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1 | INTRODUCTION

Abstract

ZnO deposition in porous y-Al,O3 via atomic layer deposition (ALD) is the critical first
step for the fabrication of zeolitic imidazolate framework membranes using the ligand-
induced perm-selectivation process (Science, 361 (2018), 1008-1011). A detailed
computational fluid dynamics (CFD) model of the ALD reactor is developed using a
finite-volume-based code and validated. It accounts for the transport processes within
the feeding system and reaction chamber. The simulated precursor spatiotemporal
profiles assuming no ALD reaction were used as boundary conditions in modeling
diethylzinc reaction/diffusion in porous y-Al,O3, the predictions of which agreed with
experimental electron microscopy measurements. Further simulations confirmed that
the present deposition flux is much less than the upper limit of flux, below which the
decoupling of reactor/substrate is an accurate assumption. The modeling approach
demonstrated here allows for the design of ALD processes for thin-film membrane

formation including the synthesis of metal-organic framework membranes.

KEYWORDS
atomic layer deposition, computational fluid dynamics, membrane, zeolitic imidazolate
framework, zinc oxide

ALD has emerged as a promising technique* in preparing

membranes and tuning their properties with high precision. ALD-

Atomic layer deposition (ALD) is a thin-film coating technique enabled
by sequential self-terminating reactions between a solid substrate and
gaseous reactants. ALD has become a widely used technique in the
microelectronics industry® and has attracted growing interest from a

variety of nanotechnology-based areas.>®

based membrane formation was introduced by Kim and Gavalas.®
They blocked the pores of a Vycor glass tubular substrate with a
thin SiO, deposit through alternating feeding of gaseous reactants
(SiCl4 and H,0) to make H, permselective silica membranes. They

demonstrated the advantages of ALD compared to the
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simultaneous introduction of reactants® based on kinetic studies.”
Other studies have shown that ALD on a membrane's surface or
into its pores can adjust the physicochemical properties of the
membrane, such as its hydrophilicity®® or its pore size.2°72 The
performance of membranes, such as permeability,'® selectivity,'#
and antifouling properties,’® can thus be altered. Additionally, ALD
can be used to introduce functional groups into certain porous sub-
strates (e.g., anodic aluminum oxide, a-Al,O3, and mesoporous sil-
ica) to form hybrid membranes.®

ALD reactors and processes for planar wafers have been stud-

17-39 whereas ALD on porous media for membrane

ied extensively,
preparation has not been investigated at the same level”4°~4? of
detail. A major difference between typical ALD and ALD for thin-
film membrane fabrication is that the former aims to completely
consume available sites during each ALD cycle. The approach to
exhausting all reactive sites, when applied to a porous medium, will
result in a thick deposit throughout the medium.*® The objective of
making the deposit as thin as possible requires fast reaction and
short reactant pulses to minimize the penetration depth of the
deposit inside the support. However, when the reaction is very fast
and the pulses are too short, ensuring deposit uniformity across the
in-plane directions of the substrate may become a problem due to
reactant depletion. Therefore, quantitative models could be useful
in guiding ALD process development. Here, the objective of the
ALD for the ligand-induced perm-selectivation process” is to form
ZnO deposit inside the pores of the y-Al,O3 blocking its pores
while minimizing the penetration depth so as to minimize the thick-
ness of the ZIF layer that will be formed when ZnO is exposed to
2-methylimidazole. Deposition on the outside surface of the
y-Al,O3 layer should also be minimized so that formation of a thick
ZIF deposit on top of the y-Al,O3 layer can also be avoided or
minimized.

In the present study, a detailed computational model is devel-

oped to simulate the transport processes within the ALD reactor

for ZnO deposition. We first focus on the spatiotemporal distribu-
tions of precursors within the reactor in the absence of any reac-
tion and use them to establish the boundary conditions for the
ALD deposition in the porous support. We then apply these
boundary conditions in a model of the reaction/diffusion of dieth-
ylzinc (DEZ) in the mesoporous y-Al,O3 layer. We show that for
the specific conditions used in the experiment, the consumption of
DEZ by the reaction does not affect its spatiotemporal distribution
in the reactor, thus justifying the decoupling of the reactor-scale
model from the reaction-diffusion model within the porous sub-
strate. The present study forms the basis of a detailed model on
multiscale transport processes coupled with chemical reactions
during ultrathin deposit formation in porous substrates for mem-

brane preparation.

2 | MODELAND SIMULATION

The ALD setup (Veeco Savannah S200, Figure 1) mainly consists of
the feeding system and reaction chamber with pipeline connections.
The feeding system is located in the white box (Figure 1(A)) below the
reaction chamber (Figure 1(B)). The temperatures of the feeding sys-
tem and reaction chamber are controlled through heater jackets and
heating inner/outer rings, respectively, using an electronic control box
system.

The reactant gases Zn(C,Hs), (DEZ) and H,O are supplied in an
alternating sequence with an intermediate nitrogen (N,) purge from
the feeding system to the reaction chamber, where a substrate is
placed. The inlet (narrow) and outlet (wide) ports are shown in
Figure 1(B). The unreacted gases and gaseous side product C,Hg are
purged and captured by a heated trap. In the downstream of the
heated trap, a pump is installed to create vacuum throughout the

system. A detailed depiction of the entire system is shown in
Figure 1(C).

chamber

N,

—

feeding system

7t ALD valves

FIGURE 1 Atomic layer deposition (ALD) setup: (A) entire ALD setup under operation; (B) reaction chamber; (C) detailed arrangement of the
ALD reactor indicating feeding system with ALD valves, reaction chamber (diameter of chamber 270 mm) with a substrate (diameter of disc
22 mm) placed in the center. Detailed dimensions are given in Table S1 [Color figure can be viewed at wileyonlinelibrary.com]
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Two stainless steel containers are nearly half-filled with liquid
precursors of DEZ and H,O. The remaining space in the container is
occupied by the precursor vapor, and the liquid-gas interface
is assumed to be in equilibrium. Before the ALD starts, ALD valves for
each precursor are closed to avoid the injection of precursor vapor
into the reactor caused by the pressure difference across the valve.
N, carrier gas is continuously supplied into the feeding system and its
mass flow rate is regulated with a mass flow controller. When per-
forming ALD, precursors are sequentially pulsed together with a N,
carrier gas through the corresponding ALD valves. Only the carrier
gas flows between each precursor pulse to purge unreacted species
and gaseous byproducts from the reaction chamber. The sequence of
an ALD ZnO cycle is thus DEZ pulse—N, purge—H,O pulse—N,
purge. A piece of a-Al,O3 macroporous disk coated with a ~5-um
y-Al,O3 mesoporous layer was used as the substrate. The diameter
and thickness of the substrate are ~22 and ~2 mm, respectively. Dur-
ing reactant exposures, adsorption/desorption and chemical reactions
take place between gaseous reactants and hydroxylated surfaces

H,0 pulse 0<t<<0.015s
1.398x10° s

temperature (K)

9.951x107 s

385.6
348.1
310.6

273.1
L)

[msh1]

mass fraction (-)

FIGURE 2 Computational snapshots of
the spatiotemporal distributions of
temperature, absolute velocity, mass
fraction, and pressure within the reactor
operated at the standard recipe: (0.015 s
H,0 pulse) — (5 s N, purge); the feeding
system at 150 °C; the reaction chamber at
125°C; the H,O container at 31°C. Note
that in the last two rows, due to the large
difference in pressure inside and outside
the container, two different scale bars are
chosen (0-4494 and 0-200 Pa) for better
visualization of the pressure change [Color
figure can be viewed at
wileyonlinelibrary.com]
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inside and outside the porous media.'®>* The ALD kinetics will be dis-
cussed in Section 3.4.

The computational domain regarding the entire reactor was meshed
with the software Gambit 2.4.6, and the commercial finite-volume-based
code Ansys Fluent 14.5 was used to run the simulation. The meshing
information, the governing equations, the boundary and initial conditions,
and the simulation algorithm are described in Appendix Sections S1.1 to
S51.3. We determined experimentally the consumption of H,O during its
multiple dosing and purging steps, as well as the pressure profile in the
ALD reactor (in the absence of reaction). They were found to be in good
agreement with the model predictions (Appendix Section S1.4, Table S3
and Figure S1), providing validation of the model.

3 | RESULTS AND DISCUSSION

In this section, the results are organized as follows: visualizing trans-
port processes to present a complete picture of how the reactor is

N, purge 0.015s<t<5s
2.020x10%s  3.020x107s

3.416x10" s

2.598x107s 1.500x107s
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operated; presenting spatiotemporal distributions of the precursor
partial pressure to quantify the driving force of ALD process in the
chamber; plotting the transient precursor partial pressure and total
pressure at three typical positions of the substrate to elucidate the
process of membrane formation; modeling the reaction/diffusion of
DEZ in y-Al,O3 using the transient profiles as boundary conditions;
and modeling the effect of precursor consumption (flux into the
porous substrate) on reactor transport processes to determine

the strength of the coupling between reactor and substrate scales.

substrate
L

pointA pointB pointC

i i
{

3.1 | Visualization of transport processes

In Figure 2, the visualization of transport processes is achieved by pre-
senting the temperature, absolute velocity, mass fraction, and pressure
distributions at different times. The half-ALD cycle of H,O pulse followed
by N, purge in the standard recipe is chosen as the example and the con-
tainer temperature is 31°C. In the present system, the standard recipe is
as follows: (0.015s DEZ pulse) — (5 s N, purge) — (0.015s H,O
pulse) — (5 s N, purge); the feeding system at 150°C (this is the

T T
x coordinate(m)
40 50
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= 4 | I lines between = | | after DEZ pulse
& | 34t 15ms & 40 i e
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a . =)
= « 301382ms
4 3]
g 204 g :
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=% 5 ; 1002 ms 150.3ms 1 i
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after DEZ pulse

g
N
A 40
E 30
i 15 ms 201 FIGURE 3 Partial pressure or exposure
= of diethylzinc (DEZ) in the reaction
= 10 chamber. (A) geometry and coordinates;
501.8 ms (B) DEZ pulse with DEZ container at 20°C;
2009 -006 -003 000 003 006 009 009 006 003 000 003 006 009 (C) N, purge after DEZ pulse in (B); (D) DEZ
X coordinate (m) X coordinate (m) pulse with DEZ container at 31°C; (E) N,
(F) \ . purge after DEZ pulse in (D); (F) DEZ
B X107 sbstrate 11 . exposure for the entire DEZ half-atomic
g E E . é layer deposition (ALD) cycle and the DEZ
2 410t v X0 & pulse only (exposure is defined as the
& K\ | g product of pressure and time and has the
E ) ! 12x10° é“ unit of Langmuir or Pa-s, 1
g >N | 456 B Langmuir = 1.33 x 10~ Pa-s). The other
g ' 1 1x10° él operating conditions follow the standard
é_ 2%10" E 20°C S ALD recipe: 0.015 s DEZ pulse—5 s N,
o , . L 1O o], A purge; the feeding system at 150°C; the
A 2009 -0.06 -003 000 003 006 0.09

X coordinate (m)

reaction chamber at 125°C [Color figure can
be viewed at wileyonlinelibrary.com]
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temperature suggested by the reactor manufacturer as extra precaution
to avoid any possible condensation of precursors inside the manifold); the
reaction chamber at 125°C; and the precursor containers at 31°C.

As shown in Figure 2, the H,O vapor is injected into the manifold
once the ALD valve is opened. The lower region of the manifold near
the ALD valve is cooled down because of the lower temperature of
H,0 vapor, while the H,O vapor is heated up after passing the manifold.
The inlet region of the reaction chamber is also heated up as a result of
the increase in flow rate of heated gas mixture. At 0.015 s, the ALD valve
is closed and the temperature distribution returns to its original state
within 0.3 s. It is noteworthy that the uniformity of temperature distribu-
tion in the reaction chamber is closely related to the flow rate of the
upstream gas mixture. Therefore, the size of the substrate susceptor
should be properly chosen and the precursor dose should be well con-
trolled. A small-sized substrate, such as the porous membrane with 22 mm
diameter used in the present study, should not be greatly affected by the
temperature distribution if it is placed at the center of the chamber.

The flow regime in the reactor is laminar, as the Reynolds number
is in the range of 0.01 to 10. After the ALD valve is opened, the gas
velocity increases to an extremely high value, on the order of
100 m s~ in a very short time span of 1-2 ms. This fast acceleration
can be attributed to the large amount of precursor driven by the high
pressure difference across the ALD valve. High gas velocity can also
be observed near the two ends of the chamber because of the narrow
channels of the inlet and outlet.

Initially, the mass fraction of H,O is 100% in the H,O container
and 0% in the rest of the reactor. Once the ALD valve is opened, the
H,O enters the manifold and mixes with the N, carrier gas. The gas
mixture expands from the inlet to the entire chamber. The maximum
mass fraction of H,O can reach approximately 99.9%.

In the last two rows of Figure 2, owing to the large difference in
pressure inside and outside the container, two different scale bars are
chosen (0 to 4494 Pa and O to 200 Pa) for better visualization of the
pressure change. The pressure in the precursor container is much higher
than in any other region. A decline in pressure in the container takes
place after the ALD valve is opened since the H,O vapor escapes from
the container, indicating that the evaporation at the liquid-gas interface
is not fast enough to maintain the pressure. However, the pressure
within the container recovers in about 0.34 s following the closure of
the ALD valve, which is much shorter than the N, purge time of 5 s. This
fast recovery of pressure within the precursor containers can guarantee
the consistency of precursor dosing in each ALD cycle. As opposed to
the pressure change in the container, the pressure in the feeding system
and reaction chamber increases once the valve is opened and decreases
when the valve is closed. It should be noted that although the maximum
pressure in the feeding system can reach 1000 Pa, the scale bar in the
last row of Figure 2 is only in the range of O to 200 Pa.

Since the precursors are assumed to be ideal gases that
behave in an analogous pattern, only the half-ALD cycle of DEZ
pulse followed by N, purge will be presented in the following sec-
tions. The

corresponding results for H,O are given in

Appendix Section S2.

AI?BEJ R NALJS;f12

3.2 | Spatiotemporal distributions of DEZ partial
pressure in the reaction chamber

In this section, the partial pressure of DEZ in the reaction chamber is
presented as a function of time, during the half-ALD cycle of DEZ pulse
followed by a N, purge. The effects of the container temperature are dis-
cussed in this section. As one of the most important parameters in ALD,
the partial pressure of the precursor has a dominant impact on the rate
of precursor diffusion, adsorption/desorption, and chemical reaction
within the substrate. As shown in Figure 3(A), the red line connecting the
inlet and outlet is chosen as the representative location along which the
data regarding DEZ partial pressure versus time are reported. We remind
the reader that the substrate in the present study is a disk with the
diameter of 22 mm and is placed at the center of the reaction chamber.
As shown in Figure 3(B), after the valve is opened, the leading front
of the profile travels toward the substrate gradually. At a time of approxi-
mately 7.4 ms, the leading edge of the substrate (marked as point A)
experiences the first contact with the DEZ vapor. Afterward, the DEZ
partial pressure above the substrate increases with time, whereas the
distribution of DEZ partial pressure along the substrate diameter is non-
uniform until about 38.2 ms. This spatial distribution of precursor pres-

1.32 of cross-

sure is confirmed by the description from Granneman et a
flow reactors, in which the trailing edge of the wafer is exposed to more
depleted gas than the leading edge. If the substrate had a larger diame-
ter, such as 200 mm, the nonuniformity of DEZ partial pressure distribu-
tion could be significant and possibly detrimental to the uniformity of the
ALD layer. After the valve is closed, DEZ partial pressure declines with
time while the distribution of DEZ partial pressure becomes increasingly
more uniform, as shown in Figure 3(C).

As the container temperature increases, the first contact
between DEZ and substrate takes place earlier, that is, 6.6 ms for
31°C, as shown in Figure 3(D). The line-average DEZ partial pressure
at any moment is higher with a higher container temperature. For
example, the line-average DEZ partial pressures at 15 ms are 19.58
and 35.17 Pa for container temperatures of 20 and 31°C, respec-
tively. Additionally, the uniformity of DEZ partial pressure distribu-
tion improves with increased container temperatures based on the
ratio of the maximum (at x = —0.1 m) to the minimum values (at
x = 0.1 m) of DEZ partial pressure at different moments. This is also
the case for the H,O half-ALD cycle, as shown in Figure S2. Uniform
distribution of the precursor vapor pressure3* is desirable for ALD
processes.

In Figure 3(F), DEZ exposure along the red line (Figure 3(A)) is
plotted for the entire DEZ half-ALD cycle and the DEZ pulse only
(1 Langmuir = 1.33 x 10™* Pa-s). It shows that at early stage of the
DEZ half-ALD cycle (O to 15 ms), the region near the inlet has
higher exposure than the downstream regions. However, for the
entire DEZ half-ALD cycle, the total DEZ exposure shows a reverse
distribution to the initial one. In general, it is possible that the uni-
formity of the deposited film will be affected by these nonunifor-
mities. For a large-sized planar substrate, the deposited film

thickness may change along the fluid path of the gas mixture.r?>3
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Partial pressure of diethylzinc (DEZ) (A) and total pressure (DEZ + N,) (B) at different positions above the substrate with container

temperature at 20 and 31°C during DEZ half-atomic layer deposition (ALD) cycle. As shown in the inset schematics, positions A, B, and
C correspond to representative upstream, middle, and downstream locations on the substrate. The other operating conditions follow the standard
ALD recipe: 0.015 s DEZ pulse—5 s N, purge; the feeding system at 150°C; the reaction chamber at 125°C [Color figure can be viewed at

wileyonlinelibrary.com]

As will be shown below, for the small substrate we study here,
these variations are not significant. However, they must be consid-

ered carefully for larger substrates.

3.3 | Precursor partial pressure and total pressure
above the substrate

In this section, the transient precursor partial pressure and total
pressure (precursor + carrier gas) versus time are presented at
three representative locations shown in Figure 3(A): the leading
edge nearest to the inlet (point A, upstream); center (point B); and
trailing edge nearest to the outlet (point C, downstream) of the
substrate.

As shown in Figure 4, owing to the small size of the sub-
strate, the DEZ partial pressures and total pressures are nearly
spatially independent. By integrating the DEZ partial pressure
over time, we obtain the exposures at three positions above the
substrate. In Figure 4(A), the deviations between the maximum
and minimum exposures are approximately 8.92% (20°C) and
8.86% (31°C), respectively. This finding indicates that the deposi-
tion across the substrate is expected to be uniform; we will dis-
cuss this further in the next section. Increasing the container
temperature from 20 to 31°C causes an increase in the substrate-
average exposure by 11.23%, at the cost of 74.58% extra dosing
amount (from Table S3). Similarly, as shown in Figure S3, increas-
ing the dosing amount of H,O by 14.5 times (the value is
obtained via simulation results) by extending the pulse time from
5 to 100 ms results in only a 2.36 times increase of the
substrate-average exposure. It demonstrates that the utilization
of precursor will decrease with elevated dosing amount because
of the high traveling velocity of precursor at large dosing amount.
It also suggests that there should be an optimum range of the
dosing that achieves a balance between the precursor consump-

tion and deposition rate.

3.4 | Simulation and validation of
penetration depth

Previous modeling of the surface reactions in ALD has focused primarily
on deposition on planar surfaces or on the thermodynamics of the reac-
tions and thus did not consider mass-transfer limitations and time depen-
dence of the precursor concentration, both of which control the
deposition within porous media.'”*%>4>7 This section discusses the
development of a model that accounts for the combined reaction and
diffusion of DEZ within a mesoporous y-Al,O3 substrate.

As shown in the set of reactions below (Equations 1-3), the depo-
sition is expected to proceed through a reversible adsorption of DEZ
on surface hydroxyls, followed by an irreversible ligand exchange to
form monoethylzinc (MEZ) bound to the oxygen of the surface
hydroxyl and gaseous ethane (Et). MEZ can then further react in a
secondary ligand exchange reaction to form a bare Zn atom bridging
two underlying oxygen atoms (Zn-Oy) and an additional ethane
molecule.>*

ka

DEZ + —OHy) < DEZ¥, 1)
k
DEZ* () —> MEZ ) +Etg), 2)
ks
MEZ(S) + —OH(S) = 7Zn— 02(5) + Et(g). (3)

ka, ka, ks, and ks are the DEZ adsorption, DEZ* desorption, DEZ* to
MEZ, and MEZ to Zn-0O, rate constants, respectively. Their values are
given in Table S4. Since our objective here is to estimate the maximum
penetration depth of Zn species into the substrate, the analysis consid-
ered only the first pulse of DEZ. Assuming that the density and reactiv-
ity of —OH groups generated during the H,O pulse remains the same
and that mobility of intermediate species can be neglected, later cycles

are not expected to extend the deposition beyond the penetration
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depth for the first cycle because of decreased diffusivities caused by
pore constriction from the initial ZnO deposit. Moreover, by consider-
ing only the first pulse, the added complexity of the effect of pore con-
striction on DEZ diffusion and changes in the underlying substrate from
y-Al,03 to ZnO (which affect the reaction rate for subsequent DEZ
pulses and the degree of ethyl ligand removal during the H,O pulse)>®

(B) (

is avoided. In future work, we will attempt to develop a complete model
that could account for these phenomena using quartz crystal microbal-
ance data collected for ALD of ZnO on y-Al,O3 coated substrates.

The differential equations used to model the combined reaction/
diffusion problem of the first DEZ pulse are given in Equations (4-7).
We neglect the secondary ligand exchange reaction from the above

50 | DEZ pulse 15 ms+N, purge = 1.0 b
DEZ partial pressure at 31°C 8 ) o DEZ
_ —O— A (4.74 Pass) £08 o t=0.012s
5 —O— B (4.96 Pass) 5, oo O t=0.024s
< —A—C (5.16 Pass) “g’ 0.6 - Agg A t=0.048s
L .
2 A e ~ v t=0.096s
E B\ o _ Bao £=0.193s
cross flow \ = ) \vA @ O =
S £ 02, Vo BAR t=0.602s
pointA pointB  point C N 2 i T/V\—/ :
substrate o
1||HH|H|1|1H|H|Hm‘||H|Hw||||||||‘|H||||r|r{§rl7 00 “‘r [ ‘|‘ NN “‘ NN “‘ NN ‘|‘ T "m‘,‘T
0.03125 0.125 0.5 0 50 100 150 200 250
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2 0.6 A t=0048s | £ 06- g, & Point
_% 1 t=10.096s g A
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FIGURE 5

(A) Cross-section of a membrane with ZnO deposit, showing the macroporous a-Al,03 and mesoporous y-Al,O3 support, and

higher magnification cross-sectional ADF-STEM and STEM-EDX images of the ZnO deposit (bright contrast and green color) within the y-Al,O3
layer®® near the membrane surface (left scale bar: 1 pm, middle and right scale bars: 250 nm). (B) Transient diethylzinc (DEZ) boundary conditions
determined by the atomic layer deposition reactor model (assuming no reaction) at three positions along the membrane (A, B, and C) as indicated
in the inset. (C,D) Concentration profiles of DEZ and MEZ, respectively. (E) Final concentration profile of MEZ at positions A, B, and C compared
to profile from cross-sectional TEM imaging. °° The growth per cycle at the standard recipe on a nonporous substrate is -0.15 nm. This is not to
be confused with the penetration depth when using porous y-Al,O3, which under the same conditions is 1000 times larger [Color figure can be

viewed at wileyonlinelibrary.com]
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mechanism because this reaction—although it can affect the DEZ
reaction rate (Equation 1) by reducing available —OH species on
v-Al;O3 to react with DEZ—already includes an immobilized MEZ spe-
cies as a reactant and thus it is not expected to have a dominant
effect on the penetration depth of Zn species. The depletion of —OH
species by the secondary ligand exchange reaction is also expected to
be small during the DEZ pulse due to the high activation energy and,
thus, slower reaction rate.>* The model was developed using

centered-finite differences in a MATLAB script.

BCaDth :% <(§) D, QC&?(EZ> — kaCoezCon + kaCpEz+, (4)
9(1_:9(1?'—' = —kaCpezCoH +Kk4CpEz+, ()
%ﬁzzkacmcm ~kaCoez: —kiCoez:, (6)
r?C;:Ez — k;Cogz+. (7)

D, and ¢/7 are the surface diffusion coefficient and porosity/tortu-
osity, respectively. Their values are given in Table S4. We use the out-
come of the ALD reactor simulation at x = O as the time-dependent
boundary condition for the concentration of DEZ directly above the
membrane surface. This is based on the assumption that the consump-
tion of DEZ by the reaction has negligible effect on the concentration
profile within the reactor. This assumption will be validated later in Sec-
tion 3.5. The boundary condition for DEZ concentration at three differ-
ent positions on the membrane substrate (i.e., leading (A), center (B),
and trailing (C) edge of the substrate disk) as a function of time is
shown in Figure 5(B). Although the opening and closing of the valve
takes place in 0.015 s, a substantial concentration of DEZ above the
support surface persists until ~0.25 s. The differences of the DEZ con-
centration profiles at positions A, B, and C are very small, with the
downstream profiles shifted to longer times, as expected.

The values of the parameters used in the model are shown in
Table S4. Reactive hydroxyl concentration was set at 7.8 nm~2 based
on literature values of —OH concentrations on y-Al,O3 surfaces®? and
considering the differing types of hydroxyls on y-Al,O3 surfaces.®%¢?
DEZ diffusion within the porous y-Al,O3 substrate was determined to
be dominated by surface diffusion rather than Knudsen diffusion, as
the majority of the DEZ molecules are expected to be adsorbed on
v-Al,O3 at the temperatures and partial pressures within the ALD reac-
tor.%? A correlation developed by Sladek et al. was used to calculate the
surface diffusivity of DEZ under these conditions.®® The kinetic param-
eters kg, kg, and kf were determined by fitting the penetration depth
predicted by the model to the experimental penetration depth deter-
mined by energy dispersive X-ray analysis (EDX) as reported in Ref.
50 and shown in Figure 5(A,E). These values are in good agreement
with literature values for ALD of ZnO on a ZnO surface®” (see Appen-
dix Section S5). We note that Figure 5(A,E) is provided here to establish
the penetration depth of the ZnO deposit so that it can be compared

with model predictions. Microstructural characteristics of the y-Al,O3
before and after deposition as well as the structure of the ZnO deposit
and its interface with the y-Al,O3 grains remain unresolved issues due
to the small size of the y-Al,O3 grains (~3 nm) and corresponding pores
as well as due to the amorphous nature of the ZnO deposit.

Transient DEZ concentrations at 31°C for the point B in Figure 5(B)
were used for the boundary condition at the surface of the substrate in
Figure 5(C,D), where concentrations are normalized by the maximum
possible value for each species, that is, the initial hydroxyl concentration
of 7.8 nm~2 (or 10,200 mol-m~2) for MEZ and maximum DEZ pressure
of 47.71 Pa (or 0.01442 mol-m~3) shown in Figure 5(B) for DEZ.

The penetration depth of the DEZ—defined here as the depth at
which DEZ deposition is 1/10 of that at the substrate surface—was
~200 nm. As shown in Figure 5(E), the concentration profile of MEZ
following the first pulse of DEZ predicted by the model is comparable
to the EDX line scan obtained from a membrane cross-section.

The process is diffusion-limited since the characteristic time for
diffusion of DEZ in the L = 5 pm thick y-Al,O3 layer is estimated to
be 0.63ms [L?/(Ds¢/7) = (5 x 1076%/(3.96 x 1077 x 0.1)], and is
much larger than the characteristic time for adsorption (the faster
reaction), which is estimated to be 8.9 x 107> ms (1/(k,-Con) = 1/
(1100 x 10,200)). If the process was not diffusion-limited, then the
penetration depth would extend throughout the y-Al,Oz support
because the characteristic time for diffusion (0.63 ms) is smaller than
the duration of DEZ half-ALD cycle that exceeds the DEZ pulse
(15 ms). The modeled profiles in Figure 5(E) were normalized by the
concentration of MEZ at the pore entrance of point C, which is 4%
and 2% greater than the corresponding values at points A and B,
respectively, and the values from the line scan were normalized by
the maximum observed Zn concentration. The non-zero values from
the line scan at a depth of less than O are due to detection of ZnO on
the outside surface of the membrane and therefore are not consid-
ered in the comparison with the model.

As shown in Figure S4, there is negligible difference in the pene-
tration depth for Zn species for container temperatures of 20 and
31°C despite the 5% lower concentration of MEZ groups at a con-
tainer temperature of 20°C relative to 31°C. This lack of sensitivity is
important because the container temperatures in the experimental
setup are left unregulated at ambient conditions. Experiments indicate
that a container left unregulated at room temperature (20°C) will
increase in temperature during ALD to 30/31°C as a result of heat
transfer from the heated zones of the reactor.

3.5 | Coupling between substrate and ALD reactor
Deposition in a porous substrate takes place with boundary condi-
tions set by the reactor-scale transport processes. The transport pro-
cesses in the reactor can also be influenced by the consumption of
reactants as determined by the substrate-scale reaction and diffusion.
Therefore, two-way coupling between reactor and substrate pro-
cesses is possible and its existence should be quantitatively examined

in order to determine whether they can be decoupled or not. In the



ZHUANG ET AL.

AI?BIEJ R NALm

first three sections of Section 3, simulation results have been given
without considering the precursor consumption due to reaction. In
Section 3.4, we used the spatiotemporal profiles obtained in the
absence of reaction as boundary conditions to determine the penetra-
tion depth for the DEZ reaction within the substrate. Here, we per-
form simulations of cases with fluxes imposed on the substrate
surface to see the dependence of coupling intensity on the magnitude
of fluxes caused by the reaction/diffusion into the substrate. Only
DEZ fluxes are simulated in this section.

We obtained the flux calculated from the reaction/diffusion simu-
lation of Section 3.4, which is the simulation-fitted flux from the model
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that fits the experimentally determined penetration depth. By imposing
a user-defined function on the substrate surface representing the depo-
sition flux, the simulation is performed allowing coupling between the
reactor and substrate. The deposition flux was implemented using a
time-dependent boundary condition (updated in each time step) that
was imposed on the species transport equation as a DEZ consumption.
We first tried a small flux, which is the 0.57x simulation-fitted flux, and
then increased the flux by 5.4, 16.1, 32.3, 53.8, 107.6 times higher than
the simulation-fitted flux. The simulation results are given in Figure 6
using the case with no flux as the reference. In Figure 6(A,B), we plot
the partial pressure of DEZ versus time at three locations for two cases:
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FIGURE 6
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Substrate with 0.57xSimulation-Fitted Flux at 24.6 ms

Partial pressures of diethylzinc (DEZ) as a function of time above the substrate with (A) no flux and (B) 0.57 x simulation-fitted

flux. Vertical and horizontal velocity components, velocity vectors, and partial pressure of DEZ above the substrate with (C) no flux or
(D) 0.57x simulation-fitted flux. In the simulations shown here, we did not account for the 2 mm thickness of the substrate. The thickness of the
substrate is included in Figure S5 and is shown to cause negligible changes on the DEZ profile as a function of time above the substrate [Color

figure can be viewed at wileyonlinelibrary.com]
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no flux and 0.57x simulation-fitted flux. The exposures are also pres-
ented for quantitative comparison. For the 0.57 x simulation-fitted flux,
a slight decrease (0.81% to 1.48%) in exposures can be seen, as com-
pared with the case of no flux.

In Figure 6(C,D), the distributions of velocity and partial pressure of
DEZ above the substrate are presented with two different surface fluxes
(no flux and 0.57x simulation-fitted flux). The representative instance of
t = 24.6 ms is chosen because the partial pressure of DEZ at that moment
is near to its maximum value. As shown in Figure 6(C), owing to the
absence of deposition, the vertical velocity component is quite low (below
0.01 m-s~%) and the velocity vectors are nearly parallel to the upper sur-
face of the substrate. The partial pressure of DEZ decreases along the sub-
strate and exhibits a symmetric distribution with respect to a horizontal
line at the middle height of the chamber. Once a deposition flux in the
substrate is imposed, the distributions of velocity and DEZ concentration
are altered. As shown in Figure 6(D), a downward vertical velocity compo-
nent up to 2.157 m-s~* can be seen at the leading edge, due to the start
of suction, while an upward vertical velocity component up to
3.869 m-s~! can be seen at the trailing edge due to the end of suction.
This rebound-like velocity profile can be confirmed by the velocity vectors.
The region with high velocity migrates to the lower part of chamber and a
“boundary layer” with low velocity can be detected near the substrate.

From the description of flow field with the 0.57 x simulation-fitted
flux, one can deduce that there will be an upper limit of flux above
which the coupling between reactor and substrate can no longer be
negligible. Simulations show that the 16.1x simulation-fitted flux should
be approximately regarded as the upper limit of acceptable flux since it
shows a negligible disturbance (below 10%, deviation of exposure from
the no flux case) to the DEZ exposure. As for the other higher
fluxes, the maximum deviations of exposure from the no-flux case can
reach 20.16% for 32.3x simulation-fitted flux and 42.05% for
107.6x simulation-fitted flux, respectively. At this point we cannot pro-
vide suggestions regarding how such high fluxes can be encountered.
We only use these high fluxes to indicate the range of validity of the
decoupling. One may wonder if the increase in the deposition flux will
cause a significant change in the substrate temperature, which will cause
disturbance of the DEZ pressure profile above the substrate. To address
the role of reaction heat, we have simulated the heat conduction in the
direction of substrate thickness, as shown in Appendix Section Sé. It
shows that for the present case the heat of reaction can be considered
to have negligible effect on of the rates of reaction/diffusion within the
substrate and DEZ pressure profile above the substrate, even with the
DEZ pressure which is 60 times higher than the one in Figure 6(A).
However, the effect of temperature change on the transport phenom-
ena/chemical reaction still deserves further investigation if more accu-

rate information is desirable for certain ALD processes.

4 | CONCLUSIONS
Transport processes within an ALD reactor were explored via CFD
simulation. The dosing amount/rate of precursors were accurately

predicted using appropriate models accounting for the precursor

evaporation at the liquid-gas interface and vapor flow through the
ALD valve. These integrated models can be applied to the predic-
tion of dosing for a variety of precursors. The dynamic behavior of
carrier gas and precursors were presented in the regions of precur-
sor containers and reaction chamber, and can form the basis of fur-
ther simulation on the interplay between reactor-scale transport
processes and substrate-scale deposition.

Simulation of the coupling between the concentration profiles
predicted in the absence of the reaction and those obtained by imposing
a flux corresponding to reaction and diffusion inside a porous substrate
established the upper range of flux below which coupling can be
neglected. It was shown that under previously reported conditions typi-
cal for ZnO ALD in porous Al,O3 for membrane formation, the flux of
gas reactants in the substrate causes negligible disturbance of the con-
centration profiles obtained by the ALD reactor model in the absence of
reaction. Therefore, the gas pressure profiles can be directly applied as
boundary conditions to the reaction-diffusion equations describing
deposition inside the porous substrate. The predictions of deposit pene-
tration depth obtained by the reaction-diffusion model agree well with
previously reported experimental findings. The model also indicates that
for typical laboratory-scale porous substrates (22 mm diameter), deposi-
tion takes place uniformly across the substrate, that is, differences in
deposition rate and penetration depth between the leading and trailing
edges of the substrate can be neglected ensuring a uniform deposit.

The present numerical work can be considered as a first attempt
to systematically design ALD-based ultrathin deposit formation in

porous substrates for membrane preparation.
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