

At 100 SCCM, the flow field within the reactor body remains steady
and symmetric, with smooth streamlines extending from the expansion
cone toward the wafer region and exhaust outlets. No large-scale
unsteady vortical structures are observed, and the velocity magnitude
near the wafer surface remains low, consistent with laminar-dominated
transport. Under these conditions, the simulated velocity field agrees
with experimentally inferred inlet and wafer chuck-level velocities.

At 500 SCCM, increased inlet momentum leads to the formation
of localized unsteady vortical structures downstream of the expan-
sion cone and near the wafer and exhaust regions. These structures
arise from interactions between the inlet jet, geometric expansion,
and the symmetric exhaust configuration. The widely applied SAS
turbulence model (Menter and Egorov, 2006) resolves this unsteady
transition region behavior while preserving overall flow symmetry,
avoiding the artificial asymmetry encountered with steady RANS mod-
els. Despite increased unsteadiness, the spatially-averaged flow field
remains symmetric, consistent with experimental imaging.

The transient response of the inlet flow to precursor injection is
quantified in Fig. 8, which shows the area-averaged velocity at Inlet 2
as a function of time. For both flow rates, the onset of MoCls injection at
t = 0.5 s induces a very small, short-lived perturbation in inlet velocity
attributable to numerical transients associated with discretization and
the abrupt change in boundary conditions, after which the flow rapidly
returns to a quasi-steady value.

Quantitative comparison between experimentally inferred and sim-
ulated inlet conditions is summarized in Table 3. Simulated inlet veloc-
ities agree with experimental estimates to within approximately 1% for
both baseline cases, while inlet-line pressure predictions remain within
approximately 3%-5%.

3.3. MoCl; buildup and decay dynamics

Time-resolved MoCls transport behavior was characterized experi-
mentally using single-point in-line absorbance measurements upstream
of the chamber and spatially resolved absorption imaging within the
optically accessible NIST ALD reactor. The in-line absorbance provides
time-dependent precursor delivery information, while the in-chamber
imaging captures spatial and temporal variations in MoCls partial
pressure. Absorbance signals are proportional to the local MoCly partial
pressure and are therefore used here in normalized form to assess
relative transport behavior and temporal dynamics.

Fig. 9 illustrates the experimental sampling locations used for
CFD-experiment comparison. Three single-pixel locations were selected
along the reactor centerline at approximately 25.5 mm (Point A),
15.7 mm (Point B), and 5.8 mm (Point C) above the wafer chuck
surface. Each pixel corresponds to a pathlength-integrated absorbance
over an area of approximately 0.131 mm X 0.131 mm. In addition, a
chamber-averaged absorbance signal was obtained by integrating over
a cylindrical region of interest with a diameter of 20 mm and an optical
pathlength of 106 mm, centered at the same vertical location as Point B.

In the CFD model, analogous quantities were extracted to enable
direct comparison. Single-point signals were obtained by sampling the
local MoCls mass fraction along the reactor centerline using point
probes in ANSYS Fluent. The chamber-averaged signal was computed
by volume-averaging the MoCls mass fraction over a cylindrical region
matching the experimental field of view, defined within the reactor
chamber using a custom volume region consistent with the 20 mm
diameter optical contour.
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Fig. 8. Time histories of the area-averaged velocity at Inlet 2 for the 100 SCCM and 500 SCCM cases, illustrating the transient response associated with MoCly

injection at t = 0.5 s.

Table 3

Comparison of experimentally inferred and simulated inlet-line pressure (P1) and inlet velocity for the baseline cases. Experimental velocity values

are reported at 393 K.

Case P1 Exp. P1 Sim. P1 Error Velocity Exp. @393 K Velocity Sim. Velocity Error
(Pa) (Pa) (%) (m/s) (m/s) (%)

0.25-100 SCCM-317 Pa 998.2 1031.2 +3.3 13.01 13.10 +0.7

0.2s-500 SCCM-872.5 Pa 2371.5 2491.3 +5.1 27.39 27.53 +0.5

Figs. 10 and 11 compare the normalized experimental absorbance
signals with the corresponding normalized CFD predictions for the
100 SCCM and 500 SCCM cases, respectively. Results are shown for
the chamber-averaged cylindrical region and for the three single-pixel
locations (Points A, B, and C).

For both operating conditions, the simulations reproduce the dom-
inant transient behavior observed experimentally, including precursor
arrival, peak response, and purge-phase decay. The chamber-averaged
signal is captured particularly well for both flow rates, indicating that
the model predicts the bulk filling and purge dynamics consistently.
Across the point locations, the ordering and decay trends are well
represented; however, a modest delay in the experimental rise relative
to the simulations is observed, most clearly at the point measurements.
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This discrepancy likely reflects a combination of upstream delivery
dynamics, near-wall interactions, and geometric details of the physical
chamber - such as recesses, seams, and protrusions — not represented in
the simplified computational geometry, which can influence local flow
development and timing. Overall, the close agreement in buildup and
decay behavior across both flow conditions demonstrates that the CFD
model captures the primary convection-driven transport time scales
within the reactor.

3.4. MoCl; residence time

A decay-based residence-time metric was evaluated for the 100
SCCM and 500 SCCM cases. In the NIST imaging study (Maslar and
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Fig. 9. Experimental measurement regions used for absorbance extraction: three single-pixel locations along the reactor centerline (Points A-C) above the wafer
chamber for 25.5 mm (A), 15.7 mm (B) and 5.8 mm (C), respectively, as well as a chamber-averaged cylindrical region of interest (20 mm diameter, 106 mm

optical pathlength).
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Fig. 11. For the 500 SCCM case, the simulated results exhibit strong agreement with the experimental data during the rising phase. Although minor discrepancies

are observed in the decay period, the overall agreement remains close.

Kalanyan, 2025), the reported residence time is inferred from the tem-
poral decay of the absorbance signal observed within the camera field
of view following precursor injection, yielding values of approximately
0.8 s for 100 SCCM and 1.4 s for 500 SCCM.

In the CFD model, the closest spatial analogue to this imaged region
is a finite volume located above the wafer chuck along the reactor
centerline. The MoCl; mass fraction was volume-averaged over this
region and the residence time was extracted from the simulated decay
using a peak-to-1% criterion to provide a consistent and repeatable
numerical definition.

Fig. 12 shows the resulting transients. The predicted residence time
is 0.75 s for 100 SCCM, in close agreement with the experimental value
(difference ~6%). For 500 SCCM, the model yields 1.2 s compared to
the experimental 1.4 s (difference ~14%), which remains a reasonable
agreement for the high-flow case. Additional LOS-aligned line sam-
pling across the optical depth produced similar values in the range of
1.1-1.2 s, indicating that the discrepancy is not strongly dependent
on the post-processing metric. The remaining difference is likely due
to the increased sensitivity of the 500 SCCM case to small differences
in spatial sampling and local flow structure, particularly under jet-
impingement and recirculating conditions, where the late-stage decay
is more difficult to match exactly.

3.5. Spatial structure of transient MoCls plumes near the wafer

In addition to time-resolved point and path-integrated measure-
ments, the NIST experiments provide spatially resolved visualization
of transient MoCls transport through absorption imaging of the reactor
window (Maslar and Kalanyan, 2025). These images reveal the spatial
structure, symmetry, and temporal evolution of precursor plumes as
they propagate from the inlet region toward the wafer and decay during
purge. Such image-based diagnostics complement point measurements
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by enabling direct assessment of plume uniformity and large-scale flow
symmetry in the wafer vicinity.

To enable comparison with these optical measurements, CFD-
predicted MoCl; mass-fraction fields were post-processed to gener-
ate planar slices that approximate the camera viewing geometry. In
the experiments, the telecentric lens and CMOS camera integrate ab-
sorbance over the full optical path length through the reactor volume,
whereas the CFD post-processing extracts two-dimensional planar fields
representing a slice of the three-dimensional domain. Despite this
distinction, the extracted planes capture the dominant spatial charac-
teristics of the transient plume — such as symmetry, spreading behavior,
and interaction with the wafer region — and are therefore suitable for
qualitative and semi-quantitative comparison.

Fig. 13 illustrates the procedure used to extract spatial MoCl; fields
from the CFD simulations. A set of vertical planes aligned with the
optical viewing direction was constructed in the vicinity of the wafer
surface to mimic the camera perspective. These planes were further
extended upstream toward the inlet region to visualize plume develop-
ment from injection to wafer impingement. This approach enables con-
sistent spatial comparison between simulated concentration fields and
experimentally observed absorbance images, while acknowledging that
minor discrepancies may arise from differences between volumetric
optical integration and planar CFD sampling.

Using the methodology described above, image-based validation
was performed by comparing time-resolved experimental absorbance
snapshots with CFD-predicted MoCls fields processed to match the
NIST camera view (Maslar and Kalanyan, 2025). For the 100 SCCM
case, the comparison is performed directly on a camera-aligned plane
with a circular mask corresponding to the reactor window. For the
500 SCCM case, additional vertical planes are included to visualize
plume development from the inlet region toward the wafer and to
assess plume symmetry under higher-flow conditions.
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Fig. 12. Simulated MoCls; mass-fraction decay in the reactor-center volume above the wafer chuck for 100 SCCM and 500 SCCM. Residence time in the CFD
data is defined as the interval from the peak to 1% of the peak value.

Extraction of CFD-Based MoClS Spatial Fields for Optical
Image-Based Comparison

a) Camera-aligned vertical sampling planes near the wafer

Optical viewing direction

(b) Extended vertical sampling planes capturing plume evolution from
inlet to wafer

Fig. 13. Extraction of CFD-based MoCl;s spatial fields for image-based comparison with optical absorbance measurements. Camera-aligned vertical planes near
the wafer surface and extended planes toward the inlet are used to capture the dominant plume structure and symmetry observed experimentally.
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MoCl; Spatial Structure Near the Wafer - 100 SCCM Case

a) Experimental absorbance images (Maslar and Kalanyan, 2025)
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Fig. 14. Image-based comparison of transient MoCl; plume evolution for the 100 SCCM case. Top: experimental absorbance snapshots acquired through the
reactor window (Maslar and Kalanyan, 2025). Bottom: CFD-predicted MoCls fields post-processed on a camera-aligned plane and circularly masked to match the

window field of view.

Fig. 14 shows that the 100 SCCM simulation reproduces the main
qualitative sequence observed experimentally: initial precursor arrival,
development of spatial gradients across the viewing window as the
plume spreads toward the wafer region, and subsequent decay during
purge with the remaining signal biased toward the lower portion of
the field of view. The relative timing of plume evolution and the over-
all spatial progression are consistent, indicating that the experimen-
tally informed inlet forcing and transport model capture the dominant
transient behavior observed in the optical measurements.

For the 500 SCCM condition (Fig. 15), the simulated plume remains
globally symmetric about the reactor axis and develops as a coherent
core that propagates downstream while diffusing laterally across the
vertical planes, consistent with the symmetric structure apparent in the
experimental snapshots. The Scale-Adaptive Simulation (SAS) approach
preserves this symmetry while resolving the increased unsteadiness as-
sociated with higher inlet momentum, providing a physically consistent
representation of plume structure under elevated flow conditions.

3.6. Wafer chuck-level velocity and MoCls exposure

In addition to chamber-scale transport behavior, wafer chuck-level
conditions play a critical role in determining precursor delivery and,
ultimately, film growth characteristics. Two key quantities are exam-
ined here: the local gas velocity impinging on the wafer surface and the
transient MoCls exposure experienced by the wafer during pulsed injec-
tion. Together, these metrics provide complementary insight into flow
intensity near the substrate and the effective availability of precursor
at the wafer surface.
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It is noted that wafer chuck-level precursor exposure depends not
only on inlet flow rate, but also on injection duration, chamber pres-
sure, and exhaust configuration. In the present analysis, all comparisons
are performed for a fixed pulsing condition corresponding to a 0.2 s
MoCls injection, such that observed differences in wafer exposure arise
primarily from changes in inlet flow rate.

Experimentally, wafer chuck-level velocities were estimated for the
100 SCCM case by NIST based on measured chamber pressures, known
inlet geometries, and characteristic transport distances. Using this ap-
proach, the wafer velocity was inferred to lie in the range of ap-
proximately 0.01-0.1 m/s. In the CFD simulations, wafer chuck-level
velocity was quantified by defining a thin control volume immediately
above the wafer surface and computing the area-averaged velocity
magnitude within this region as a function of time. This approach
provides a consistent and physically representative measure of the gas
velocity experienced by the wafer.

Fig. 16 compares the simulated wafer chuck-level velocity for the
100 SCCM and 500 SCCM cases. For 100 SCCM, the predicted wafer
velocity remains low, on the order of 0.01-0.1 m/s, and falls within
the experimentally inferred range, providing additional validation of
the near-wafer flow field. In contrast, increasing the inlet flow rate
to 500 SCCM results in a substantially higher wafer velocity, reaching
approximately 2-3 m/s, corresponding to an increase of roughly one to
two orders of magnitude relative to the 100 SCCM case. This increase
reflects stronger jet penetration and enhanced convective transport
under higher-flow operation.

The corresponding wafer-averaged MoCls exposure is shown in Fig.
17, where the average MoCls; mass fraction over the wafer surface is
plotted as a function of time. The 100 SCCM case exhibits a sharper
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MoCl; Spatial Structure Near the Wafer - 500 SCCM Case

a) Experimental absorbance images (Maslar and Kalanyan, 2025)
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Fig. 15. Image-based comparison of transient MoCly plume evolution for the 500 SCCM case. Top: experimental absorbance snapshots (Maslar and Kalanyan,
2025). Bottom: CFD-predicted MoCl; fields shown on extended vertical planes from the inlet region toward the wafer to visualize plume propagation and

symmetry under higher-flow conditions.

buildup and higher peak exposure, followed by rapid decay during
purge. At 500 SCCM, the wafer experiences earlier precursor arrival
but a lower peak average mass fraction and a more extended decay tail,
consistent with enhanced convective transport and more rapid removal
of precursor from the wafer vicinity.

Together, these results show that increasing the inlet flow rate
significantly alters both the flow intensity at the wafer surface and the
temporal characteristics of MoCls exposure. For the fixed 0.2 s injection
considered here, higher flow rates lead to earlier arrival, reduced peak
wafer-averaged concentration, and stronger convective sweeping of
precursor away from the surface. These trends directly influence the
spatial distribution of MoCls over the wafer and motivate examination
of wafer-scale concentration contours.

Fig. 18 shows the time-resolved spatial distribution of MoCls on the
wafer chuck-level surface (the same plane as in Figs. 16 and 17) for the
100 SCCM case, extracted from a wafer-aligned sampling plane in the
CFD model. Following the onset of injection, MoCls initially reaches the
upstream region of the wafer and spreads rapidly laterally across the
surface. As the pulse progresses, concentration gradients diminish and
the distribution becomes increasingly smooth and symmetric. During
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the decay phase, precursor removal occurs in a spatially coherent man-
ner, with no evidence of localized stagnation or preferential depletion
zones.

At intermediate times during the injection pulse, the wafer surface
becomes fully enveloped by the MoCls plume, indicating that gas-phase
transport is sufficiently rapid to provide complete wafer-scale coverage
under these conditions. While this does not imply uniform surface
reaction or film thickness, it suggests that macroscopic transport limi-
tations are minimal and that any remaining non-uniformities would be
governed primarily by surface kinetics rather than precursor delivery.

4. Parametric study
4.1. Generalized boundary-condition variation

To evaluate robustness of the validated CFD framework across
a broader operating envelope, a parametric study was conducted in
which only boundary conditions were varied. The objective is not
to replicate specific experimental injection waveforms or rank pro-
cess conditions, but to verify physically consistent model response
under variations in pulse duration, flow rate, and chamber pressure,
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Fig. 16. Simulated wafer chuck-level velocity as a function of time for the 100 SCCM and 500 SCCM cases. The 100 SCCM case exhibits low velocities consistent
with experimentally inferred values, while the 500 SCCM case shows a substantial increase in flow impingement intensity near the wafer.
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Fig. 17. Time history of the wafer-averaged MoCls mass fraction for the 100 SCCM and 500 SCCM cases. Increasing the inlet flow rate leads to earlier precursor

arrival but reduced peak average exposure and a more extended decay tail.

and to demonstrate that the framework generalizes beyond the two
experimentally anchored cases.

A unified transient CFD model was used in which geometry, mesh,
turbulence model, and numerical settings were held fixed while inlet
and outlet boundary conditions were parameterized. In the NIST ex-
periments, short MoCls pulses were primarily used as transport tracers,
whereas longer pulses corresponded to deposition-relevant conditions.
The pulse-duration sweep therefore spans tracer-like and deposition-
like regimes, enabling systematic evaluation of transport scaling with-
out implying process optimization. Chamber pressure for each case was
imposed via a pressure-outlet boundary condition consistent with the
target value. The operating conditions are summarized in Table 4.
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As a consistency check, inlet-line velocity and upstream pressure
(P1) were compared with experimentally inferred values. In the NIST
experiments, velocity was estimated by converting the mass flow con-
troller setpoint to volumetric flow rate at 393 K and dividing by
inlet-tube area, assuming delivery within the nominal 5% uncer-
tainty. The upstream pressure P1 was inferred using a Hagen—Poiseuille
analysis based on downstream pressure, gas properties, and tubing
dimensions. In the CFD model, velocity and pressure were extracted
at the same inlet location for direct comparison.

Table 5 shows good agreement across all cases. Remaining dis-
crepancies are modest and attributable to experimental inference un-
certainty and simplified inlet/outlet representations used for efficient
parametric evaluation.



A. Alghamdi et al.

Digital Chemical Engineering 19 (2026) 100304

Temporal Evolution of MoCl5 Mass Fraction on Wafer surface
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Fig. 18. Time-resolved CFD contours of MoCls mass fraction on the wafer surface for the 100 SCCM case, illustrating the spatial evolution of precursor distribution

during injection and purge.

Table 4
Parametric operating conditions considered for generalized boundary-condition testing. Pulse duration denotes the MoCl;s injection
time.
# Case ID Pulse duration (s) Flow (SCCM) Chamber pressure (Pa)
1 0.2s-100SCCM-317Pa 0.2 100 317.6
2 0.25-500SCCM-872.5Pa 0.2 500 872.5
3 0.55-100SCCM-2425.9Pa 0.5 100 2425.9
4 0.55-100SCCM-1367.5Pa 0.5 100 1367.5
5 3s-100SCCM-317Pa 3.0 100 317.6
6 3s-100SCCM-1367.5Pa 3.0 100 1367.5
7 3s5-100SCCM-2425.9Pa 3.0 100 2425.9
Table 5

Comparison of experimentally inferred and simulated inlet-line pressure (P1) and inlet velocity across parametric cases. Experimental

velocity values are reported at 393 K.

Case P1 Exp. P1 Sim. P1 Error Velocity Exp. Velocity Sim. Velocity Error
(Pa) (Pa) (%) @393 K (m/s) (m/s) (%)

0.25-100SCCM-317Pa 998.2 1031.2 +3.3% 13.01 13.10 +0.7%
0.25-500SCCM-872.5Pa 2371.5 2491.3 +5.1% 27.39 27.53 +0.5%
0.55-100SCCM-2425.9Pa 2598.1 2658.55 +2.3% 5.00 5.57 +11.4%
0.5s-100SCCM-1367.5Pa 1659.6 1747.46 +5.3% 7.83 8.48 +8.3%
35-100SCCM-317Pa 998.2 1031.2 +3.3% 13.01 13.10 +0.7%
3s-100SCCM-1367.5Pa 1659.6 1742.74 +5.0% 7.83 8.50 +8.6%
35-100SCCM-2425.9Pa 2598.1 2655.10 +2.2% 5.00 5.58 +11.6%

Time-resolved wafer-averaged MoCls responses were also compared
with corresponding experimental absorbance measurements when avail-
able. The model reproduced temporal buildup and decay behavior
with close agreement in peak timing and qualitative profile shape.
Detailed optical comparisons are not repeated here to avoid redun-
dancy; emphasis is placed on generalized transport scaling and internal
consistency.

Fig. 19 shows wafer-averaged gas velocity for all cases. After a
brief transient, a steady velocity is established. Wafer-level velocity is
governed primarily by inlet mass flow rate: the 500 SCCM case yields
significantly higher steady velocity than all 100 SCCM cases, while
variations in upstream pressure and pulse duration produce minimal
differences once flow expands into the reactor. For fixed mass flow rate,
inlet pressure does not appreciably alter steady wafer velocity. These
trends confirm physically consistent hydrodynamic scaling.

The effect of pulse duration on wafer exposure was evaluated by
comparing 0.2 s, 0.5 s, and 3 s injections under otherwise identical
conditions (Fig. 20). Increasing pulse duration produces systematic
broadening and higher wafer-averaged MoCl; magnitude. Short and

17

medium pulses exhibit transient peaks followed by decay, indicating
injection—-transport coupling, whereas the 3 s pulse approaches a quasi-
steady plateau consistent with near-complete filling of the wafer region.
The smooth transition from transport-influenced to duration-limited
behavior further confirms consistent model response across tracer-like
and deposition-like regimes.

4.2. Intermediate flow case: 300 SCCM

To further evaluate model consistency at intermediate operating
conditions, a 300 SCCM case corresponding to a mid-range Reynolds
number and chamber pressure was investigated. The experimentally
measured downstream pressure P2 = 612 Pa and the corresponding
mass flow rate were imposed as the model boundary condition. Under
these conditions, the CFD model predicted an inlet pressure of 1978 Pa,
corresponding to a relative deviation of approximately 11.6% from
the experimental upstream pressure Pl = 1773 Pa. The predicted
inlet velocity was 21.74 m/s compared to the experimentally calculated
value of 21.17 m/s, resulting in a deviation of approximately 2.7%. The
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Average Wafer Velocity vs Flow Time (All Cases)
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Fig. 19. Time evolution of wafer-averaged gas velocity for all parametric cases. Steady-state wafer velocity is primarily controlled by inlet mass flow rate.

close agreement in velocity confirms consistency in the imposed flow
specification, while the pressure deviation remains within acceptable
limits considering geometric simplifications and numerical assumptions
in the model.

Fig. 21 presents the time-resolved normalized MoCls signals pre-
dicted for the 300 SCCM case, compared against the experimental
baseline cases at 100 and 500 SCCM to assess intermediate-flow trans-
port behavior. Although no experimental measurements are available
for 300 SCCM, the simulated response exhibits a buildup and decay
profile that follows the expected trend between the two baseline cases,
indicating physically consistent transient dynamics. Minor differences
are observed in the decay region, likely reflecting variations in flow
rate and associated velocity-driven residence effects.

Using the same peak-to-1% decay criterion and the same reactor-
center volume above the wafer chuck defined in Section 3.4, the
estimated residence time for the 300 SCCM case is 7 1.2 s. This
value is comparable to the predicted 500 SCCM residence time (1.2 s),
indicating that the intermediate operating condition produces a de-
cay behavior of similar characteristic duration within the sampled
region.

This outcome suggests that the transient purge behavior within the
camera-equivalent volume does not scale strictly with volumetric flow
rate. In the present configuration, the 300 SCCM case is simulated at
a lower operating pressure (P2 = 612 Pa) than the 500 SCCM baseline
(P2 = 872.5 Pa), which modifies gas density and consequently influ-
ences the local velocity distribution, mixing intensity, and convective
removal within the region of interest. As a result, the intermediate-flow
case exhibits a decay tail of comparable duration despite the reduced
volumetric flow rate (see Fig. 22). Since no experimental residence-
time data are available for 300 SCCM, this value should be interpreted
as a model-based estimate of localized decay dynamics rather than a
validated global chamber residence time.

Overall, the parametric study confirms that the CFD framework
exhibits stable and physically consistent behavior across variations in
flow rate, chamber pressure, and pulse duration without modification
of the underlying numerical configuration and model settings. The
predicted hydrodynamic and transient transport trends scale logically
with imposed boundary conditions, indicating that the model response
is not confined to the two experimentally anchored cases. Instead, the
framework demonstrates general applicability within the investigated

~
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operating envelope, supporting its use for intermediate and extended
process conditions.

It is important to note that the need for detailed resolution of the
convection-dominated flow field in the reactor for a variety of operating
conditions necessitates the use of a direct CFD modeling approach as
opposed to the use of approximate schemes like multi-compartment
models (Shah et al., 2026b,a) which have been proven to work well
in the modeling of other applications.

5. Conclusion

A physics-based digital twin for transient MoCls transport in an ex-
perimental ALD reactor has been developed and evaluated over a repre-
sentative operating envelope. The framework integrates time-resolved
absorption-imaging and upstream absorbance measurements from the
optically accessible NIST reactor with a three-dimensional, transient
CFD model to capture the dominant flow and transport phenomena
governing pulsed precursor delivery.

Comparison against experimental measurements demonstrates that
the model reproduces key transport observables, including inlet veloc-
ity, normalized precursor buildup and decay behavior, residence-time
estimates within the camera-equivalent region, plume symmetry and
spatial evolution, and wafer chuck-level transport trends across low-
and high-flow conditions. Image-based comparisons further confirm
that the simulations capture the principal plume structures observed
experimentally while maintaining physically consistent near-wafer hy-
drodynamic scaling.

A unified parametric study demonstrates smooth and predictable
response to variations in flow rate, chamber pressure, and injection
duration without modifying geometry or numerical settings. The re-
sults confirm that wafer chuck-level velocity is governed primarily by
mass flow rate and that wafer exposure transitions from transport-
limited to injection-duration-limited behavior for long pulses. An ad-
ditional intermediate 300 SCCM case was evaluated within the same
framework, and the predicted transient and residence-time behavior
remained physically consistent with the validated baseline conditions.

Overall, the present work establishes a reusable, experiment-informed
digital twin for ALD reactor transport analysis, providing a foundation
for future coupling to surface reaction kinetics, multi-cycle simulations,
and control- or optimization-oriented studies targeting uniformity,
throughput, and precursor utilization.
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Fig. 20. Wafer-averaged MoCl; mass fraction versus flow time for the pulse-duration sweep.
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Simulated 300 SCCM MoCls Signals vs. Experimental Baseline Cases (100 & 500 SCCM)
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Fig. 21. Simulated 300 SCCM MoCl; signals compared against the experimental baseline cases at 100 and 500 SCCM across all measurement locations. No
experimental data are available for the 300 SCCM condition; the comparison is shown to illustrate intermediate-flow transport behavior.
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