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ARTICLE INFO ABSTRACT

Keywords: A moving porous media (MPM) modeling methodology was developed for reactor-scale CFD simulations of
Porous media continuous spatial particle atomic layer deposition (ALD). The continuous vibrating reactor process for particle
Darcy's 13‘” depos atomic layer deposition (CVR-ALD) was modeled by treating the powder bed as a porous media which conveys as
2;?)mlc ayer deposition a sliding and layering dynamic mesh zone inside the vibrating reactor zone. Candidate porous reactor baseplates

were experimentally characterized using x-ray computed tomography (XRCT), porometry, porosimetry, and
atomic force microscopy (AFM) before permeabilities from flow tests were used as inputs to the MPM model.
Parameter sweeps over vibration magnitude, powder bed convection speed, and precursor mass fraction revealed
the dependence of surface titration uniformity and residual gas breakthrough on operating conditions and
powder properties. Parasitic chemical vapor deposition (CVD) reactions were observed in the first precursor zone
when dose start times and inlet gas compositions were not optimized.

Dynamic mesh

1. Introduction thin films with atomic-level thickness control. In ALD, self-limited re-
actions between the substrate surface and gaseous precursors enable the
Atomic layer deposition (ALD) is a coating technique used to produce synthesis of highly conformal and precise nanofilms. Simulations and
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modeling from the atomic level to the continuum scale have contributed
to our multiscale understanding of the behavior inside ALD reactors.
Investigations into the atomic and mesoscales include density functional
theory (DFT) simulations, molecular dynamics simulations [1], growth
mode deposition models [2], and ballistic transport models [3]. Monte
Carlo methods discretize the surface to be coated and use probabilistic
trajectories to identify reaction sites and track surface coverage [4,5].
Continuum models for deposition provide clarity on the reactive trans-
port of species to and from the substrate surface. These vary in
complexity from solving the diffusion equation with surface reactions
[6,7] to highly coupled computational fluid dynamics (CFD) solvers for
the reactor cavity [8-15]. Reaction kinetic expressions may be derived
from Langmuir's equation [7,16], kinetic theory [17] or kinetic Monte
Carlo models [10,18]. Physics-based analytical expressions have also
been developed to describe spatial atomic layer deposition on moving
substrates [19,20].

Particle ALD refers to an ALD film on a particle substrate and uses
different reactor configurations than the systems from existing CFD
modeling studies on planar substrates. ALD films can be deposited onto
batches of particles using fixed-bed [21], fluidized-bed [22], or rotary-
drum [23,24] reactors. In high-throughput manufacturing environ-
ments, continuous particle processing methods have also been employed
[25-27]. A continuous vibrating reactor for spatial particle atomic layer
deposition (CVR-ALD) [28] was recently developed for large-scale par-
ticle ALD. Also referred to as continuous spatial particle ALD reactors,
CVR-ALD reactors use linear vibration to continuously transport parti-
cles through alternating regions of inert purge gas and dilute precursor
in a carrier gas. Purge zones are needed to prevent precursor gases from
coming into contact and forming solid nanoparticles through chemical
vapor deposition (CVD) reactions, which may deposit on the substrate to
produce porous, non-self-limited films. Vibration is known to promote
gas-solid contact and film uniformity in batch particle ALD systems [29]
but its effect on the gas-phase diffusion of dilute ALD precursors through
an inert carrier gas has not yet been quantified. Non-self-limited CVD
reactions between precursor gases become more difficult to avoid during
concurrent dosing and will depend on diffusion extent of the ALD pre-
cursor front.

Capital cost and desired operating conditions also influence the CVR-
ALD system design for specific film and substrate chemistry combina-
tions. The minimum purge zone size required to keep CVD byproducts
below experimental targets will be process dependent. High precursor
utilization can be achieved in particle ALD [22,30] but is challenging to
monitor downstream in CVR-ALD where precursor and product gases
are diluted by purge gas. Surface titration uniformity, which refers to the
sterically hindered film or ligand coverage after one ALD cycle and may
be less than one monolayer [2,31,32], requires saturating doses of often
expensive precursor gases [8,30]. How to maximize surface titration
uniformity while minimizing precursor utilization and other questions
about reactive transport behavior can be investigated in a continuum-
scale CFD model for CVR-ALD.

Continuum approaches to the gas phase have been well-documented
and well-validated for many gases in the literature [33]. Continuum
treatments of the solids phase and gas-solid interactions, on the other
hand, are more restrictive and require justification [34,35]. Packed-bed-
like solids flow behavior was observed in the CVR-ALD reactor at low
vibration intensities in our previous work [26] and enables the powder
bed to be treated as a porous media [36-38] characterized by viscous
and inertial resistances [39]. Viscous resistance, or inverse permeability
from Darcy's law, depends on the powder bed's porosity, packing
orientation, and particle shape [40]. A reacting moving porous media
(MPM) model can explore how powder bed properties such as specific
surface area and site density lead to changes in the residual gas con-
centration and bed surface titration uniformity.

The permeability of a porous medium depends on geometric prop-
erties of the fluid channels forming flow paths in the solid skeleton.
Many permeability correlations contain empirical fitting factors relating
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to pore network parameters that are difficult to measure experimentally.
The original Carman-Kozeny or Kozeny-Carman equation [41,42] is
often referred to as the most basic permeability equation and calculates
permeability o from the void fraction ¢ and the pore surface area per unit
total volume s, as

a=l € M
Co Spy
where ¢y is the Kozeny or Kozeny-Carman (KC) constant and
generally assigned a value of five [43]. Specific surface area in the
Kozeny-Carman equation can also be written in terms of the solid vol-
ume, Ssy = Sp/(1 — ¢), as [43]
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For an unconsolidated bed of spheres, the specific surface area can be
replaced with sg, = 6/der where deg is the effective particle diameter
[44]. The Kozeny-Carman equation for spherical packings is commonly
written with the deg substitution for specific surface area [45] as

dgﬁc &l
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The Kozeny constant corrects for differences in pore connectivity
between materials with the same solid specific surface area and porosity.
Some studies have used the expression cz? for ¢y where c is a pore shape
factor (equivalent to b/16 from the capillary form of the Egs. [46]) and =
is the tortuosity, a ratio between the effective pore path length and the
shortest distance from pore inlet to outlet (i.e. the material thickness L)
[47]: Le/L. The cg = 5 value mentioned previously comes from assuming
a shape factor ¢ = 2.5 and a tortuosity 7 = /2 [48]. Referring to co as a
Kozeny “constant” can be misleading for materials with pore shape
factors and tortuosities that change with time. The ALD-coated porous
media in this study have film thicknesses on the order of 1-10 nm (<50
ALD cycles with ~0.12 nm/cycle of alumina) [31], many orders of
magnitude smaller than the mean pore diameters (~10-20 pm), so ALD
film thickness is not expected to have a significant effect on the Kozeny
constant.

Tortuosity values range from one for the shortest path from point A
to point B (i.e., a line) to high numbers for long, circuitous pore paths.
Tortuosity can be calculated using empirical models or diffusion ex-
periments [49], simulations based on image data [50], or porosimetry
correlations [51]. The definition of the dimensionless parameter tortu-
osity varies between publications and has been discussed in several re-
views [46,52]. Studies can be found defining tortuosity as a path length
ratio [41,53], L¢/L, or as a “tortuosity factor” [54-56] using the square
of this path length ratio, (L¢/L)%. Throughout this paper, tortuosity will
refer to the ratio of the path lengths, not the tortuosity factor: 7 = (L¢/L).

In this work, we propose a reacting MPM model in ANSYS Fluent to
capture the reacting multiphase flow behavior inside CVR-ALD reactors.
The powder bed is approximated as a porous media which conveys as a
sliding and layering dynamic mesh zone inside the vibrating (2D rigid
body translation) reactor dynamic mesh zone. The porous baseplate or
“frit” is also included as a porous media zone which moves with the
reactor. Heterogeneous half-reactions (ALD) and homogeneous volume
reactions (CVD) are modeled using first-order Arrhenius kinetics. Inputs
to the MPM model such as frit and packed bed permeability, porosity,
and velocity are derived from pressure drop versus gas velocity curves
and previously acquired DEM data [57].

2. Methods
2.1. Materials

The CVR-ALD reactor has two key components which change in
composition depending on the application: the powder substrate and the
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porous frit. In this study, soda lime glass beads (45-63 pm in diameter,
from Mo-Sci Corporation) were chosen as an ideal, mildly cohesive
Geldart A powder substrate. Powders of this size fluidize intermittently
during vibratory convection, exhibiting clear distinctions between liftoff
and contact that can be applied as a piecewise velocity profile in the
porous media dynamic meshing model [57]. Three inert frit materials
with sieve diameters ~10 pm were also selected: a sintered stainless-
steel powder sheet (Mott Corporation, part number 1100-10-40-0.062-
10-A SHEET 316LSS), a sintered stainless-steel felt, and a sintered
stainless-steel mesh (TWP-Inc, part number MIC10TL5). The 5-ply mesh
material consists of two coarse layers (12 x 64 mesh size), two fine
layers (100 mesh) and one ultrafine layer (165 x 1400 mesh). These frits
represent porous materials with varying pore geometry suitable for a
particle ALD reactor. The sintered mesh and sintered powder materials
are approximately 1.6-mm thick and can be placed directly in the
reactor frit cavity. The felt material is only 0.5-mm thick so several felt
layers were stacked to match the sintered mesh and sintered powder
material thicknesses.

2.2. Porous media analysis

To better understand how the porous baseplate geometry affects gas
transport behavior, each of the three candidate frit materials was
characterized by tomography, porometry, and porosimetry. X-ray
computed tomography (XRCT) images of the porous baseplate samples
were obtained using a Zeiss Xradia 520 Versa CT microscope at the
University of Colorado's Materials Instrumentation and Multimodal
Imaging Core Facility (MIMIC, RRID:SCR_019307). Square samples 2- to
6-mm in length were scanned using a 140 kV source voltage with the
settings shown in Table 1. Voxel resolutions were chosen to maximize
the field of view while resolving the minimum characteristic feature size
(1.05 pm, 1.05 pm, and 5.97 pm for the sintered powder, felt, and mesh
samples, respectively). After scanning, each image stack was processed
and visualized in the 3D data analysis application Dragonfly (Object
Research Systems/ORS). Image stacks were segmented into pore space
and stainless-steel skeleton regions of interest (ROIs) using the Otsu
threshold method. The pore space ROI was used to develop a pore
network model with the default settings in OpenPNM, an open-source
plugin for pore size analysis hosted in Dragonfly (¢ = 0.4, R max = 4,
edge tolerance = 0.10 %, and trim isolated pores enabled). Permeability
values for each material were determined from fluidization data in our
prior publication [57].

Frit samples 25-mm and 5-mm in diameter were then prepared for
capillary flow porometry (CFP) and mercury intrusion porosimetry
(MIP), respectively. These methods were chosen to compare the number
of through-pores from CFP to the number of all open pores, which in-
cludes through-pores and dead-end pores, from MIP. Both techniques
relate the fluid injection pressure P to the equivalent cylindrical pore
size ds through the Washburn equation,

4y,cos6,

d, =
P

@

where y; is the liquid surface tension and ; is the contact angle be-
tween the solid skeleton and intruded liquid. In MIP, the volume change
of mercury intruded into the sample is monitored with a capacitance
sensor to give a pore volume versus pressure curve. In CFP, pores are
filled with wetting liquid and flow rate is monitored as the pores are
emptied. The pore number density can be derived from the Hagen-

Table 1
List of CT microscope settings
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Poiseuille equation,

Ny, ﬂd;‘AP

12871 ®)

Q = —

where Q is the fluid flow rate; ng, is the number density of pores with
diameter ds; AP is the fluid pressure drop; 7 is the fluid viscosity; and [ is
the sample thickness.

Capillary flow tests were performed in a Quantachrome (brand of
Anton Paar) 3Gzh Porometer. During flow tests, pressure drop across the
sample was increased from zero to 0.2 bar to drive Porofil fluid (density
= 1.85 g/cm® surface tension = 16 dyn/cm) through the solid skeleton.
Both dry and wet curves were analyzed. MIP tests were conducted using
a Quantachrome Poremaster 60 GT in low- and high-pressure modes
(pressure range 0-60 psi) after running an ultimate vacuum of 3.0 pbar
for 10 mins using a two-stage direct drive pump to remove sample
moisture and contaminants.

Tortuosity of the porous media samples was derived from the
segmented tomography image stacks using the free MATLAB application
TauFactor. TauFactor performs a numerical diffusion simulation using
voxels from the tomography data as mesh cell elements to compare the
steady-state diffusive flow through the tomography-derived pore
network to that of a perfectly dense control volume. The ratio of these
flows gives the tortuosity of the porous media sample through the
equation,

DY = DE (6)
T

where D is the intrinsic diffusivity of the void space. When appli-
cable, tomography data sets were cropped to fall within a 1001-pixel
cube (Table 2) to keep diffusion simulations under the 64 GB memory
capacity of our lab workstation. TauFactor simulations were performed
using the “(D:D) w/ Mirror” option. More details on the TauFactor al-
gorithm and numerical implementation can be found in the software
documentation [50].

Although all three frit materials are constructed of the same material
(stainless steel), powder flow may also be affected by differences in local
surface topology or the presence of surface species. Short-range cohesive
forces are known to be particularly sensitive to surface properties such
as nanoscale roughness [58-60] and chemical composition [61,62]. To
evaluate whether powder-baseplate interactions are altered by the
presence of an ALD-grown alumina film, 50 cycles of alumina were
deposited on frit sample squares (~0.25” x 0.25") that were compared to
uncoated frit samples.

Flat ALD was performed in a 2-in. stainless steel reactor tube with a
porous distributor plate. Nitrogen was used as the inert carrier gas and
maintained at a flow rate of around 10 sccm. A vacuum pump held the
reactor outlet pressure at 0.7 Torr. Liquid precursors trimethylalumi-
num (TMA, Sigma-Aldrich) and DI water were delivered as gaseous re-
actants from a vapor draw precursor delivery manifold held at 80 °C.
Precursor bottles were maintained at 25 °C. After setting the reactor

Table 2
Dimensions, in pixels, of TauFactor image samples
Sample Name Pixels in x Pixels in y Pixels in z
Powder 1000 1000 1000
Felt 1001 1001 292
Mesh 900 900 302

Sample Name Projections Binning Power (W) Objective Exposure (s) Resolution (microns) Image size L x W (pixels)
Powder 1996 1 9.94 4x 2 1.06 2026 x 1976
Felt 2401 1 10.08 4x 0.5 1.06 2026 x 2026
Mesh 2401 2 10.08 4x 0.6 5.97 1013 x 1013
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temperature to 200 °C, the entire system was allowed to reach thermal
equilibrium overnight before starting the ALD sequence. A typical ALD
cycle comprised of a 3-min TMA dose followed by a 50-min nitrogen
purge and a 1-min water dose followed by a 50-min nitrogen purge.
Long nitrogen purges were chosen to ensure proper precursor and
gaseous byproduct evacuation for the porous substrates at the low
vacuum conditions (0.7 Torr) in the coating chamber before starting the
next precursor dose. Reactor control and data acquisition were per-
formed in a custom LabVIEW program. Scanning electron microscopy
(SEM) with energy dispersive X-ray spectroscopy (EDS) was performed
at the Colorado Shared Instrumentation in Nanofabrication and Char-
acterization (COSINC) facility to confirm an increase in surface
aluminum weight percent after 50 ALD cycles. The surface aluminum
percent is determined by averaging the spatial (pointwise) aluminum
distribution from EDS over the entire ~2-mm by 2-mm scan area. The
spatial resolution of the JEOL JSM-7401F Field Emission SEM is roughly
1 nm.

The powder-baseplate cohesiveness for each frit material sample was
analyzed using force-deflection (“pull-off” force) measurements in
contact mode on a Bruker Icon atomic force microscope (AFM). A 10-
pm-diameter borosilicate colloidal AFM probe (Nanosensors, part
number CP-qp-CONT-BSG) was purchased to act as a spherical contact
point representing the Mo-Sci glass beads from the powder bed. Before
evaluating sample pull-off force, the deflection sensitivity (171.2 nm/V)
and spring constant (0.02176 N/m) of the probe were determined by
calibrating against fused quartz and using the thermal tune calibration
method, respectively. Five sites were measured on each sample and
averaged to give a mean adhesive force.

2.3. Equations

Both the gas phase — a mixture of precursor, purge, and product gases
—and the solid substrate phases for the frit and powder bed are treated as
continua in this work. Rather than tracking each particle in the powder
bed as a discrete entity, the entire powder bed is treated as a solid
skeleton with continuum properties (Fig. 1). Individual particle quan-
tities such as mass my, diameter d, and number of sites n; , become
continuum properties of the packed bed i.e. solids density ps;, bed
porosity y, surface-to-volume ratio SV, site density psit, and so on. In a
porous media formulation, spatial variations in bed surface titration
uniformity and precursor utilization can be tracked without the need to
resolve individual particle behavior.

The reacting MPM model involves solving mass, momentum, (ther-
mal) energy, and species balances. The conservation equations for mass
and momentum used in this work are,

apm 5 —
Ve (pm v) =0 %)

(a) mpi. dpi, ns_pi (b) Ps €5, SVs, Psite

7S 4 7

Representative mesh element

Fig. 1. (a) Schematic illustration of the traditional Lagrangian approach, where
discrete properties of each particle i are tracked. (b) Porous media treatment,
where the packed bed of particles is treated as a porous solid skeleton.
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0 N N = N
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where p;, is the mixture density; Y is the mixture velocity; Py, is the

static pressure of the mixture; 7, is the mixture stress tensor; g is the

gravity vector; and F is an external body force term. Laminar flow is
assumed due to the low particle Reynolds numbers at typical CVR-ALD
conditions (Re,~1 or less). In porous media zones, porosity of the porous
medium y is added to the transient terms which become % and

o\ ¥pmVm ’ N
s F accounts for the pressure drop due to viscous losses through

the porous medium. The viscous loss term in each direction k, F, is
described by,

Fi = — 1, Cog| Vi (C)]

where C,,  is the viscous resistance in direction k and |vnx| is the

mixture velocity magnitude in direction k. Viscous resistance is also
known as inverse permeability 1/a; with ax being the permeability in
direction k.

The heat transfer equation for the transport of thermal energy is
described by,

% (Pmmi) +V o (?m (Pems + Pu) > =Ve <kaTm S I+ 7

J

L4 ;m> +Sh (10)

where ey, is the total energy of the mixture (e, = em + Vi®/2); Vin
is the scalar mixture velocity; ep, is the mixture internal energy (e, = Cy,
mTm); Cy, mis the constant-volume heat capacity of the mixture; k;, is the
mixture conductivity; Ty, is the mixture temperature; h; is the sensible

heat of species j; .7, is the diffusion flux of species j; and Sy is a thermal
energy source term accounting for volumetric heat generation from
chemical reactions. For incompressible flows, the total energy per unit
mass can be related directly to the temperature by neglecting the pres-
sure (Py) and kinetic energy (V,,*/2) terms. In porous media regions
where the fluid flow and porous medium are assumed to be in thermal
equilibrium, thermal energy transport takes the form,

0 IR
& (J/pmhm + (1 - }’),Dsh\- ) +Ve (pm thm) =Ve (szfVTrn) + S 1)

where hp, is the mixture enthalpy; p; is the solid material density; hs is
the sensible enthalpy of the porous medium; ke is the effective thermal
conductivity (ke = vkm + (1 — y)ks); and ks is the solids conductivity.

The transport of chemical species is modeled using the Fickian
convection-diffusion equation with volumetric (CVD) and wall surface
(ALD) reactions,

g(szl)+v. (pi;myi) = *V‘Z‘*FR; 12)

where p; is the density of chemical species i; Y; is the mass fraction of

i; ji is the diffusion flux of species i; and R; is the generation rate of i due
to chemical reactions. N — 1 chemical species transport equations are
solved, where N is the number of species; the N mass fraction is
calculated as 1 — Z;\HY]». In porous media zones, the transient term
includes porosity, becoming 2 (yp,Y;). The diffusion flux is modeled with
the dilute approximation,

V T‘IYI
7"))‘1

71‘ = - P,Di,mVYi —Dr; 13)
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where D; , is the mass diffusivity of species i and Dr, ; is the thermal
(Soret) diffusivity of i.

Finite-rate kinetics with no turbulence-chemistry interaction (TCI)
contribute to the net source of chemical species i, R;, according to the
following relation,

Ny N Nj
Ri=M,; Z (Vrir = Vbir) (kf.r Z (Cj)"”' —ky, Z (Cj)n”" ) 14
1 1 1
where M,, ; is the molecular weight of species i; vy, ;- and vp, i are the
product and reactant stoichiometric coefficients in reaction r; ky,  and kp,
rare the forward and reverse rate constants for reaction r; C; is the molar
concentration of species j; and 7 , is the rate exponent of species j in
reaction r, all summed over N; chemical species and N; chemical re-
actions. Species concentrations in the reaction rate expression above can
include gas-phase species, surface-adsorbed site species, or solid film
deposition species.
In this work, the forward reaction rate constant, kf, r, is defined using
the Arrhenius equation with no temperature term and with site coverage
dependence,

ki, = Arefsm/(kﬁm)Hka.r (15)

Ksie

where A, is the Arrhenius pre-exponential factor or “prefactor”; Eq
is the activation energy for reaction r; R, is the universal gas constant; Z

is the fraction of sites covered by site species k (Zk = Cx /p ) ; Ck is the

site
concentration of site species k; psir is the constant surface site density;
and yy, r is the site coverage rate exponent. For CVD volume reactions,
the surface coverage term drops out (ux, - = 0). The Arrhenius prefactor
for heterogeneous reactions with a first-order dependence on the con-

centration of gas species i can be calculated using A, = A,/R,/(27M,;)

where 1 is the sticking coefficient [63].
In moving mesh zones, the integral form of each conservation
equation over a control volume V utilizes a relative velocity formulation,

F) IR - IR
—/pqudV—O—/ pm(ﬁ(vm — vdm> e dA :/ IyVpe dA+/S¢dV (16)
o)y ov ov v

where ¢ is a scalar quantity described by a conservation equation;

Vg is the moving mesh velocity; T is the diffusivity of quantity ¢; and
S, is the total generation rate of ¢ from sources and sinks. Details on the
moving mesh numerical implementation can be found in the Fluent
theory manual [39].

2.4. Reactor modeling

CFD-DEM simulations have shown that the porosity and coordina-
tion structure of the packed bed under vibratory convection do not
change significantly when subjected to low vertical accelerations [57].
In this regime, the powder bed can be considered to move as a contin-
uum. The mean powder bed convection velocity at a vertical accelera-
tion of 0.30g, where g is the magnitude of the gravity vector, was
approximated as a piecewise velocity profile in this work. The contact
region is fit to the sinusoidal conveyor velocity and a constant horizontal
liftoff velocity was chosen that gives the same average powder bed ve-
locity as the experimental results, U, = 1.3 cm/s (Fig. 2). The resulting
piecewise velocity is prescribed to the packed bed zone in the MPM
model.

ANSYS Fluent was chosen to model the CVR-ALD system as one of the
few CFD packages with heterogeneous surface reactions, porous media,
and moving mesh capabilities already built in. A mixture model was
applied to the gas phase. Five volumetric (gas) chemical species were
considered in this work: (1) the aluminum containing precursor, tri-
methyl aluminum (tma/alme3); (2) the oxidizing precursor, water
(h20); (3) the inert carrier gas, nitrogen (n2); (4) the ALD byproduct,
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Fig. 2. Comparison between the CFD-DEM mean powder convection velocity
(dash-dot) and the piecewise model approximation with the same average
powder bed velocity as the experimental results (solid line).

methane (ch4); and (5) a CVD byproduct, aluminum hydroxide (al(oh)3)
[64]. Aluminum hydroxide was chosen so that the CVD byproducts
could be monitored separately from the ALD-deposited alumina. Two
site species (surface hydroxyls, oh, and an alumina intermediate, oal
(ch3)2) and one solid film species (alumina, al203) were also consid-
ered. The mixture model and porous media properties can be found in
Table 3. Standard state enthalpies and entropies were obtained from the
NIST Chemistry WebBook when available [65]. Material properties not
defined in Table 3 were left at the Fluent Database defaults. Viscous
resistances were calculated using the inverse permeability from pressure
drop versus gas velocity fluidization data [57]. Site density was deter-
mined assuming a surface site area of 24 nm? [8]. The remaining porous
media properties for the frit (surface-to-volume ratio and porosity) were
derived from segmented tomography images. All reactions were
modeled as irreversible (k;, » = 0) with a temperature-independent
forward reaction rate constant (E, » = 0). ALD Arrhenius prefactors
were calculated by incorporating a constant reactor temperature with a

sticking probability of 1 = 0.01 (i.e., A, = 14/R(473)/(27M,;)) [8].

Three reactions were modeled in the CVR-ALD reactor: a
monodentate-type TMA half-reaction [66,67], a water half-reaction, and
a CVD reaction producing aluminum hydroxide [64,68]. These were
described by the following equations,

| — OH + Al(CH;), = CH, + || — OAl(CH3), a7
2|| — OAI(CH3), +3H,0 = 4CH, + AL O; + 2| — OH (18)
Al(CH3), +3H,0 = 3CH, + Al(OH)3 (19)

The ALD reactions are modeled as first order in concentration and
coverage dependence. The CVD reaction is modeled as second order in
concentration dependence (77ma, 3 = 1 & 1m0, 3 = 1). All porous ma-
terials were assumed to start with fully hydroxylated surfaces (|| — OH
site coverage = 1).

Two geometries were used to model the CVR-ALD reactor in this
study: a “single zone” model describing the region corresponding to one
precursor and a “single cycle” model containing two precursor zones to
describe a single cycle of ALD (Fig. 3). In both models, the frit zone
thickness is 1.59 mm and the packed bed zone thickness is 3 mm. The
single-zone model only contains three volumetric species (ch4, n2, and
alme3 or h20) while the single-cycle model contains all species from
Table 3. Because only one precursor region is included, CVD reactions
are not considered in the single-zone model. In all models, periodic
boundary conditions were applied to the left and right boundaries. Inlets
and outlets were set to the mean reactor temperature (473 K). The fluid
zones at each outlet were split at the last two rows of mesh cells so that
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Table 3
Simulation values
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Fluid properties

Nitrogen Methane TMA Water ||-OAlL |-OH Al,O3 AI(OH);3
(CH3)2
Standard state enthalpy [J/kgmol] 0 -7.49e+07 -8.49e+07 -2.42e4+08  -1.50e+08 3.90e+07  3.90e+07  2.59e+08
Standard state entropy [J/kgmol-K] 1.91e+05 1.86e+05 3.50e+05 1.89e+05 5.09e+04 1.84e+05 1.84e+05 1.88e+05
Molecular weight [kg/kmol] 28.01 16.04 72.09 18.02 73.05 17.00 102.00 78.03
* Mixture settings were assigned default values
(incompressible ideal gas for density, mixing law specific
heat, and constant values for thermal conductivity,
viscosity, and mass diffusivity)
Solid (porous media) properties
Glass Stainless-
steel
Density, ps [kg/m3] 2500 8030
Specific heat, ¢, [J/kg-K] 871 503
Thermal conductivity, ks [W/m-K] 1.3 16.3
Chemical reactions
TMA half- H,0 half- CVD
reaction reaction reaction
Arrhenius prefactor, Ay [1/5] 0.9 1.9 1.0
Species with 7;, , = 1 TMA H,0 TMA, H,0
Species with y » =1 || - OH || - Alo N/A
(CH3),
* Reaction settings were assigned default values (heat of
surface reactions enabled, diffusion energy source
enabled, direct source chemistry solver)
Cell zone and boundary conditions, all
Vibration y-amplitude [g] 0.30
Vibration frequency [Hz] 16
Vibration angle [°] 60
Liftoff y-velocity [cm/s] —0.40
Precursor velocity [cm/s] 3-4
Precursor mass fraction 0.001
Purge velocity [cm/s] 3-4
Reactor temperature [K] 473
Cell zone conditions, porous zones only
Packed bed Frit
Surface-to-volume ratio [m~'] 58,000 100,000
Site density [kgmol/m?] 6.92e-11 6.92e-11
Solid material glass stainless-
steel

the backflow species mass fractions could be assigned to area-averaged
values from the near-outlet cells. As ALD progresses, reaction byprod-
ucts begin populating the outlet stream, so a time-dependent backflow
mass fraction condition more accurately represents the transient
composition of the outflowing gas.

Reactor vibration is incorporated through user-defined functions
(UDFs). Two DEFINE_ZONE_MOTION UDFs were developed to describe
the vibrating reactor and vibrating-conveying packed bed, respectively.
These two mesh zones slide across one another in the horizontal direc-
tion. Mesh interfaces were created at faces joining the three cell zones
(fluid, packed bed, and frit regions). DEFINE_CG_MOTION UDFs at the
packed bed inlet and outlet maintain alignment between the packed bed
boundaries and the reactor boundaries. Dynamic meshing is only needed
at the packed bed inlet and outlet faces, where the mesh cells must be
relayered to account for packed bed convection from left to right.
Layering was enabled with the recommended settings (height-based,
split factor = 0.4, collapse factor = 0.4). Cell height was assigned a value
roughly corresponding to the peak-to-peak vibration amplitude
(0.00034 m) so that one remeshing step occurs after one period of
vibration.

The resulting system of equations was solved using Fluent's transient,
pressure-based solver. A converged solution was obtained using the

SIMPLE algorithm with pressure-velocity coupling and Rhie-Chow dis-
tance-based fluxes. Default values were retained for the under-
relaxation factors (0.3 for pressure, 0.7 for momentum, and 1 for all
other equations). The gas flow field was allowed to equilibrate for 50 ms
before vibration was turned on.

3. Results and discussion
3.1. Porous media properties

Before running any CVR-ALD simulations, the microstructural
characteristics of three candidate frit materials marketed as 10-ym
porous media were evaluated. We were interested in how the internal
pore structure may affect permeability and the total surface area avail-
able for ALD reactions. Tomography data of the frit materials reveals
differences in connectivity and pore shape among all three pore net-
works (Fig. 4). The sintered powder sample is characterized by amor-
phous, highly interconnected pores (Fig. 4a). Pore path diameters in the
pore network model vary from short, <10-ym diameter segments to
wide 74-pm diameter channels. Pore vertices of varying size are
distributed uniformly throughout the sintered powder with sizes from
67 pm down to <10 pm. The sintered felt sample has similar
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Fig. 3. Simulation setup (left) for the single-zone model with 49,748 mesh elements and the single-cycle model with 99,432 mesh elements. Insets display sample
snapshots of the moving mesh during extension (right, top) and retraction (right, bottom) as the packed bed zone (green) slides to the right over the frit zone
(orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

interconnectivity and pores spanning a similar size range but with
different spatial distributions (Fig. 4b). The sintered felt material is
functionally graded through the thickness so pore vertices range from
21 pm to <10 pm with larger pores concentrated at the bottom face in
Fig. 4b. Pore path diameters are also shorter and range from <10 pm to
25 pm in size. The sintered mesh material exhibits larger spatial pore
network variations and more noticeable geometric anisotropy than the
felt and powder samples (Fig. 4c). Very large pores up to 614 pm in size
are visible concentrated at the bottom face in Fig. 4c within the two
coarsest mesh layers. The top three mesh layers are dominated by pores
<100-pm in size. The wide distribution in pore sizes for the multilayer
mesh material is by design. A coarse mesh underlayer permits low
pressure drops and imparts structural integrity to the mesh while the
fine mesh overlayer prevents fines from passing through the porous
material. Pores in the bottom half of the mesh also appear less inter-
connected than the dense pore networks of Fig. 4a and b. Pore path
diameters are also larger for this material, ranging from 601 pm to <20
pm through the finest mesh layer.

Similar trends are observed in the porometry and porosimetry results
(Fig. 5). The powder, felt, and mesh sintered samples are characterized
by mean through-pore sizes of 12.32, 16.08, and 20.12 pm, respectively.
MIP results from Fig. 5b and the tomography data from Fig. 4a indicate
that the sintered powder has more large open pore spaces than the felt,
but only a fraction of the pore regions constitutes through-pores. The
mean through-pore size, not the average size of all pores, is most rele-
vant to experimental flow measures such as CFP. However, it should be
noted that dead end pore spaces still provide additional surface area
containing reaction sites that can be accessed by ALD precursors through
diffusion. The overlap between MIP and CFP results gives a qualitative
indication of the dead-end pore frequency. The felt results have the most
overlap with only a few small <12-pm and large >25-pm pores observed
in the MIP results that were not seen in the CFP results. The powder
results overlap mostly for the small pores sizes with a significant number
of pores 20-50 pm not seen in the CFP experiments. Many large >50-ym
pore spaces can be seen in the mesh MIP results that are not detected in
CFP. This is consistent with the tomography data from Fig. 4c indicating
that large pores are present in the bottom half of the sintered mesh
material, but that flow must pass through small pores in the finest mesh

layer before exiting the sample.

To better understand how the geometric anisotropy and pore inter-
connectivity trends observed in Fig. 4 affect material permeability,
tortuosity factors for in-plane flow (r;2 and 752) and through-plane flow
(r3%) were obtained from TauFactor simulations (Fig. 6). The most
highly interconnected pore network from Fig. 4 (the sintered powder)
had the highest tortuosity factors. The sintered felt material was char-
acterized by the lowest tortuosity factors. Although the sintered felt pore
network is also highly interconnected, the porosity is higher, leading to
shorter effective pore paths. In general, all materials were only
marginally anisotropic in terms of flow resistance — tortuosity factors
712, 792 and 732 for the sintered powder and sintered felt were within
0.1-0.3 of one another. Tortuosity values typically decreased with
increasing porosity, a trend consistent with common tortuosity corre-
lations such as the 2D fiber Tomadakis [69] model and the Bruggeman
[70] model. Only the mesh tortuosity results exhibited noticeable
anisotropy with a through-plane tortuosity factor 732 around 0.7 lower
than the in-plane tortuosity factors 7,2 and 7,2.

The TauFactor and XRCT porous media properties in Table 4 were
used in eq. 1 with the experimental permeability values to determine the
fitted KC constant cq. Porosity and specific surface area were calculated
from the segmented XRCT images. Approximate porous media proper-
ties for the packed bed of 56-uym glass particles are provided for com-
parison. Permeabilities followed the same order as the mean through-
pore size; the sintered powder was the least permeable material fol-
lowed by the sintered felt and the sintered mesh. However, the fitted KC
constants did not follow the same trend as the through-plane tortuosity
factors 732, indicating significant differences in pore shape factor c.

Several arguments can be made to explain why the KC constants for
the sintered felt and sintered mesh samples deviated significantly from
the default value of five [48,71]. The specific surface areas in Table 4 are
calculated from the XRCT images by taking the surface to volume ratio
of rectangular prisms forming voxels [50]. This discontinuous, pixelized
representation may be a poor approximation of the true pore surface.
Specific surface area has a power law relationship with permeability so
any errors in surface area are magnified in the permeability equation.
Reported KC constants exceeding five are also not uncommon for
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Fig. 4. XRCT results for three sintered stainless steel baseplate materials: (a) sintered powder, (b) sintered felt, and (c) sintered mesh. 3D visualizations of to-
mography data display dimensions rounded to the nearest 10 pm (left). The pore volume rendering and pore network model generated by OpenPNM are cropped and

revealed by peeling back the solid skeleton (right).

anisotropic void spaces, particularly as the porosity increases beyond
0.4 [43]. Deviations from the Kozeny-Carman model have been attrib-
uted to unusable porosity [45,72] and unresolved complexities in the
shape and interconnectivity of pore channels [55]. The Kozeny-Carman
relationship assumes that the porous media can be approximated as a
collection of sinuous but parallel identical round pipes [41]. For com-
plex pore geometries, this treatment of porous media flow may be an
oversimplification. Additional losses not accounted for in the base
Kozeny-Carman model are expected accompanying sudden expansion
and contraction of pore capillaries [55] which may explain the lower
mesh permeability results.

Porous media surface topography can also influence the cohesive

force between the powder bed and the frit surface. In this study, no
significant differences were detected between the three frit materials for
the ALD-coated and uncoated samples (Fig. 7b). AFM pull-off force tests
on all three frit materials were characterized by low adhesion values
relative to other literature studies [73,74] from 4.7 to 13.2 nN in
magnitude. Standard deviations increased with adhesion force magni-
tude from 2.1 nN for the ALD-coated mesh to 11.2 nN for the uncoated
felt. The large pull-off force variations between replicates can be
attributed to site-to-site differences in local surface topology and
changes in contact area between the probe and the porous media sam-
ple. The presence of TMA-deposited aluminum was confirmed by the
1.2-1.4% weight increase in surface aluminum composition (Fig. 7a).
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Further tests would be needed to confirm whether particle-frit cohesion
is still insensitive to the presence of an ALD film for a thicker coating
(>50 cycles alumina).

Table 4

Porous media characterization results from analysis of fluidized bed data (for
permeability) and XRCT images (all others). Specific surface area by total vol-
ume and by solid volume are included for ease in comparison with other studies

Value Glass beads Powder Felt Mesh
Porosity, € 0.46 0.37 0.68 0.40
Tortuosity factor, 712 1.48* 2.86 1.63 1.75
Tortuosity factor, 752 1.48* 2.83 1.72 1.80
Tortuosity factor, 732 1.48* 2.68 1.40 2.52
Specific surface area, s, [um™'] 0.134+ 0.097 0.194 0.011
Specific surface area, S [um’l] 0.073 0.062 0.062 0.007
Fitted KC constant, cq 4.2 4.6 22.0 79.9
Permeability, k [um’z] 4.25 2.76 3.66 17.93

tEstimate assuming nearly spherical beads with sphericity ¢; = 0.80 (s, = 6/
(#5ds))

" Estimate from the Bruggeman correlation, 7> = £ %5

3.2. Multiphase flow behavior during CVR-ALD, single precursor zone

Reactor-scale CVR-ALD simulations revealed complex multiphase
flow behavior during reactor operation. Vibration produced large,
transient fluctuations in the flow streamlines relative to the flow
behavior before vibration was turned on (Fig. 8). Vibration strength is
expressed as a throw number I" where I is the vertical vibration accel-
eration normalized by the magnitude of gravity g. For ' =0.30to I' =
0.60, the reactor vibrates at velocities exceeding the inlet gas velocity.
As the extension stroke begins, flow transitions from primarily inlet-to-
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Fig. 7. (a) EDS aluminum surface weight percent results for coated and un-
coated sintered porous media samples. (b) AFM adhesion force magnitude re-
sults for coated and uncoated sintered porous media samples.

outlet travel to left-right motion as the fluid moves with the reactor.
During retraction, streamlines flip to predominately right-left motion.
Some outlet gas is drawn into the reactor during the retraction stroke,
but a similar volume of gas is expelled during extension. The symmetric,
sinusoidal nature of the vibration prevents outlet gases from conveying
into the reactor headspace. Similar behavior is observed between I' =
0.30 and I = 0.60 but with larger transient fluctuations and more hor-
izontal streamlines during extension and retraction.

The net effect of many vibration cycles is to spread out the precursor
front (Fig. 9a, b). Maintaining the average packed bed velocity
constant, the TMA front can be seen extending farther into the head-
space when I' = 0.60 than when I' = 0.30. The diffusive effect of vi-
bration magnitude moves the TMA front within the packed bed closer to
the packed bed inlet when I' = 0.60 than when I' = 0.30. Higher

(a)

Time:0.048 s

\4

(b)
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vibration magnitudes lead to a shallower concentration gradient and
more spillover into the purge zone headspace. An even more drastic
effect is seen when increasing the average packed bed velocity from
tp, = 0.5 cm/s to Uy, = 3.0 cm/s while maintaining a constant vibration
magnitude of ' = 0.30 (Fig. 9c and d). Packed bed convection is
observed to have a “dragging” effect on the precursor concentration in
both the headspace and the packed bed. The TMA front is pulled towards
the outlet as entering hydroxylated particle surface sites consume the
incoming TMA. Vibration magnitude and powder bed convection speed
are directly correlated [26,75] but their functional relationship may also
depend on particle size and bulk powder bed density so it is important to
understand the effects of both factors independently.

The trends described in Figs. 8 and 9 can be quantified by comparing
the average surface titration uniformity in the zone leading up to the
centerline of the precursor inlet (Fig. 10a). The base case corresponding
to the convection speed of 56-pm glass particles when I' = 0.30 is shown
as a black dashed line in Fig. 10b. Higher vibration magnitudes allow the
precursor front to spread faster within the packed bed, giving higher
average surface titration values. Faster bed convection pushes incoming
TMA towards the packed bed outlet and the subsequent water zone.
Purge zones become more important for higher packed bed convection
speeds and vibration magnitudes to prevent precursors from coming into
contact.

Precursor mass fractions spanning two orders of magnitude were
tested to evaluate how precursor concentration affects the average
titration extent and the position of the reaction front (Fig. 11). Only a
thin region near the surface of the powder bed in the Y14 = 0.0001 case
where y < 1 did not achieve full surface titration before exiting the TMA
zone. The fast kinetics of the TMA half-reaction and low surface area of
the GL56 powder bed (<1 m%/g) enable high surface titrations even for
mass fractions well below the TMA vapor pressure. Under these condi-
tions, titration uniformity is limited by the number of TMA molecules
available for reaction rather than the reaction rate.

The position and angle of the reaction front are established by a
dynamic balance between the precursor flow and the influx of uncoated
particles. Excess number y [76,77] (a ratio between the number of
precursor molecules in the reactor and the number of surface sites
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Fig. 8. (a) Steady streamlines for flow passing through the line y = — 0.005 m (right below the frit, as shown) just before vibration is turned on. (b) Streamlines at
select points during vibration when I' = 0.30. (c) Streamlines at select points during vibration when I" = 0.60.
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Fig. 11. Quasi-steady surface titration results for the TMA zone at t = 20 s for different precursor mass fractions or excess numbers
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available for ALD) can be used to quantify precursor excess. Redefining
excess number on a molar flow rate basis gives,

. * [N
_ Nprecursor _ Vg "Wpr "o "So

(20)

Psites Upp™ hpb FSty

where vg is the gas velocity (‘7,,1‘ from eq. 7); wyr is the horizontal

width of the precursor inlet; n, is the inlet precursor concentration; sg is
the surface site area; and hyy is the height of the packed bed. The pre-
cursor inlet width, gas velocity, and inlet precursor concentration con-
trol the number of precursor molecules reaching the packed bed zone.
High values for vy, wp, or n, increase the precursor excess number.
Powder bed convection speed, bed height, powder bed surface area, and
site area determine the rate of reactive sites available for ALD entering
the precursor zone. To keep precursor excess near a desired value, some
parameters can be adjusted on the fly (gas velocity, packed bed height,
etc.) while others must be considered during the reactor design stage (i.
e., precursor inlet width). Additional factors such as vibration amplitude
(Fig. 9) and bed permeability influence the position of the reaction front
but not the molar balance between flow rates.

The changing position of the reaction front has a complex relation-
ship with the outlet gas composition (Fig. 12). Product gas analysis via
mass spectrometry is the most common in-situ diagnostic available in
particle ALD systems [22,29] and provides insight into reaction
behavior through changes in the transient outlet gas composition data,
but extrapolation of these trends to surface reaction behavior is not al-
ways straightforward. Product gas concentrations are continuously
diluted by purge gas as the products travel from the reaction site to the
reactor outlet. The outlet stream can be divided into three regions: an
initial low-signal or “dead time” segment (t < 2.5s in Fig. 12b) when
product gases have not had enough time to evolve and propagate to the
outlet; a rising-signal region (2.5s < t < 7.5s in Fig. 12b) as precursor gas
reaches the powder bed, reacts with many available surface sites, and
spreads towards the packed bed inlet and outlet; and a moderate-signal
region as the outlet gas composition equilibrates and only sites along the
reaction front near the packed bed inlet are continuously producing
product gas. An advancing reaction front can be accompanied by an
increase in the outlet mole fraction of methane during the rising-signal
phase (Fig. 12a and b) if the molar flow balance or reaction front size is
also changing. High inlet mass fractions of precursor (i.e., Yrpa = 0.01)
spread and react quickly to produce a larger spike of methane in the
rising signal region compared to slowly-propagating, low inlet mass
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fractions of precursor.
3.3. Multiphase flow behavior during CVR-ALD, single ALD cycle

Single precursor zone models ignore the potential for CVD reactions
caused by mixing between precursor zones. High excess numbers indi-
cate unreacted precursor gas is leaving the packed bed zone and can be
transported upwards to the reactor outlet or outwards towards the
neighboring precursor zones. CVD reactions are not self-limited and can
occur wherever both precursors come into contact. Spatially resolved
full ALD cycle simulations provide information on the location and
severity of parasitic volume reactions.

The full ALD cycle simulations exhibit similarities to the single pre-
cursor zone simulations. Quasi-steady surface titration uniformity and
outlet gas composition results are observed after an equilibration period
(Fig. 13). The bed starts with fully hydroxylated surface sites, so the bed
is fully titrated in zone 2 (foy = 1) and incoming water vapor has
nothing to react with until methylated sites from the TMA zone are
conveyed into the water zone after t ~ 15s. Both half-reactions are fast
and the quasi-steady reaction fronts occur at similar locations relative to
the precursor inlet (Fig. 14a), leading to similar average surface titra-
tions after an equilibration period of around 30 s. Methane mole frac-
tions in Fig. 13b exhibit the same three regions discussed in Fig. 12b. No
overshoot is seen in the outlet methane mole fraction for zone 2 because
reactions occur at the interface with incoming methylated sites only.

The lack of methylated sites for the water half-reaction results in
spillover of water vapor to neighboring TMA zones and subsequent CVD
reactions (Fig. 14b). The expanding precursor front during the rising-
signal phase has methylated sites to react with towards the packed
bed inlet but no reaction sites towards the packed bed outlet. Adjusting
inlet mass fractions to give near-unity excess numbers and a stoichio-
metric TMA/water ratio decreases the average CVD reaction rate by two
orders of magnitude but does not completely prevent CVD (Fig. 15a). A
pulse delay can be implemented between the start of the TMA dose and
the start of the water dose to minimize water vapor spillover. A pulse
delay of 15 s was observed to eliminate the startup spike in average
reaction rate for the stoichiometric case and minimize initial CVD re-
action prevalence without preventing complete surface titration uni-
formity at the packed bed outlet (Fig. 15b). Excess numbers equal to
each half-reaction stoichiometric ratio are needed to prevent CVD re-
actions entirely.

—
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Fig. 13. Average surface titration over the blue boxed region from Fig. 10a (a) and mole fraction of methane (b) in the outlet gas streams for the first precursor zone
and the second precursor zone when Yy = 0.0002 and Yy,0 = 0.000075. Surface titration refers to the sterically hindered coverage of OAI(CH3); for zone 1 or OH
for zone 2 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. Surface plots for surface titration of OAI(CHs), species (a) and CVD reaction rate in kgmol/m®>-s (b) during a stoichiometric TMA/water dose (Y =
0.0002, Yy,0 = 0.000075) at time t = 60.4 s
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Fig. 15. Average volumetric reaction rate in kgmol/m>-s (a) and average surface titration of OH in zone 2 (b). Values are shown for a nonstoichiometric case (Y7
= 0.001 & Ypy,0 = 0.001), a stoichiometric case (Y7pya = 0.0002 & Yp,0 = 0.000075), and the same stoichiometric conditions with a 15-s pulse delay between the
TMA and H,0 doses. In (a), the blue line reaction rate is labeled on the left vertical axis while the right vertical axis corresponds to the orange and black dashed lines
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

A moving porous media model capable of resolving reactor-scale
flow behavior in CVR-ALD was presented. This study focused on
multiphase flow behavior and operating conditions for TMA/water
alumina ALD on >20 pm diameter particle beds; future work will be
needed to investigate more complex, temperature-dependent ALD ki-
netics [8,15,67] and finer substrate materials [29]. Empirically derived
parameters such as sticking probability and surface site density can vary
by orders of magnitude [78] from the values used in this study when
working with slower chemistries. Key findings are included in the
summary below.

All three porous media samples were advertised as 10-pm stainless-
steel porous materials but differed significantly in mean through-pore
size, tortuosity, porosity, and permeability. The mesh material has
many large, open pore spaces that do not dictate primary flow channels
based on MIP/CFP results and visual observations from the XRCT data.
The felt and powder materials had tighter MIP pore size distributions
with fewer large, open pores than the mesh material. Geometric an-
isotropies did not always correlate to strong anisotropy in the flow
properties. As an example, the felt material has a clear 2D layered
structure, but the through-thickness tortuosity (1.40) did not differ
markedly from the in-plane tortuosities (1.63 and 1.72) based on the
TauFactor simulation results.

In the range of attainable operating conditions for our CVR-ALD
setup, some parameters were observed to modify bed surface titration
and outlet gas streams more than others. Reactor vibration produced
large fluctuations in the transient gas flow streamlines. Vibration had a
diffusive effect on precursor concentration that increased with vibration
magnitudes between I' = 0.30 and I" = 0.60. An increase in powder bed
convection speed skewed the precursor concentration gradient towards
the powder bed outlet. The reaction front advanced towards the powder
bed inlet with higher inlet precursor mass fractions. Qualitative trends in
the time evolution of surface titration and outlet product gas mole
fraction were similar for all cases studied.

Concurrent dosing of TMA and water in the single ALD cycle simu-
lations led to CVD reactions in the TMA zone. Stoichiometric ratios
between the inlet TMA and water dose mole fractions and excess
numbers near each half reaction stoichiometry are needed to minimize
CVD prevalence. A balance must be struck between optimizing precursor
utilization or CVD mitigation (low excess number) and guaranteeing
surface titration uniformity (high excess number). Experimentally,
water doses exceeding the stoichiometric ratio are often used to
compensate for water adsorption on the reactor and tubing walls [79] so
comparison to experiments would be necessary to determine the optimal
excess number for each half-reaction.

The continuous spatial particle ALD simulation results share quali-
tative similarities to other continuum-scale studies on spatial ALD
[13,14]. Purge gas zones are understood to minimize mixing between
precursor gas zones, provided zone sizing and operating conditions are
appropriate [9,14]. Precursor and byproduct gas signals at the outlet are
observed to increase during reactor startup until reaching a quasi-steady
state at the conditions explored in the simulations [13,14]. Similar
trends are also observed in the fractional coverage or average surface
titration with time [10,14]. Studies on moving substrates in other spatial
ALD systems have also observed the precursor “dragging” effect caused
by relative motion between the reactor and the substrate [9]. Comparing
the excess number for a continuous spatial system (eq. 17) to a batch
ALD system, a new dependence on dosing gas velocity v; and packed bed
convection speed i, is introduced [77]. This study extends many
continuum-scale observations from batch ALD and other spatial ALD
systems to a continuous spatial particle ALD reactor configuration.
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