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ABSTRACT

Spatial atomic layer deposition (SALD) is a thin film depo-
sition technique that could provide precise atomic-scale control
at a large enough scale for many applications, such as clean
energy technologies, catalytic conversion, batteries, and anti-
fouling coatings. The spatially separated precursor zones are
sequentially exposed to the substrate surface to deposit a film
with precise control. If the precursor zones were to intermix dur-
ing a deposition process, the precise control over film thickness
would be lost. Therefore, it is essential to control the location of
the precursors within the process region during a manufacturing
process. This is typically achieved by controlling the gas flow
rates and/or pressures, however it is challenging to actively mon-
itor the location of the precursors during a deposition process
as the process region has a small characteristic length and the
vapor/gas precursors are difficult to observe/monitor. Therefore,
there is a need to validate the precursor location and consequen-
tial process quality during a deposition. This can be of particular
importance for substrate surfaces that are highly irregular or for
manufacturing conditions where external factors such as temper-
ature and ambient air speeds could change dynamically. In this
study, a reduced order COMSOL Multiphysics® model is intro-
duced that can predict the location of precursors in the process
region. The model itself is discussed; the mesh size is selected
considering accuracy and computation time, the model outputs
are shown; and an initial experimental validation of the model is
demonstrated.

Keywords: spatial atomic layer deposition, computational
model, process control, manufacturing

1. INTRODUCTION

Devices such as microprocessors, batteries, and displays have
become nearly ubiquitous in everyday life. The performance of
these devices depends on precise control and tuning of the varied
surfaces and interfaces within the complex architectures. Im-
proved performance is often achieved with enhanced control of
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the surface chemistry and geometry using micro- and nanoscale
films. In a commercial setting, the semiconductor device fabri-
cation industry has developed a range of tools and techniques to
precisely engineer interfaces at the nanoscale. One such tech-
nique is atomic layer deposition (ALD), which enables continu-
ous, conformal thin films on high-aspect ratio surfaces through
sequential self-limiting chemical reactions that can be repeated
cyclically to achieve desired thicknesses [1, 2].

Beyond semiconductor devices, many applications includ-
ing clean energy technologies [3], catalytic conversion [4], bat-
teries [5], and anti-fouling coatings [6] would benefit from the
precise atomic-scale control that ALD offers. However, real-
izing these benefits at a commercial scale is difficult as these
applications often require larger component volumes and surface
areas compared to typical batch silicon wafer processing. Con-
ventional ALD is typically performed at vacuum pressures with
relatively slow cycle times, which limits the geometric scalability
and lengthens process times, thus prohibitively increasing cost.
These large-scale manufacturing challenges at the nanoscale re-
strict new advances realized in the laboratory from translating to
industry.

A variant of conventional ALD, spatial atomic layer de-
position (SALD) is a thin-film deposition technique that could
perform the desired atomic-scale deposition within a large-scale
manufacturing process. To achieve this scalability, SALD sepa-
rates the precursors spatially into zones, rather than the tempo-
rally separated steps of conventional ALD [7-10]. Delivering
the precursors in this manner enables SALD to be performed at
atmospheric pressure, eliminating the need for vacuum systems
and allowing for faster cycles times (~100x faster [11, 12]). Ad-
ditionally, many SALD reactor designs have been reported for
both batch [13-26] and roll-to-roll [13, 27] applications, demon-
strating that they could be integrated into existing manufacturing
processes. For this reason, SALD has enjoyed growing interest
both experimentally [13-27] and computationally [16, 28-31].

Previously, we reported a customized, mechatronic SALD
system that enables closed-loop control over the wide range of
process parameters, which includes the gap size between the
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FIGURE 1: Simplified schematic of experimental SALD system

showing the process region with precursor zones formed by the
depositor manifold and substrate.

depositor and the substrate, the relative angular alignment of the
depositor and substrate, the position and velocity of the substrate,
the gas flow rates, and the temperature of the process [32]. Asseen
in Figure 1, the depositor creates zones of precursors to which a
substrate is moved relative, exposing the substrate surface to the
alternating precursors (A-B-A-B...). This sequential exposure
allows for layer-by-layer deposition of the desired film. If the
precursors were to exit their desired zone and enter the others,
the substrate surface is exposed to precursors simultaneously and
the growth rate of the thin-film deposition will be uncontrolled.
As a result, the precise control of the deposited film will be lost.

Therefore, it is essential to ensure precursor containment
throughout a deposition process. However, the process region
is difficult to observe as the gap between the substrate and de-
positor is typically small (<1 mm) and the vapors/gases are op-
tically transparent. Therefore, measuring or observing the fluid
dynamics of the process region is difficult without significantly
disrupting the process. To investigate computationally, we devel-
oped and reported a three-dimensional physics-based model to
study the process region and the resulting film deposition maps
[33]. The results of the fluid mechanics and precursor transport
calculated in COMSOL Multiphysics® were inputted to Python
3 to solve the surface chemistry and predict the film deposition
maps for a given set of process conditions.

While the three-dimensional model proved to be effective,
the increased complexity of all three dimensions and the data
transfer between software packages reduced the speed at which
the model could generate meaningful results. Consequently, the
previously reported model would not be able to be integrated into
SALD manufacturing processes for in-line process control. This
proposed model-informed process control would be beneficial for
applications where the substrate surface topology is irregular or
environmental factors are uncontrolled. If a numerical model
were able to compute quickly enough, the model could aid with
on-the-fly decision making as substrate surface geometries or en-
vironmental factors change dynamically. To this end, this study
introduces a simplified two-dimensional numerical model to pre-
dict the location of precursor within the process region at speeds

that could be realistic for a manufacturing context.

2. METHODS

The experimental system is equipped to perform titanium
dioxide (TiO;) deposition by creating isolated metal and oxi-
dant precursor zones of titanium(IV) isopropoxide (TTIP) and
de-ionized water (H,O), respectively. COMSOL Multiphysics®
was used to solve for the fluid dynamics using the Laminar Flow
Physics package and for the precursor partial pressure gradients
using the Transport of Diluted Species package. The model ge-
ometry was defined by the dimensions of the physical system,
and the boundary conditions were established by the process pa-
rameters controlled by the mechatronic system. A mesh refine-
ment process was performed to ensure accuracy while prioritizing
speed.

2.1 Model Equations

The outputs of the Laminar Flow Physics package in COM-
SOL Multiphysics® are the pressure and velocity fields of the fluid
flow region. The velocity field is then fed into the Transport of
Diluted Species package to solve for the precursor partial pres-
sure gradients. Both COMSOL Multiphysics® packages use a
steady-state solver, assuming no time dependence on the results.

To solve the fluid mechanics, the Navier-Stokes equation
(Equation 1) ensures conservation of momentum and is defined
by

p(u-Vu) =V - (=PI + u(Vu + (Vu)')) + F 1)

where p is the fluid density, u is the fluid velocity, P is the fluid
pressure, [ is the identity matrix, u is the dynamic viscosity,
the superscript 7 denotes transpose, and F is any external force.
Additionally, the continuity equation (Equation 2) maintains con-
servation of mass and is defined by

pV-(u)=0 2

where p is the fluid density and u is the fluid velocity.

To solve the precursor transport, the convection-diffusion
equation (Equation 3) computes the convection transport and is
defined by

V'Ji+M'VCi=Gi (3)

where J; is the diffusion flux for species 7, u is the fluid velocity, ¢;
is the concentration gradient for species i, and G; are any source
or sink terms for species i. It is assumed that there are no sources
or sinks (G). The diffusive transport is calculated using Fick’s
law (Equation 4) and is defined as

Ji =-D;V¢; (4)

where J; is the diffusion flux for species i, D; is the diffusion
coefficient for species 7, and c; is the concentration gradient for
speciesi. While the concentration gradients (c;) are the software’s
defined output, it is typical to work with partial pressures (P;)
when studying gases, and in this study, the ideal gas law is used
for this conversion.
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FIGURE 2: COMSOL model geometry of the SALD process region shown with dimensions and boundary conditions.

2.2 Model Geometry

The depositor and substrate on the experimental system form
the three-dimensional process region, which contains the estab-
lished precursor zones. A two-dimensional slice across the center
of the precursor zones is taken to simplify the model geometry.
The width of the process region (w in Figure 2) is set by the outer
dimension of the depositor since the gas flow is uncontrolled be-
yond this point. The process region height is controlled by the
gap size between the depositor and substrate surfaces (Az in Fig-
ure 1 and Figure 2). Following a showerhead design, an array of
pinholes on the bottom surface of the depositor is used to deliver
the precursor vapors and nitrogen gas to the process region. The
pinholes have a defined diameter (d in Figure 2) and center-to-
center spacing (/ in Figure 2). The height of the pinholes (% in
Figure 2) is assumed to be smaller than those on the physical sys-
tem to simplify the complex flow channels within the depositor
manifold. The exact values for each geometric parameter can be
found in Table 2 in Appendix A.

2.3 Boundary Conditions

The experimental system controls the gas flow rates via
closed-loop control with mass flow controllers and a pressure
regulator. The flow for each zone type is directed through the de-
positor manifold channels and delivered to the process region via
an array of pinholes, similar to a showerhead. Within the model,
the flow rate of each pinhole into or out of the process region is
assigned to match that of a single pinhole on the experimental
system (Figure 2).

To isolate the process region from the environment, the two
outer nitrogen pinhole flows are primarily directed out of the
process region (On,-out). The two inner nitrogen pinhole flows
are designed to separate the metal and oxidant precursors (On,-in)-
Exhaust lines remove the excess precursor vapor and byproducts
from the surface reaction (Qexn). More details on the selection
of the exhaust flow rate can be found in our prior experimental
study [32].

The molar flux of precursor vapor (7) delivered to the process
region is controlled by the flow rate for the respective precursor.
Nitrogen gas is directed through a liquid bubbler to generate
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FIGURE 3: Mesh refinement plots showing the maximum normal-
ized relative error (%) and computation time (sec) as a function of
nodes within the mesh.

precursor vapors that are then driven to the process region. The
TTIP and H,O flow rates (Qrrip and QOn,0) control the flux of
the respective precursor (7irtip and 7p,0). More details on the
calculation of the precursor molar fluxes can be found in our prior
experimental study [32].

At the beginning of each calculation, the entire fluid flow
region is assumed to be at atmospheric pressure with no velocity
and at a constant temperature (7). A no-slip condition is placed on
the depositor walls and substrate surface. The substrate surface
is modeled to move in a single direction with a constant velocity
(v in Figure 2) with a wall velocity constraint. The portions of the
process region that are open to the atmosphere are defined with
zero normal stress as open boundaries. The diffusion coefficients
of the precursors were calculated in another study [33]. For
the boundary conditions parameter values, please see Table 2 in
Appendix A.

2.4 Mesh Refinement

The simplification of the model geometry from three to two
dimensions greatly reduces the complexity and resulting compu-
tation time. However, to develop a model that can provide reliable
results at time scales meaningful to a manufacturing context, the
selection of the mesh size is critical. If the mesh is too coarse,
the results of the model may not be accurate, thus harming the
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FIGURE 4: a) Predicted partial pressure gradient for TTIP (blue) and H,O (green) and b) the corresponding predicted partial pressures along
the substrate surface. TTIP (blue), left axis. H2O (green), right axis. c) Predicted precursor exposure on the substrate surface during a
deposition process with a travel length (Liavel) and substrate velocity (v), and the predicted film geometry based on the overlap of the

precursor exposures.

real-time process control. But if the mesh is too fine, the time to
solve may still be too long for functional results.

For the described model geometry, the built-in COMSOL
Multiphysics® physics-dependent mesh builder was used to create
varying sizes of meshes (Extremely Coarse to Extremely Fine)
with a number of nodes corresponding to the fineness of the mesh.
Each available mesh size was built and used to compute the model
solution. The normalized relative error (N RE) for each mesh size
was calculated with reference to the finest mesh using

Xi - Xfinest

NRE = —
max(Xfinest)

100 (5)

where X; is the result for parameter X using mesh i and Xg;nes; is
the result for parameter X using the finest mesh size. The NRE
was calculated for each parameter of interest - total pressure, TTIP
partial pressure, and H,O partial pressure. The maximum NRE
of the three parameters of interest was recorded as the error for
each mesh size, shown in Figure 3. Additionally, the computation
time for each mesh size is plotted against the number of nodes
within the mesh.

The maximum error across all mesh sizes relative to the
finest mesh is less than 0.08%, indicating that an increase of
over 1 million mesh nodes only fractionally altered the result.
Therefore, from an accuracy perspective, any of the meshes could
be selected confidently. For the proposed in-line process control
application, the fastest computation time is desired. Therefore,
the coarsest mesh size (Extremely Coarse with ~16,000 nodes)
was selected. With a computation time of approximately 11 sec,

the numerical model can make predictions at a time-scale that is
appropriate for in-line process control. While beyond the scope
of this study, the number of mesh nodes could further be reduced
to find a faster solution while still delivering reasonably accurate
results.

3. RESULTS AND DISCUSSION

The model yields two-dimensional gradients of the fluid ve-
locity and pressure and the precursor partial pressures. The values
for the model parameters were established by experimental pro-
cess conditions known to be well behaved on the physical SALD
system. Since the location of the precursors is important for the
deposition quality, the precursor partial pressure gradients are the
focus of this study (Figure 4a). For a well-behaved SALD process,
the precursors must be contained within their respective zone so
that they are isolated from the other. If the precursors are exposed
to the substrate surface concurrently, chemical vapor deposition
(CVD) would occur, resulting in uncontrolled film growth and a
loss of precise control. The precursor partial pressures along the
substrate surface are plotted (Figure 4b).

3.1 Predicted Precursor Isolation

The TTIP precursor zone is established by the TTIP pinhole
and the two exhaust lines on either side (Figure 2 and Figure 4a).
The width of the TTIP precursor zone (wrrp) should approxi-
mately be the distance between the exhaust lines as they are de-
signed to remove any excess precursor from the process region.
The partial pressure of TTIP along the surface of the substrate is
plotted in Figure 4b, and wrrrp is predicted to be 19 mm. Within
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the zone, the partial pressure deviates from the maximum by less
than 3%, which is desirable for uniform surface exposure. More
importantly, the partial pressure quickly drops to zero beyond
the exhaust lines defining the TTIP zone. This indicates that the
TTIP zone is expected to be well established for these process pa-
rameters since TTIP vapor is not exiting towards the H,O zones.
However, it must also be confirmed that the HO vapor is not
entering into the TTIP zone.

While there is only one TTIP precursor zone, there are two
H,O zones with their own respective widths (wx,0 1 and wy,0 2).
The boundaries of each are established by a single exhaust line
and the outer nitrogen curtain. As seen in Figure 4b, the inner
edges of the H,O zones are well defined as the partial pressure
drops to zero quickly towards the inside of the process region.
However, the H,O vapor is exiting the process region to the envi-
ronment, as shown by the non-zero partial pressure at the edges
of the process region. This does not pose any safety concerns for
this process as H>O vapor poses no health risk or environmental
danger. If a precursor other than H,O were used, further tuning
of the process parameters would be needed to ensure containment
within the process region. Because of the relative safety of H,O
and to generalize the analysis, the outer edges of the H,O zones
are assumed to correspond to the significant decrease in partial
pressure. The widths wy,0 1 and wy,o 2 are predicted to be 16.5
mm and 16.7 mm, respectively. While these values are similar to
each other for the given conditions, if the substrate velocity were
to be higher, the widths of the two H,O zones could have non-
negligible differences. Similarly, the spaces between the TTIP
and H>O zones (51 and s,) could be different in magnitude. How-
ever, for the modeled process parameters, s; and s, are predicted
to be 11.5 mm and 11.8 mm, respectively.

3.2 Initial Experimental Validation

During a deposition process, the substrate is moved back-
and-forth relative to the precursor zones along a defined travel
length (Lgavel) With a constant substrate velocity (v). As shown
in Figure 4c, the region of the substrate surface that is exposed to
each precursor increases as each zone edge is moved Liayer. In a
well-behaved SALD process where the precursors are separated,
deposition will only occur in the regions where the substrate
surface is exposed to both precursors. The expected deposition
widths (waim_1 and wxm_2) and the space between them (s3) can
be predicted with the zone widths (wrrip, WH,0 1, and wH,o0 2),
spacings (s; and s,), and travel length (Lyaye). The predicted
deposited film geometric values are listed in Table 1.

Using the experimental SALD tool, 400 cycles of TiO, were
deposited on a 6-inch silicon wafer using the parameters reported
in Table 2. The direction of motion for the sample was left and
right to be consistent with the schematic in Figure 4c. Two regions
of deposited TiO, can be observed, which are consistent with the
geometry predicted by the model (Figure 5). This indicates that
the precursors are isolated in their respective zones. Additionally,
the experimental deposition widths and interspacing are reported
in Table 1. The experimentally measured wgiy_; and waim 2 are
smaller than the predicted values by ~13% and ~10% respec-
tively, while the experimentally measured s3 is larger than the
predicted value by ~22%. While more work could be done to

TABLE 1: Deposited Film Geometric Values

Whlm_1 53 Whlm_2

Predicted (mm) 245 63 242
Experiment (mm) 213 7.7 21.8

3 film_2

FIGURE 5: 400 cycles of deposited TiO» film on a 6-inch silicon
wafer with labelled deposition widths and interspacing, and the pre-
dicted film geometry.

reduce the magnitude of the error, the general shape and scale of
the predicted film is comparable to the experimental film. Further
validation is needed and could include comparing predicted and
experimental outcomes over a wide range of process parameters.
Further discussion on the film features and geometry can be found
in references [32, 33].

Additionally, the film thickness was measured using spectro-
scopic ellipsometry (Film Sense FS-1 Multi-Wavelength). The
bulk film in each deposition region was measured to be ~23 nm
thick. Therefore, the growth rate over the 400 ALD cycles was
~0.58 A cycle™!, which corresponds well with the previously
reported 0.54 A cycle™! [32]. This finding further suggests the
experimental system performed well-behaved ALD with isolated
precursors.

4. CONCLUSION

A reduced order model in COMSOL Multiphysics® was de-
veloped to predict the location of precursor within the process
region of an SALD system. The model speed and accuracy were
considered to enable the use of the model for enhanced in-line
process control, particularly for applications with irregular sub-
strate surfaces and uncontrolled environmental factors. An initial
validation of the model was demonstrated by comparing the ge-
ometry of the predicted and experimental films. Future work
includes further experimental validation, such as varying the pro-
cess parameters over a wide range of predicted and experimental
outcomes, and integration with the mechatronic system to aid in
manufacturing process control decisions.
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APPENDIX A. APPENDIX

TABLE 2: Process Parameters for Model and Experimental System

Parameter ~ Values  Units Ref.
/ 7.62 mm Experimental
d 1.016 mm Experimental
h 2.5 mm Experimental
w 1143 mm Experimental
Az 1 mm Experimental
ON,-out 284.1 sccm Experimental
ON,-in 238.1 sccm Experimental
Qexh 162.5 sccm [32]
OrTIP 48.33 sccm Experimental
On,0 57.14  sccm Experimental
ATTIP 1.75E-8 mol s~! [33]
11,0 9.30E-6 mols™!  [33]
Drrip 0.083 cm?s™! [33]
D0 0395 cm?s™!  [33]
T 378.15 K Experimental
v 10 mms~' Experimental
Licavel 18 mm Experimental
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