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Abstract: Within the materials deposition techniques, Spatial Atomic Layer Deposition (SALD) is
gaining momentum since it is a high throughput and low-cost alternative to conventional atomic layer
deposition (ALD). SALD relies on a physical separation (rather than temporal separation, as is the case
in conventional ALD) of gas-diluted reactants over the surface of the substrate by a region containing
an inert gas. Thus, fluid dynamics play a role in SALD since precursor intermixing must be avoided
in order to have surface-limited reactions leading to ALD growth, as opposed to chemical vapor
deposition growth (CVD). Fluid dynamics in SALD mainly depends on the geometry of the reactor
and its components. To quantify and understand the parameters that may influence the deposition
of films in SALD, the present contribution describes a Computational Fluid Dynamics simulation
that was coupled, using Comsol Multiphysics®, with concentration diffusion and temperature-based
surface chemical reactions to evaluate how different parameters influence precursor spatial separation.
In particular, we have used the simulation of a close-proximity SALD reactor based on an injector
manifold head. We show the effect of certain parameters in our system on the efficiency of the gas
separation. Our results show that the injector head-substrate distance (also called deposition gap)
needs to be carefully adjusted to prevent precursor intermixing and thus CVD growth. We also
demonstrate that hindered flow due to a non-efficient evacuation of the flows through the head
leads to precursor intermixing. Finally, we show that precursor intermixing can be used to perform
area-selective deposition.

Keywords: spatial atomic layer deposition (SALD); computational fluid dynamics; surface reaction;
thin films; ALD deposition; CVD deposition; area-selective deposition

1. Introduction

Atomic layer deposition (ALD) is a material deposition process that allows for a homogeneous,
conformal thin film deposition with a nanometric thickness control. ALD is a type of chemical vapor
deposition (CVD) method characterized by self-limited surface reactions. In ALD, instead of allowing
a simultaneous presence of the reactants as is the case in the conventional CVD processes, a sequential
exposure of the substrate to different reactants is needed to perform a chemical reaction with the
substrate surface. A typical ALD cycle includes, periodically in time, exposure to a precursor, a
purging step, an oxidant, and a second purging step. Vacuum processing is generally used in ALD
in order to accelerate the purge steps and due to the traditional use of ALD in the microelectronics
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industries [1]. ALD cycles are characterized by having a defined growth per cycle (GPC) that depends
on the chemical properties of the precursor, the temperature of the surface, and the reactor geometry.
To attain a certain thickness, a determined number of cycles is performed. A review of the origins of
ALD and a recommended reading list can be found in Reference [2].

Spatial Atomic Layer Deposition (SALD) is a technique based on the same principles of
conventional (also called temporal) ALD, whose popularity is growing among the materials research
community due to the fast deposition rates it offers, ranging from 20 to 40 nm/min, and to the
large-area deposition capabilities at atmospheric pressure, and even in the open air, thus making it very
appealing for the industry [3,4]. In addition, it offers the possibility of area-selective deposition [5,6],
simplicity of installation, and allows depositing high-quality materials with a higher throughput
than ALD.

In Spatial ALD, the main difference with respect to conventional ALD resides on a spatial
separation of continuously injected reactants. Instead of defining each step by a time separation, and
to achieve the same chemical half reactions that take place during the temporal ALD cycles, in SALD,
precursors are injected continuously in different spatial regions of the reactor and the substrate is
exposed alternately to the different flows, separating each subsequent exposure with an intermediate
exposure to an inert gas, to purge the substrate of the half-reaction by-products, and/or excess of
precursor. This spatially separated exposure of the substrate is equivalent to the temporal ALD
cycles and achieves comparable materials properties when the materials deposited are not sensitive
to the atmosphere [7]. SALD has been tested before by several groups to deposit a wide variety of
functional oxides in a homogeneous and conformal manner, in many cases taking place at atmospheric
pressure [8–10].

Numerous approaches have been explored to successfully generate the mentioned spatial regions
needed, without intermixing the gaseous precursors in SALD [9–12]. Specifically, the approach used in
our laboratory (a home-made system presented and explained in detail in [4]) is based on a patent
published by Kodak [13] that led to the publication of scientific papers using the spatial separation
ALD concept by the same group from 2008 [4]. The system relies on a deposition head with linear gas
outlets that injects above the substrate surface a given flow and concentration of reactants within an
inert carrier gas. The substrate is usually placed at a close distance (50–200 µm) during deposition,
henceforth referred to as deposition gap. Such technique is commonly known as “close-proximity
approach” since a small deposition gap value is necessary to prevent precursor intermixing across the
inert gas region, thus avoiding a CVD regime deposition, i.e. reaction of the precursors reaching the
substrate surface.

The spatial attribute of SALD gives many advantages with respect to temporal ALD, but due
to the small value for the gap deposition needed, and to the fact that SALD is generally based on
a mechanical displacement of the substrate, to fully exploit its advantages, a high mechanical and
geometrical precision of the system needs to be carefully used. Furthermore, since our SALD approach
does not rely on a chamber to be filled with the gases but rather on a continuous gas flow directed
towards the surface of the substrate, the flow of such gases needs to be optimized as well to control the
deposition conditions and to improve the homogeneity of the deposited film. Full control over these
parameters is thus needed to enable a fast, large-area deposition with SALD.

Controlling the deposition gap can improve the versatility of the SALD, allowing it to tune the
properties of the deposited film. In a CVD-like regime, films can be deposited in a fast way, but
compactness, homogeneity, and control of thickness may be sacrificed. In an ALD regime, surface
reactions on the substrate are self-limited, yielding a slower deposition rate, but a high conformality,
homogeneity, and a good control of thickness are obtained in return. For the CVD regime to occur,
intermixing of reactants must take place, yielding reactions above the surface before the precursors can
reach it and be physi/chemisorbed. In contrast, in the ALD regime, the reactants must be chemisorbed,
and ideally, saturate the surface before introducing the second reactant that leads to a complete surface
reaction, thus creating a monolayer of the product. This key difference can be tuned arbitrarily in



Coatings 2019, 9, 5 3 of 14

close-proximity SALD systems in which the deposition gap can be mechanically changed and thus it
may provide versatility to tune the regime even in the middle of a deposition process [14]. A schematic
of our injection head can be observed in Figure 1a, where the arrows represent the outlets and exhausts
of the injected gases. The black arrows represent the inert carrier gas (I) that serves the purpose of
confining the reactants and avoid intermixing. The white arrows represent exhausts (E) to which the
gases can flow after being injected towards the surface of the substrate. The colored arrows represent
the outlets of gases that contain the reactants used to create the surface reaction: the oxidant precursor
(OP) in red and the ALD metal precursor (MP) in blue. Figure 1b shows the equivalent geometry
used to perform the simulations. It is the region of interest from the original SALD schematic and
corresponds to the region surrounded by a red dotted line in Figure 1a. The bottom-most line would
represent the surface of the substrate and this line will be used as the place where surface reactions
take place.
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Figure 1. (a) Schematic of the cross-section of the deposition head in the spatial atomic layer deposition
(SALD) system at the Laboratoire des Matériaux et du Génie Physique (LMGP). The gray section
represents the deposition head on the system, while the blue section below represents a substrate.
These two are separated by a space that corresponds to the deposition gap. (b) Equivalent geometry
used for simulations used to compute all the phenomena in SALD regarding flows, concentrations,
and reactions. (c) Close-up to the region of the OP, showing the expected flow lines and directions of
the gaseous mixture of the SALD.

In this work, we have used computational fluid dynamics (CFD) simulations and coupled them
with a surface reaction chemistry computation using Comsol Multiphysics® 5.3 in order to model
our homemade close-proximity SALD deposition system. Accordingly, the influence of different
parameters of our SALD system on the intermixing of the gaseous precursors has been studied.
A quantification of CVD or ALD deposition regime, which can affect the quality and homogeneity
of the film deposited, has been calculated. The gas flows in the setup are studied for a controlled
separation of species in the reactor, and adjusted to control the appearance of a CVD component in the
deposition, as has indeed been reported in the past [4,11]. We show that the capability of controlling
the deposition regime can be indeed used to have area-selective deposition with a close-proximity
SALD. Finally, tolerances on the geometry and on the mechanical design of the system are presented as
a guide towards a correct mechanical design of a versatile and reproducible SALD deposition system.

2. Methods and Processes

To calculate the influence of the deposition gap on the growth regime in our system, a Comsol
Multiphysics® simulation, which couples CFD with concentrated species diffusion and with surface
chemical reactions, was used. For this, an equivalent geometry that includes the gap and the outlets
and exhausts of the deposition head was used to compute the gas flow to then couple it with the
reactant concentration distribution in the flow, and ultimately, with the surface chemical reaction that
happens on the substrate surface. A schematic representation of this equivalent geometry is shown
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in Figure 1b. Reference [15] presents a numerical study of a flow in a close-proximity system and
concludes that, in the deposition gaps usually used in close-proximity SALD (typically 50–200 µm),
the Péclet number is low. This means that the transport of reactants is dominated by diffusion rather
than by convection. We thus expect that the diffusion will play a key role in the behavior of our
close-proximity system as well.

As said previously, this work simulates the gas flow that occurs with the gas outlets and the
exhausts, as well as their influence on the distribution of reactant concentration on the substrate surface
as a function of certain parameters of the system. This allows us to elucidate how such parameters
influence on the existence of a CVD regime (i.e., precursor intermixing taking place). The simulation
involved the study of the efficiency of the system to prevent regions where CVD could occur by
calculating the conditions on which both reactants can be in contact prior to being adsorbed onto the
substrate. The simulation has not considered a head/substrate relative movement during the deposition
since the scope is only the efficiency of gas separation as a function of the different parameters studied.

Thus, the concentration of each reactant was computed at the immediate region above the surface
of the substrate and the section in which both reactants are present was quantified (vide infra).

The SALD reactants consist of an ALD metal precursor and an oxidant. In the case of this work,
Diethylzinc (DEZ) was used as the metal precursor, and water as the oxidant. To maintain the physical
conditions as close as possible to the real conditions used, gas inputs of the injection head were taken
as 300, 450, and 900 sccm for the precursor (DEZ), oxidant (H2O), and nitrogen separation, respectively.
These values are in accordance with what is commonly used when depositing zinc oxide (ZnO) films
with our system [7]. The diffusion coefficient of the reactants used was in the order of magnitude of
10−3 m2·s−1 [16].

For the experimental validation of the simulations described here, ZnO was deposited using the
SALD system at LMGP. A nitrogen flow carrying DEZ as precursor and water as oxidant to perform
the surface reaction were used. A flow of pure nitrogen was used as the gas barrier between the
reactants. The flows used were 300 sccm for DEZ, 450 sccm for water, and 900 sccm for the nitrogen
separation. The substrate was heated during deposition at 200 ◦C. The scanning speed of the substrate
was 50 mm/s.

In order to simulate the reactions that happen during a SALD deposition, it is important to
understand the simulation workflow. The ultimate objective is to study the surface reaction of species
onto the substrate surface. For this, we first perform a zero-dimensional simulation of the CVD reaction,
following the equation:

DEZ + H2O
RAB→ CVD adsorbed film (1)

which assumes that whenever DEZ and water molecules meet above the substrate they will react to
form ZnO. Equation (1) allows quantifying the amount of deposition obtained in a CVD regime.

Then, a CFD analysis of the flows in the deposition gap was performed and the results are
presented in the geometry shown in Figure 1c. This computation yields the velocity and pressure
of the flow at every point. Next, the velocity component of the CFD results was used to calculate a
diffusion of concentrated species along the geometry. As a result, the presence of each reactant at any
point of the geometry can be obtained. Finally, a surface concentration due to the CVD regime reaction
is calculated using Equation (1) and the pressure obtained in the CFD computation. For such a surface
reaction to happen, both reactants (in this case DEZ and H2O) need to be present at a given time. Thus,
the final surface reaction will yield the amount of CVD regime deposition.

3. Results and Discussion

3.1. Evaluation of the Velocity Profile and Pressure in the Head-Substrate Gap

Figure 2a shows the velocity profile obtained for a geometry in which the deposition gap was fixed
at 150 µm, a value that is commonly used in real depositions and using the gas flow values previously
mentioned. The profile shows the expected flow from the gas outlets to the exhausts, but it shows a
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non-zero value on the lateral outflow regions of the simulation, which would indicate that the exhaust
at the injection head may not be as efficient as required. The simulation shows a maximum velocity of
~2 m·s−1 at the narrowest point on the fluid’s path from the inlet to the exhaust. The pressure profile is
also shown in Figure 2b and it presents a gradient of pressure from the corner of the gas outlets to
the corner of the exhausts. For comparison, Reference [17] presents a similar study on the deposition
gap of another close-proximity system and concludes that a 2 mm gap with a “low pumping” at the
exhausts would achieve a good spatial separation of the reactants. While their system also relies on
inlets, exhausts and a deposition gap, the geometry is not planar, as opposed to our system. It is
also important to notice that their system works at a pressure lower than the atmospheric pressure,
which prevents confinement of the gaseous flows, and that the geometry of the system may enhance
diffusion processes, and therefore, enhance intermixing when working at close-proximity. In our case,
the pressure achieved by the geometry (especially in the corners close to the exhaust) is helpful to
induce a flow towards the exhaust, hence improving the convective flow of the reactants to the exhaust
and reducing the diffusive flow. This in turn contributes to preventing precursor intermixing.
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Figure 2. Computational Fluid Dynamics calculation made with Comsol Multiphysics® to represent
the flow of the region of interest in the SALD geometry: (a) The velocity increases in the deposition
gap, given the close proximity, and (b) the pressure increases under each of the outlets as it enters the
deposition gap.

3.2. Study of the Effect of the Head-Substrate Deposition Gap on the Deposition Mode

Using the calculation of the velocity and the pressure obtained in the CFD computation, the
concentration of each reactant was calculated along the gap, and more importantly, in the immediate
region above the surface of the substrate for different deposition gaps. Figure 3 shows the concentration
of the different reactants obtained along the length of the substrate (30 mm).

One can observe that, for a gap of 150 µm, the separation of reactants is well achieved (Figure 3a).
In the concentration plot, the colors that represent the concentration of reactants are well separated
along the geometry, with dark blue color (i.e., no precursor) below and next to the inert gas inlet
channels, thus indicating a well-defined ALD regime. On the other hand, when the deposition gap is
increased to 750 µm, the concentration is no longer well defined, as shown by the light blue color in the
regions between each precursor. Thus, with this deposition gap, the deposition occurs in CVD regime
(Figure 3b). In addition, to clearly compare different deposition gaps, first we plot the concentration
of reactants in the carrier gases at the immediate region above the substrate, and then we quantified
the amount of “overlap” between the plot of each precursor (indicated by the gray region in Figure 3).
Again, a deposition gap of 150 µm shows almost no overlap, whereas a deposition gap of 750 µm
clearly shows a much greater overlap.
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Figure 3. Concentration plot along the immediate region above the substrate for a deposition gap of (a)
150 and (b) 750 µm. Under each plot, a 2D plot along the whole geometry of the gap is shown, with a
color code that corresponds to the concentration of reactants along the whole gap geometry.

Furthermore, in order to quantify the overlap for each deposition gap value, we calculated the
ratio between the area under the curve of the overlap (where both reactants are present at the same
time represented by the gray region in Figure 3) and the area under the curve of the sum of both
concentrations, yielding a “percentage of overlap”.

With this approach, further calculations of the percentage of overlap as a function of the deposition
gap were made and are shown in Figure 4. This graph shows that, as the gap is increased, the overlap
increases as well. Nevertheless, at a deposition gap value of around 750 µm the gases mainly flow out
through the sides of the head, rather than being confined on top of the substrate, and therefore there is
a change in the slope of the curve and a lower overlap than it would be expected takes place.
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the same time, creating thus a CVD regime reaction on the surface of the substrate; (b) The total
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Figure 4 also shows a plot of the total concentration of all reactants in the immediate region above
the surface of the substrate, as measured by integrating the sum of the concentration of both reactants
at the line of the substrate. The concentration reaches a maximum at ~750 µm, which means that, at
that deposition gap, the flow is preferentially directed towards the surface of the substrate, rather
than at the lateral outflow regions. Nevertheless, the overlap percentage at that deposition gap is
~13%, which indicates the existence of a CVD component taking place. Logically, as the deposition gap
increases, the flow tends to be directed to the lateral outflow regions rather than be captured at the
injection head exhaust, making the extraction of the surplus of reactants difficult, leading to a release
of chemicals to the atmosphere, which should, of course, be avoided.
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Study of the CVD Mode as a Consequence of Precursor Crosstalk

On a SALD reactor, reactions take place on the surface of the substrate, thus generating the desired
films. Such reactions, in principle through chemisorption, take place as a consequence of the presence
of a certain concentration of a reactant above the surface, and this depends on the pressure at each
point, and of the substrate surface temperature.

In the case of an ALD deposition, the film deposition happens in two sequential half-reactions on
the surface. Each half-reaction is self-limited to the surface sites available. In the case of SALD, if we
assume a correct separation of the reactants, a static substrate, and a correct extraction of the reactant
surplus, regardless of the time of injection of gases, the concentration of adsorbed reactant molecules
in the surface should not be higher than the concentration of available sites. The surface coverage (θ)
can be explained with the help of a Langmuir isotherm [18]:

θ =
kadsP

kdes + kadsP
=

(number of occupied sites)
(total number of sites)

; 0 ≤ θ ≤ 1 (2)

where kads and kdes represent, respectively, the rate of adsorption/desorption of the reactant to/from
the surface, and P is the precursor partial pressure.

Furthermore, the reaction probability depends on the surface coverage, since, as more sites are
occupied, the sticking probability β of a reactant diminishes:

β = β0(1− θ) (3)

where β0 is the “bare reaction probability”, given by the intrinsic properties of the reactant. Equation (3)
is taken from [19], which also mentions that the saturation time of the reactant (our ALD precursor in
this case) is inversely proportional to the precursor pressure and to β0.

In contrast to an ALD deposition, in a CVD deposition, the reactants are present in the gas
simultaneously, which will induce both a surface chemical reaction, due to both chemisorption and
thermal activation of the reaction, and at a lower rate, at the gas phase. In the substrate surface,
this CVD reaction will induce a competition among the reactants for the available surface sites.
The reactants may react to be chemisorbed or may be desorbed from the surface. To describe this
phenomenon, the Langmuir-Hinshelwood reaction rate equation can be used [18]:

RAB =
kreactKAKBPAPB

(1 + KAPA + KBPB)
(4)

where kreact, KA, and KB are reaction constants corresponding to the whole reaction, and to reactant
A and B, respectively, and PA and PB are the partial pressures of each reactant. To express the partial
pressure of each reactant in terms of its concentration, we can assume an ideal gas behavior and express
them as:

PA =
nA

n
P = xAP (5)

and
PB =

nB

n
P = xBP (6)

where nA and nB are the numbers of moles of each reactant, n is the total number of moles of the
solution and xA and xB are the partial fractions of each reactant. Hence, substituting in Equation (4),
we can obtain:

RAB =
kreactKAKBxAxBP(
1
P + KAxA + KBxB

) (7)
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In Equation (7), the reaction rate of each reactant is considered, as well as a reaction rate of the
reaction as a whole. This equation indicates that the reaction rate is not self-limited and will, therefore,
continue as long as there is a non-zero concentration for both reactants. It also implies that if at any
point the mass fraction of any of the reactants is zero, the reaction rate will also be zero and hence, no
reaction would occur.

With this in mind, several time-dependent simulations were carried out in Comsol Multiphysics®

to observe the appearance of a CVD deposition regime for different values of the deposition gap.
The surface concentration obtained in such CVD regime is characterized by Equation (1) (Section 2),
while the reaction rate RAB comes from Equation (7). The pressure and the mass fraction of each
reactant are calculated before the time-dependent surface chemistry reaction study, in the laminar
flow study presented in Section 3.1, and in the concentration simulation of each reactant in the flow,
respectively. As the CVD reaction is not self-limited, such time-dependent simulation was limited to
1 s. The reaction rate used for the CVD surface reaction has a value of 1.5 × 10−5 mol·s·kg−1·m−1 [18].

Figure 5 shows the result of simulations of a time-dependent surface reaction. On top, a plot that
corresponds to the amount of ZnO film deposited as a result of CVD taking place is shown. Under
each plot, a 2D color plot of the CVD reaction rate can be seen. It is clear that the highest value of
reaction rate RAB would lead to a thicker, CVD regime deposition. Confirming previous simulations
described above, as the deposition gap increases, the diffusion of reactants presents more “overlap”
and hence, the reaction rate is higher, leading to a higher CVD component in the process, which in
turn yields higher surface concentration as the gap is increased (Figure 5a).
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Figure 5. Results of the CVD surface reaction on the substrate calculated with a time-dependent
multiphysics simulation. The plots shown correspond to the surface concentration that results from
different gaps. Under each plot, a surface plot of the CVD reaction rate that corresponds to the plot
directly above is shown, with OP and MP representing the outlets of the reactants; (a) deposition gap
of 750 µm, (b) deposition gap of 425 µm, and (c) deposition gap of 150 µm.

To obtain evidence of the existence of the CVD and ALD regime with a simple change in gap,
depositions of ZnO were made at different values of the gap. Figure 6 shows experimental results
as evidence of the ability to modify the growth regime in our SALD system. Figure 6a presents the
increase of growth rate as the gap value increases. The values for growth rate are in accordance with
those reported for a self-limited (ALD) growth of ZnO [20–22]. The increase of the growth per cycle
(GPC) with the gap value confirms the transition from an ALD regime (with small gap values) to a
CVD regime (with higher gap values). Figure 6b shows the XRD spectra of ZnO films grown with
different gap values for the same number of cycles. The peaks correspond to those of crystalline
ZnO and one can observe that, as the gap value increases, the intensity of the peaks increases as well,
indicating that thicker films are obtained in the same deposition time as the gap is increased.
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Figure 6. Experimental results for a deposition of ZnO using di-ethyl zinc (DEZ) and water as
co-reactants. (a) Growth per cycle (GPC) evolution with different gap values; (b) X-ray diffraction
patterns for ZnO films grown with different gap values, showing the crystalline peaks corresponding
to wurzite ZnO (ICSD #82028).

3.3. Efficiency of the Deposition System Exhaust

Using the same method described above, the exhaust efficiency was studied. In the geometry
of our SALD deposition head, one assumes that all inputs will be directed towards the exhausts and
that all surplus of reactant concentration is directed towards the exhausts (empty arrows in Figure 2).
Nevertheless, to ensure this, the exhaust outlet must have the same outflow rate as the sum of all the
inflow of gases (i.e., mass balance). Failure to achieve this, i.e., due to a bad design or to a partial or
total blockage of the exhausts, may induce a CVD regime even with a small deposition gap. We define
exhaust efficiency as the efficiency in which the incoming gaseous reactants and by-products are
extracted from the reaction zone. A high exhaust efficiency may be achieved by a properly designed
outlet/exhaust area ratio, or alternatively with, for example, properly chosen pumping in the exhausts.
Here, we use a geometrical approach to such efficiency by calculating the outlet/exhaust area ratio, as
explained below.

The result of simulations is shown for different exhaust efficiencies in Figure 7. We quantify
an exhaust efficiency as the ratio between the total cross-section area of the exhausts and the total
cross-section area of the gas outlets. An ideal ratio would be where the exhaust and the outlet have the
same total area, in which case we consider an exhaust efficiency of 100%. As the exhaust efficiency
decreases, there is more diffusion of the reactant concentrations, even when the deposition gap is at
a “close-proximity” of 150 µm. Interestingly, the diffusion of reactant concentrations has a slightly
different behavior in this case than in the case of an increase of deposition gap. As the exhaust efficiency
decreases, the CVD reaction rate appears to be more localized. This leads to a localized deposition in
the CVD regime, and with time, four overlapped regions appear in localized points over the substrate.

To evaluate the behavior of the exhaust efficiency in real conditions, an experimental “static
deposition” was performed to observe the behavior of the real SALD. The deposition head was placed at
150 µm and all flows (precursor, oxidant and separation nitrogen) were injected as usual. The movement
of the substrate was suppressed, and the pattern deposited was compared to simulations.

Figure 8 shows a “static deposition” using DEZ as metallic precursor and H2O as the oxidant.
The deposited sample shows four well-defined stripes roughly at the location under the oxidant,
similar to the plot of the exhaust efficiency of 4.5% shown in Figure 7. The exhaust/outlet ratio
measured on the physical exhausts and outlets of the geometry of our SALD system (measured as
the ratio of the total cross-section area available for exhaust and the total cross-section area of gas
outlets in our deposition head) is 10.1%, which may explain the four lines pattern observed in our
“static deposition”. In order to improve the exhaust efficiency, one could envision either a change of
the geometry of the deposition head or a forced exhaust using a pump. While it should be noted that
adding a pump to the system will affect the fluid dynamics in the system, it may substantially change
the deposition.
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Figure 7. CVD regime deposition with different exhaust efficiencies. It can be seen that the exhaust
efficiency has a drastic influence on the appearance of CVD regime: with an exhaust efficiency of∼45%,
almost no appearance of CVD regime can be observed, at ∼13% CVD regime appears in some regions,
and at ∼4% CVD regime is more pronounced and more localized.
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Figure 8. Simulation and experimental result of a static deposition experiment made with the SALD
set-up at LMGP: (a) CVD deposition simulated for an exhaust efficiency of ~4% shown previously in
Figure 7, and (b) optical photography of the pattern obtained after performing an experimental “static
deposition” on a Si substrate with DEZ and H2O; (c) Scanning electron microscope (SEM) cross-section
image showing a ZnO thickness of ~75 nm for one of the lines in the pattern obtained after a 30 s long
“static deposition”.
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3.4. CVD Regime Influenced by a Tilt in the Deposition Gap

Finally, the CVD surface reaction was used to assess the influence of a tilt on either the substrate
or the head. Since our SALD system uses a “close-proximity” approach where the deposition gap
should be around 150 µm, a slight misalignment is expected to affect the distribution of gases (flows
and pressures) and thus the deposition and homogeneity of the films. Figure 9 shows a CVD surface
reaction of a tilted substrate by 0.3◦.Coatings 2018, 8, x FOR PEER REVIEW  11 of 13 
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to the deposition head, about its center point, which leads to a difference of ±75.8 µm on each side
of the substrate for a 30 mm length head. Below, the velocity of the flow is shown; (b) concentration
of reactants above the surface; and (c) 2D concentration distribution in the gap. The concentration
slightly favors the section with a higher deposition gap, (d) surface concentration of a film deposited as
a consequence of the appearance of a CVD regime, and (e) 2D distribution of the CVD reaction rate.

As it can be seen in Figure 9, the influence of a small tilt can greatly affect the deposition. The 0.3◦

tilt along the middle of the substrate for a 30 mm long deposition head causes a difference of ~75.8 µm
at each extreme of the substrate, which changes the effective deposition gap, causing the deposition
regime to change locally. Nevertheless, counter-intuitively to what was expected, the CVD reaction
rate is higher in the section in which the deposition gap is narrower. This may be explained by the fact
that, as the deposition gap decreases, the velocity, and hence the diffusion of the reactants, becomes
higher, and the reactants have a higher chance of interacting between them creating a higher CVD
reaction rate. As the gap widens, the velocity decreases and the flows are better separated by the
nitrogen separation line and the exhausts, reducing the concentration of reactants and therefore the
CVD reaction rate.

4. Conclusions

In the present work, Comsol Multiphysics® was used to study the influence of several geometrical
parameters on the deposition regime when using a close-proximity SALD system. We confirmed that
the deposition gap is crucial for the determination of an ALD or a CVD deposition regime and studied
the influence of the “close-proximity” approach in the fluid dynamics. For a large deposition gap (i.e.,
larger than ~500 µm), the separation of the flows is not achieved and intermixing of gas concentration
appears. CVD regime can, therefore, be tuned simply by changing the value of the deposition gap.
Hence, we present a simple and versatile way to tune the SALD deposition process by controlling
simple parameters such as the head-substrate gap in the system.
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With respect to the CVD surface reaction, simulations were performed to study the CVD reaction
rate at the surface of the substrate. Using the intermixing of concentrations calculated, two parameters
were considered to determine the CVD reaction rate, and therefore, the CVD surface film formation,
namely, the deposition gap and the exhaust efficiency. As expected, as the deposition gap is increased,
the CVD reaction rate is also increased, and it gives place to a non-self-limited surface reaction on
the substrate. In a 1 s simulation, a surface concentration of a film deposited in a CVD regime was
plotted and a higher surface concentration was observed with a higher deposition gap. Concerning
the exhaust efficiency, the ratio between the cross-section area of the exhausts with respect to the
cross-section area of the outlets was investigated since this would define the exhaust efficiency for the
surplus of precursor (and by-products of the surface reaction) present at the moment of deposition.
Interestingly, with a ratio of 4.5%, well localized intermixing of reactants was formed, leading to a
four-stripes deposition pattern that is in accordance with the deposition obtained in a static experiment
of a “static-deposition” performed. This would indicate that probably the exhaust efficiency of the
current deposition head geometry must consider an exhaust/outlet ratio of less than 10%, which is
a value consistent with the real geometry of the deposition head used experimentally. Furthermore,
with a precise mechanical design (of the gap and the inlets and exhausts of the deposition head) and
with an optimized exhaust pumping, this behavior can be exploited as an approach for a selective area
CVD or ALD deposition of materials.

Finally, the influence on a head-substrate tilt was studied. This is important since mis-alignment
between the deposition head and the substrate is often difficult to avoid, and doing as such would
require high-precision equipment, increasing the complexity of the instrumentation. Simulations show
that a slight tilt of only 0.3◦ is enough to change the deposition regime from one side of the substrate to
the other. The simulations performed regarding the tilt influence have the aim to show the sensibility
of the SALD to the positioning and portray the need of high precision on the system to precisely
control the deposition.

The simulations performed in this study justify the need of high-precision and alignment of the
geometry used. The parallelism of the system needs to be ensured as much as possible so that the
deposition regime can be well controlled. In the current study, no movement of the substrate was
studied but the same approach can be readily applied to evaluate the influence of the movement on
the deposition regime, as well as on the precision requirements of the geometry.

As observed here, the geometry of the system is crucial to understand and control the deposition
of thin films with SALD. With the correct geometry, area-selective deposition of films with properties
comparable to ALD deposited films is possible, creating new advantages for SALD such as patterned
mask-less film deposition, subsequent depositions for a multi-layer scheme, or a deposition with well
optimized flows and concentrations to optimize the usage of ALD precursors.
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