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Abstract

Membranes can be defined as physical barriers allowing the selective transport of species. This
tutorial aims to provide the basics of membrane technologies and materials, the fundamentals of the
atomic layer deposition (ALD) technique, and, most importantly, to describe how to perform
efficiently ALD on different membrane substrates. Membrane devices enable to considerably reduce
costs and environmental impacts of many industries, and there is a constant need to improve their
operational performance. Atomic layer deposition (ALD) is a deposition technique enabling the
preparation of high quality thin films on extremely high aspect ratio substrates with an excellent
conformality and a thickness control at the nanolevel, a unique capability. Therefore, this technology
can be applied for both pore size tailoring and interface engineering in membrane structures. Certain
important aspects that must be taken into consideration when carrying out ALD on these highly
porous ceramic or polymeric membrane substrates will be addressed, in order to achieve a
conformal coating of pore walls. Finally, this tutorial will also provide specific case studies to illustrate
how ALD can be applied to various membrane devices and improve their operational performance.
Thus, by providing this knowledge of ALD for membrane applications, this tutorial will permit to

better exploit this emerging and growing field.


mailto:sangsub@inha.ac.kr
mailto:mikhael.bechelany@umontpellier.fr

1. Introduction

The required drastic reduction of pollutions created by human activities represents an immense and
urgent challenge. Highly efficient membrane processes could permit to considerably reduce the
environmental impacts of many industries and present many advantages over traditional methods of
separation, purification, and concentration for a wide diversity of compounds.! An ideal membrane is
a physical barrier allowing the selective transport of species between two media, and offering both
high selectivity and permeability. Membrane technology is already widely used in various separation
systems, e.g. for liquid and gas separations, purification or extraction, water desalination, organic
solvent dehydration, and various environmental applications in relation with water or air
treatment.’™ Energy-related applications of membranes (i.e. energy production or energy saving by
process intensification) are also increasingly developing, for example in fuel cells and catalytic
membrane reactors. These novel application fields require specific characteristics from the
membrane materials, such as precise pore size, thermal stability for high-temperature applications,
mechanical and chemical stability, fouling resistance, sterilization ability and biocompatibility.
Despite the range of available membrane materials, (relatively) easy manufacturing and highly
advanced module technology, commercial ceramic and organic polymer membranes can hardly fulfil
all the specific structural, microstructural and functional requirements.® Therefore, further research
on the development of up-scalable routes able to provide a fine and versatile tuning of both organic
and inorganic membrane properties is required. In fact, the precise and rational design of membrane
materials with controllable pores sizes and surface chemistry at the nanoscale is an extremely
attractive strategy for expanding the range of membrane performance.

Atomic Layer Deposition (ALD) is a vacuum deposition technique based on self-limiting chemistry,
allowing for the preparation of thin films with a sub-nanometer thickness control and excellent
conformality, even on high aspect ratios substrates.”’° The precise control of the nature and
chemistry of the membrane pore surface is a key challenge. Because of both conformal coating and

excellent thickness control at the nanoscale, and because of the wide range of materials that can be



deposited, the ALD route lately became very valuable for membrane science. For example, ALD has
been applied i) to tune the surface properties of porous structures, thus modifying their interfacial
properties, and also ii) to define pore diameters at the nanoscale, in order to increase membrane
selectivity.!*"* Recently, our group published an overview of ALD studies focusing on membrane
applications. This review reported the many studies in which ALD has been applied for the tuning of
inorganic, organic, hybrid and composite membranes properties and performance. The reader
interested in this upcoming and growing field of research is referred to Reference.'

This tutorial aims first to provide the basics of membrane technologies and materials, as well as the
fundamentals of ALD. Next, the focus will be on the description on how to perform ALD efficiently on
different membrane substrates, either inorganic or polymer supports. This tutorial will not list the
many studies carried out in this field, but instead addresses certain important aspects regarding key
factors that must be taken into consideration when performing ALD on the peculiar porous
membrane substrates. In fact, when considering practical ALD experiments, it is important to realize
that membranes with high aspect ratio pores require an important tuning of the applied process
parameters. ALD is based on sequential pulses of the precursor and coreactant molecules. Typically,
when performing ALD on/in porous membranes, the exposure times of these pulses have to be
considerably extended in comparison with flat non-porous supports.

Additionally, specific examples will illustrate how this route can be applied to enhance the
performance of membranes. Thus, by providing the basics of the techniques and selected examples,

this tutorial will facilitate the rational use of this technology towards membrane applications.

2. Basics on membranes and membrane processes:

A permselective membrane is a physical barrier enabling the selective transport of certain species.
The separation process is achieved by enabling species/molecules to pass through the membrane as
a result of a driving force. Most transport processes occur because of a difference in chemical

potential (pressure and concentration contribute to the chemical potential). An electrical or
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electrochemical gradient can also act as a driving force. The degree of selectivity of a porous
membrane directly depends on the characteristics of its pores (size, surface charge and chemistry).r™

Porous membranes can be classified according to the size of their pores, as recommended by IUPAC

(Table 1).1
Table 1: Membrane classification by pore type, according to IUPAC.%®
Pore type Pore size (nm) Typical membrane applications
. Nanofiltration (NF), pervaporation (PV), vapor permeation
M <2
icropores (VP), gas separation (GS)
Mesopores 2-50 Ultrafiltration (UF)
Macropores > 50 Microfiltration (MF), Ultrafiltration (UF)

Each specific membrane application requires specific pore sizes adapted to control the transport of
the considered species/molecules. For example, macropores enable the filtration of bacteria,
mesopores separate most of the viruses, and micropores can separate antibiotics, ions or small gas
molecules. In liquid filtration, the required transmembrane pressure increases when the membrane
pore size decreases (from few bars for macroporous membranes to a few dozens of bars for
microporous membranes). Dense membranes also exist, and are mainly used for the separation of
species which are soluble within the membrane itself (small molecules like water, gases...). Dense
membranes are typically used for water desalination by reverse osmosis (RO), for liquid mixture

separations by pervaporation or for gas separation.

The standard characteristics of a membrane are its permeability (flux passing through), and its
selectivity (selectivity coefficient or rejection rate). An ideal membrane presents both a high
permeability and selectivity. Among the terms commonly used in membrane science are included:
the feed, the permeate, the retentate and the fouling. The feed of a membrane represents the initial
fluid mixture to be concentrated or fractionated. The permeate is the filtrate (the liquid/gas passing
through the membrane) and the retentate is the retained liquid/gas fraction. Figure 1 is a schematic

representation of a typical membrane process and associated nomenclature. Membrane fouling can



be defined as the accumulation of feed components (e.g. organic or mineral particles or dissolved
species, colloids, proteins, microbiological organisms) at the membrane surface and/or within the

membrane pores, causing a flux decline during the filtration operation.

Retentate
(or concentrate)

T

e -
Feed . @‘o‘?ﬁ’” Permeate
\\ﬁ,—-" (or filtrate)

——

Driving force

Figure 1: Schematic representation of a membrane process, showing the feed, the permeate and the

retentate.

The permeability (k) (m-s™*-Pa) of a membrane is given by the equation (1):

where F is the flux rate and AP is the transmembrane pressure.

Considering the microfiltration (MF) of water at 20°C, the permeability would be in the range of 10°
m-s~1-Pa’!, whereas values in the range of 10° m-s7*-Pa™! and 10*m-s*-Pa™! are typically obtained
for UF and NF, respectively.'® As the permeation flux increases with the operating temperature, it is

important to control this parameter during membrane processing.



The membrane selectivity can be characterized by the retention rate (or rejection rate) of a given

species (RR in %), which is given by the equation (2).

RR=1--2_ ()
AP CO
Where Cp is the concentration of the considered species in the feed, and C, the concentration of the
considered species in the permeate. Typically, in UF, the membrane efficiency is characterized by the

molecular weight cut-off, which can be defined as the lower limit of solute molecular weight (M) for

which the rejection is > 90% (Figure 2).

Rejection
rate

Molecular mass M
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Figure 2: Schematic illustration of an experimental curve used for determination of the molecular

weight cut-off (Myi) for an UF membrane.

This molecular weight cut-off is specific to UF membranes and strongly sensitive to the selected type
of model solute series (shape, flexibility...), to membrane/solute interactions, to concentration
polarization effects, pore blocking and fouling phenomena. The cut-off concept can also be applied to
characterize NF membranes?’ but can hardly be used for MF membranes as the variety of species

retained during a MF process (fungi, bacteria, particles) cannot be defined only by their molecular



mass. MF membranes are usually characterized by their mean pore size (>50 nm) or pore size
distribution, which can be determined experimentally by e.g. permporometry. This type of
membranes usually serves as a pre-treatment for other separation processes such as ultrafiltration,
and is typically applied to separate microorganisms and suspended particles, colloids or oil droplets,
from process liquids.

Different separation mechanisms can be involved in a membrane separation operation. The size
exclusion mechanism operates in most porous membranes, when their pore dimensions are of such a
size that only certain species can selectively pass. A selective retardation by the pores (pore flow) can
occur when pore sizes are close to the sizes of the species. Competitive interactions of the species to
be separated with the pore surface is also a key separation mechanism in microporous membranes
and differences in the diffusion rates of species can also contribute to increase the membrane
separation efficiency.

The transport of species through dense membranes is based on the solution-diffusion mechanism.
The species to be separated adsorb (eventually dissociate) on the membrane surface, dissolve into
the bulk membrane material, migrate by molecular (or ion) diffusion across the membrane, and
reemerge (recombine) on the other side. This is for example the case for H,/CO; or H,/CH4 separation
with dense palladium-based membranes, which are only permeable to H..

Despite the improved performance of modern membrane devices, important challenges are
remaining in relation with the limited rejection rates for new/emerging pollutants and
microcontaminants (e.g. small soluble organics), membrane stability in harsh environments (e.g.
steam, sulfur compounds) but also concentration polarization effects and its consequences : osmotic

effects or fouling which are critical issues for the efficiency of membrane processes.

Concentration polarization and fouling'®!® result from the accumulation of dispersed or solubilized
matter (retained species) at the fluid/membrane interface. These high concentrations of
accumulated species reduce the membrane permeability by generating an osmotic counter-pressure.

Fouling is the direct consequence of the accumulation of matter at the fluid/membrane interface
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and/or within the membrane pores and is inherent to all the membrane processes. Fouling creates
an additional resistance to the permeate flow and yields strong flux permeation decay along the
processing time. Several models have been developed to assess membrane fouling and quantify its
dependence on the operating parameters of cross-flow velocities and transmembrane pressure (film
theory and mass transfer coefficients).?® A simple model based on the application of Darcy's law
(equation 3), describing the flux through a membrane, can be applied to estimate the various fouling

resistances during filtration operation.?

_ AP
" w(Rm+Rc+Rb)

J (3)

where J is the permeate flux (L/m?s), i is the dynamic viscosity (bar-s), AP is the transmembrane
pressure (bar), Rtot is the total membrane filtration resistance (m™), Rm is the intrinsic membrane
filtration resistance (m™), Rc is the reversible resistance caused by the cake layer (m™), and Rb is the

irreversible resistance related to pore blocking (m™).

Fouling phenomena can be (partially) reversible or not and their limitation implies higher
productivity, less cleaning and longer membrane life, thus reducing operational and capital costs.
Different strategies (fouling resistance, fouling release or fouling attack) can be used to struggle
scaling, biofouling, and non-specific organic fouling. In addition to the optimization of membrane
module design, fluid management and cleaning cycles, strong reduction of concentration polarization
and fouling issues can derive from nanoengineering of membranes surface/interfaces. This is a very
active field of research.?

Synthetic membranes can be based on inorganic, organic, hybrid or composite materials. Different
parameters are keys for the manufacturing of effective membranes: the membrane material intrinsic
properties, but also the complexity of the membrane design, the module configuration and the
upscaling possibility.

Due to their easy manufacturing in compact, large scale and low cost systems, their attractive

selectivity, relative stability and commercial availability with tunable properties, synthetic polymers



are the most common materials used in industrial membrane processes. These synthetic polymers
can be based on cellulose (acetate, esters or nitrocellulose), polysulfone and poly-ether sulfone (PS,
PES), polydimethysiloxane (PDMS), polyacrylonitrile (PAN), polyethylene and polypolypropylene (PE,
PP), polyamide (PA), polyimide (PI), polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF),
polyvinylchloride (PVC) or poly(ethyleneterephthalate (PET), among others. Ceramic membranes,
mainly based on oxides, also attracted specific attention because of several outstanding
characteristics, such as high thermo-chemical and mechanical resistance adapted to harsh
conditions. As the efficiency of a membrane largely depends on its pores structure and surface
properties, strong research efforts is devoted to achieve optimal membrane materials for each
focused applications. Membranes can be manufactured with either symmetric or asymmetric
structure with a stacking of several layers presenting different pore sizes, and with different
configurations (flat sheets, tubes, honeycombs, hollow fibers...).* For example, a ceramic membrane

tube (single channel) displaying a typical asymmetric (multi-layers) micro-structure is shown in Figure

Figure 3: (a) SEM image showing the details of an alumina asymmetric microstructure, where the thin
selective top-layer is supported on intermediate and support layers (a-alumina) with larger pore
sizes. (b) Ceramic membrane tube (a-alumina, single channel, Pall Exekia) presenting an asymmetric

microstructure.



In membrane processes, two operational modes can be used:

- Dead-end mode where the feed applied to the membrane passes through it completely,

- Cross-flow mode where the feed is passing through with a cross-flow tangential to the

membrane (this is the case in Figure 1).

When using the cross-flow operation mode, a continuous flushing effect operates, thus limiting
fouling phenomena. This risk of fouling is higher in the dead-end filtration mode, but the
recommended operation mode strongly depends on the feed properties. When fouling cannot be
avoided, back flushing and/or chemical cleaning can be applied to regenerate the membrane.
Despite their numerous advantages, membranes still suffer from limitations such as irreversible
fouling and/or deficient selectivity. Thus, there is a real need to explore novel routes enabling the
fine tuning of membrane materials pore sizes and surface properties in order to mitigated fouling
effects, improve selectivity and extend the range of membranes application and performance. The
control and fine tuning of the membrane pore surface is very challenging. Not only because of both
conformal coating and excellent thickness control at the nanoscale, but also because of the wide
range of materials that can be deposited, the ALD technique appears as a promising route and can be

applied to control the dimensions and functionalization of porous membranes.

3. Fundamentals of ALD

ALD is a vapor phase technique enabling the preparation of thin films through the sequential use of
self-terminating gas—solid reactions. This technology is a chemical vapor deposition (CVD) derived
technique, suitable for the manufacturing of high quality inorganic material layers with a thickness
controllable at the (sub)nanoscale.”X® ALD research started already in the 1950s in the former USSR

),?>?* and the technique has been patented in 1977.2 The

(Union of Soviet Socialist Republics
semiconductors industry became interested in ALD in the 1990s,2>?* and the technique since became

a key enabling technology for microelectronic devices fabrication.?®
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In the ALD method, the process of alternating self-terminating chemical reactions between precursor
molecules and a solid substrate surface is used to deposit thin films in a layer by layer fashion.

Briefly, the growth of material layers by ALD consists of repeating the following four steps:

A self-terminating reaction of precursor molecules with surface species,
- A purge or evacuation to remove both the non-reacted reactants and gaseous reaction by-
products,
- A self-terminating reaction of the second reactant or another treatment to activate the
surface, again for the reaction of the first reactant.
- A purge or evacuation.
These 4 steps are defined as an ALD reaction cycle, which can be divided in two half cycles (of a “full”
ALD cycle).® A schematic representation of an ALD cycle is illustrated in Figure 4. In each cycle, a given
amount of material is added to the surface, which is typically referred as the growth per cycle (GPC).
To obtain a defined material layer, the ALD reaction cycles are repeated until the desired amount of

material has been deposited.

1st half-cycle Precursor by-products

¥ .o
N
‘@ oy
FTITRIS AP & & |

Initial substrate Precursor pulse Purge

2nd half-cycl
na haf-cycle Reactant  by-products

o @ © @
o0 °°
w m m
Reactant pulse Purge
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Figure 4: Schematic representation of an ALD cycle. In the first half-cycle, the substrate is first
exposed to a precursor, and then purged. In the second half-cycle, the surface is exposed to a

reactant and again purged.

The use of self-terminating reactions means that the ALD route is a surface-controlled process.
Therefore, thanks to this surface reaction control, ALD-grown films are extremely conformal and

7“10in sharp contrast to other techniques controlled by the flux of reactants such

uniform in thickness,
as physical vapor deposition (PVD). In fact, no other thin film deposition method can even approach
the conformality achieved by ALD on high aspect ratio structures. Typically, ALD processes occur at
relatively low temperatures (from room temperature to 300°C), which enable applications on surface
thermally sensitive substrates as well. Consequently, ALD-grown materials can be applied to a large

range of applications, from biosensing®® to microelectronics,?>?’ and from nanocatalysts® to solar

photovoltaics.?

3.1 Surface chemistry and ALD precursors
Since ALD is based on surface reactions, it is important to define two types of interaction phenomena
able to occur between a fluid (gas or liquid species, adsorbate) and a solid surface (adsorbent):
physisorption (or physical adsorption) and chemisorption (or chemical adsorption). Physisorption is
characterized by relatively low interaction energies (<20 klJ.mol?), such as Van der Waals forces for
example. Thus adsorption rates are fast and the typical temperature of an ALD process is usually
sufficient to desorb physisorbed species. Higher energy (60-120 kJ.mol?) is involved in the case of
chemisorption, and the adsorbed reagents form chemical bonds with the surface. Similarly to
physisorption, the required amount of energy depends on both the type of reacting species and the
nature of the surface. Chemisorption involves activation energy and leads most of the time to the
dissociation of the gaseous precursor molecules. At the typical temperature of an ALD process,

physisorbed molecules are desorbed, whereas chemisorbed reagents remain at the surface and
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participate to the film growth. ALD uses self-terminating chemical reactions between precursor
molecules, which include at least one of the elements required in the film composition and relevant
ligands. The precursor design needs careful balancing between volatility, thermal stability and
reactivity—the key properties of ALD precursors.
Overall, to be used as an ALD precursor, a molecule must have the appropriate thermogravimetric
characteristics, i.e. to be volatile at a temperature below the deposition temperature. In addition, the
precursor molecules should:

- not decompose, neither in storage conditions nor during their vaporization, nor at the

deposition temperature;

- have a suitable reactivity to permit the saturated and irreversible chemical reaction to occur on

the desired surface area with fast kinetics;

- permit the adsorption of the reactant;

- generate inert or non-reactive by-products;

- be easy to handle (limited toxicity, non-corrosive, etc.).
These characteristics are brought to the precursor through its ligands, which obviously play a crucial
role. Different classes of precursors can be considered for ALD, either inorganic (elemental
compounds, halides) or organometallic (alkyl, cyclopentadienyl, alkoxides, B-diketonates, amides,
amidinates...), each having its advantages and drawbacks in terms of reactivity, stability, film

impurities and generated byproducts.®

3.2 Deposition temperature — The ALD window
The deposition temperature is a key parameter of an ALD process, as it strongly affects the film
growth per cycle (GPC). The relationship between the GPC and the deposition temperature,

illustrating the “ALD window” concept, is shown in Figure 5.
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Figure 5: Schematic representation of the relationship between the GPC and the deposition

temperature, illustrating the “ALD window” concept.

Different situations can occur, according to the deposition temperature (Tgep):
- at high T4ep, an increasing GPC can be observed due to precursor decomposition at the
surface before reacting with the second reactant;
- at high Tqep, @ decreasing GPC can be sometimes witnessed as well, due to precursor
desorption, reduction of the number of surface species or sublimation of the deposited
material;
- at low Tg4ep, @ decreasing GPC indicates that more than one monolayer is adsorbed or that
condensation occurs;
- at low Tgep, an increasing GPC can also be observed, revealing low reaction rates due to
activation energy limitation and too long reaction time compared to the duration of an ALD
cycle.
Within the temperature range where the GPC is constant, the deposition rate does not depend on
the temperature but only on the density of available reactive sites at the support surface and on the
degree of surface saturation with the adsorbed precursor molecules. In this temperature range,

called the "ALD window", the deposition rate is constant and the ALD per say occurs (film growth).

The understanding of the thermodynamics of gaseous compounds can also provide very valuable

information to understand the thermal behavior of the gaseous precursors and the growth
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mechanisms. In fact, the knowledge of thermodynamics can be used to model how the precursor
source evolves, and what phenomena are taking place in the input lines and in the deposition
chamber. Thermodynamics can be strongly dependent on the selected ALD process parameters, and
are very scarcely investigated in the literature. However, thermodynamic modeling, based on the
Gibbs free-energy minimization, could be performed to simulate the nature of the species that can
be present in different positions of the reactor at equilibrium, under given experimental conditions.
For example, Violet et al. determined the thermal stability and behavior of organometallic precursors
used for ALD deposition of TaN and ZrO; layers using in-situ mass spectrometry and numerical

simulations.3!

3.3 Precursor pulse and purge times — ALD saturation curves
The determination of relevant precursor pulse and purge times is fundamental in an ALD recipe.
These times must be sufficiently long to allow the saturation of the surface (pulse time) and avoid
reactants mixing in gas phase (purge time), but they need to be optimized in order to avoid
excessively slow deposition rates. Thus, an essential step in the development of an ALD process is the
determination of the optimal pulse and purge times. For this purpose, the influence of each time
value on the GPC needs to be studied (by keeping the other times constant). This leads to the so-
called saturation curves (Figure 6), which represent also a key step in the development of an ALD
process. Please note that the determination of such saturation times can be greatly facilitated by

monitoring the film thickness in-situ.3233
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Figure 6: Schematic representation of the influence of (a) pulse and (b) purge times on the film

growth rate during ALD process, the so-called saturation curves.

In general, the GPC increases with the precursor pulse time, following an under-saturation of reactive
species, and then becomes independent of the pulse time when the surface is fully saturated. In the
case of too short purge times, a high GPC is observed because both reactants are found
simultaneously in the gas phase and a parasitic CVD process can occur, leading to uncontrolled film

growth.

3.4 Nature of the substrate surface
The growth of a film by ALD takes place successively on the substrate surface (first cycles), on a
surface made by both the substrate and the deposited material (following cycles), and finally on a

surface made only of the ALD-grown material. Therefore, as the chemical composition of the surface
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varies with the number of cycles, the observed GPC is not the same during the initial growth of the
ALD process. Three growth regimes can be identified, which depict the influence of the number of
cycles on the GPC:
- Linear growth: the GPC is constant from the first ALD cycle. This can be the case of a process
where the number of adsorption sites is constant, or a process where the steric hindrance of
the precursor regulates the saturation;
- Growth assisted by the substrate: the GPC is higher during the first ALD cycles, possibly
because the number of adsorption sites is higher at the substrate surface than on the
deposited material;
- Growth inhibited by the substrate: the GPC is lower during the first ALD cycles, due to a lower
number of adsorption sites at the substrate surface than at the deposited material. This
phenomenon corresponds to the island growth, which is the one most commonly observed in
ALD.
The nucleation, which corresponds to the first cycles of an ALD film growth, is therefore strongly
influenced by the nature of the substrate and the process used. For example, a lot of research efforts
have been dedicated to study the nucleation of ALD of oxides on graphene to prepare protective
interfaces and supporting layers during graphene transfer.343¢ It is important to note that the
different growth regimes observed on a given substrate offer the possibility to develop selective
growth ALD processes, which represents a major asset of the ALD technique.?’
ALD has been used to prepare a wide variety of nanomaterials, oxides, semiconductors and metals, in
different morphologies such as thin films”®%38 and nanoparticles.?** Furthermore, as novel
applications of ALD emerged in areas such as membranes but also photovoltaics or flexible
electronics, innovative approaches and reactors to integrate new processes, substrates and
precursor delivery techniques have been developed (e.g. for temperature-sensitive supports). These
include for examples energy-enhanced and spatial ALD schemes involving plasma, direct-write,

atmospheric pressure, and roll-to-roll processing.** In fact, the use of roll-to-roll processing would
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allow ALD to address many applications in a cost effective manner. For further detailed information
about ALD basics and recent developments, the reader is referred to excellent reviews written in this

area .7,8,45—49,9,10,27,38,41—44

4. How to perform ALD on membrane substrates?

ALD offers the possibility to grow films on various substrates with an excellent conformality coupled
with a subnanometer thickness control, which makes this route very powerful to tune membrane
material properties and achieve the control of their pore size and their interface engineering, even at
large scale. By imparting pores with functional nanolayers, ALD coatings are able to improve the
stability of membranes (e.g. towards steam or sulfur compounds), to make them biocompatible, to
limit fouling phenomena and to enhance the overall system performance.’®* However, before
considering large scale application of ALD for membrane technologies, several points must be taken
into consideration in order to perform ALD efficiently on these peculiar membrane substrates.

The immense majority of membranes is either based on ceramic or polymeric materials, and typically
present porous structures with extremely high aspect ratio. This high aspect ratio is a key parameter
to take into account when performing ALD on membrane substrates. To reach a conformal coating of
pores with high aspect ratio and nanoscale dimensions, ALD process parameters have to be tuned.
Large number of experimental and theoretical studies has been already performed to gain better
understanding on the ALD chemistry taking place in high-aspect-ratio structures.’®>* In a standard
ALD process, precursor molecules easily penetrate into macroscopic and microscopic pores through
molecular flow.>*>® Two conditions only need to be fulfilled: the precursor doses must be sufficiently
large to saturate each surface reaction, and its vapors must be exposed to the pore openings for a
sufficient time.>!

Mesoporous and microporous membrane materials such as ceramics and composites can present
aspect ratios over 10000. Even if ALD allows for extremely conformal coatings, the deposition of films

within these nanostructures is extremely challenging. However, impressively, ALD can be achieved
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on/in both mesoporous and microporous substrates. For example, mesoporous films with a
tridimensional porous network built of nanoslabs with pore widths of 4—-6 nm were successfully
coated with ALD of TiO,.%’ Logically, ALD of TiO; at the pore entrance resulted in a gradual decrease
of the free diameter (available pore opening) when the film thickness increased. It is important to
note that the combination of a fixed precursor exposure time and a narrowing of the pores may
result in lower deposition at the bottom of the pores, since diffusional limitations can appear.

When considering ALD on even smaller pores such as micropores, the steric hindrance of the
precursor molecules should be considered, as they may be larger than the pore entrance. ALD of TiO;
has also been carried out by the same group on a microporous membrane material with average
pore size of 1 nm and a porosity of ~40%.%® The diameter of the precursor molecules used for this
particular process (Tetrakis(dimethylamino)titanium, TDMAT) is ~0.7 nm, and they could thus
penetrate into the micropores in the first cycle. It has been observed that the increment of titanium
loading per cycle became lower already during the first cycles, and not all micropores could be filled.
In fact, 2-3 cycles were sufficient to shrink the pore size below the kinetic diameter of the TDMAT
molecules, thus forbidding any further access within the pores.>®

ALD of Al,Os3 has been performed as well in both mesoporous and microporous substrates. The ALD
coating was found to decrease both mesopores and micropores surface areas, which was mainly
attributed to a coverage of the pore surfaces with Al,Os (although a clogging of the pore entrances
could also occur).>* Considering ALD deposition on/in such extreme high aspect ratios structures,
there is a need for researchers to develop new chemistries for precursor molecules, in order to limit
as much as possible the steric hindrance , while keeping surface reactivity and high vapor pressure.
Another point to consider is the rapid occurrence of pore closure after a small number of ALD
cycles,”¥% |leading to asymmetric deposition with the pore length and a decrease of membrane
performance. When coating mesopores with HfO, by ALD, Dendooven et al. monitored the Hf-uptake

per ALD cycle using in situ X-Ray Fluorescence (XRF).%° Pore necks were no longer accessible for the
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Hf-precursor molecules after only 19 cycles. From then on, ALD continued on top of the coated

mesoporous film (Figure 7).
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Figure 7: (a—d) Schematic representation of conformal ALD of HfO; in titania mesopores. (e) In situ

XRF during HfO, ALD on either planar SiO; substrate or mesoporous titania film: evolution of Hf La
(7.9 keV) peak area vs. the number of ALD cycles. As depicted in (d), the pores are no longer
accessible for the Hf-precursor molecules and from then on, ALD film grows on top of the coated
mesoporous film, as observed in the XRF spectra (e). Reproduced with permission from Chem. Mater.

24,11, 1992 (2012). Copyright 2012 American Chemical Society.

In addition to the fact that the exposure times need to be considerably extended, this potential pore
closure is a second reason for which ALD processes applied to meso/microporous membranes should
be limited to a few cycles only. When considering pores at the nanoscale such as mesopores and
micropores, the ALD process is governed by Knudsen diffusion.’*®? Gas molecules collide more
frequently with the pore walls than with each other’s, because the pore size is comparable to or
smaller than the mean free path of the precursor and reactant molecules.

This Knudsen diffusion model can be used to predict the penetration depths in high aspect ratio
substrates. The penetration depth of a coating prepared by ALD into a straight and narrow hole
depends mainly on the process saturation behaviour, precursor partial pressure, exposure time,
molecular mass, and process temperature.>! Gordon et al. developed a mathematical model based
on the kinetics in order to determine the required precursor exposure time to conformally coat
nanopores with defined aspect ratio.”® These diffusion processes have also been modeled by
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526162 and the initial model has been completed by including the sticking probability of the

others,
precursor molecules to the substrate in order to achieve more realistic conditions.>?

When considering practical ALD experiments, it is important to realize that high aspect ratio
membranes require very large precursor and reactant exposure times. When using continuous flows
in a typical viscous-flow reactor, these long exposure times are impractical because they rapidly
empty the precursor container. Therefore, when performing ALD on/in porous membranes, exposure
times have to be considerably extended in comparison with flat non-porous supports, but the
viscous-flow ALD reactor should be operated in a quasi-static mode, ideally by closing the pump gate
valve during the exposure steps.

Overall, when performing ALD on/in membranes presenting micropores and mesopores, the choice
of the precursor chemistry and molecular dimension, the extended exposure and purge times, the
guasi-static mode of the reactor, as well as the very limited number of cycles for microporous
membranes, become crucial elements to achieve an efficient ALD process.>%>%>*

The immense majority of commercial membranes are based on polymeric materials. For example
polypropylene (PP), polyethyleneterephtalate (PET) and polyamide (PA) can be used for separative
applications, from microfiltration to nanofiltration.®*® Considering ALD on/in membrane supports
based on organic polymeric materials, special care must be taken. The first obvious consideration is
related to the ALD process temperature, which has to be lower than the polymer melting point
(usually in the range 100-200°C). In addition, as reviewed by Parsons and co-workers,®® it has been
shown that during ALD on/in polymers, precursors often infiltrate and react with the support
material; this might alter the support and even modify its mechanical properties. Extending the
exposure time per cycle in the ALD process, further extent the reaction risk between the polymer and
the precursor.®®72 Considered as a school case of ALD, the ALD of Al,Os; from trimethylaluminium and

water has been performed and studied on a wide variety of membrane material substrates, including

polymers such as PP, PET and PA.
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Polypropylene does not present readily available active sites for growth initiation by ALD, and ALD of
Al,Os typically results in an intermixed polymer/inorganic interface layer.” It has been found that the
TMA precursor (and/or water) diffuses into the region near the top-surface of the polymer where it is
kinetically trapped. During the second half-cycle, TMA reacts with water and nuclei are formed
beneath or at the polymer surface. The depth of sub-surface growth as well as the extent of H,O
reactant diffusion depend on both the substrate temperature and exposure time.?®’%’* The surface
roughness and the polymer/Al,Os interface are strongly affected by this sub-surface growth,®7°
which has to be taken into account when the aim is to perform ALD to coat polymeric PP membrane
pores. Figure 8 presents TEM images of a polymeric PP substrate after 100 ALD cycles of Al,O;, where

the formation of sub-surface particles is clearly seen.

Figure 8: TEM views of polypropylene surface after 100 ALD Al,Os cycles at 90 °C, producing a graded
polymer/inorganic interface and rough surface texture. The subsurface particles are visible
underneath the continuous film. Reproduced with permission from Langmuir 26, 8239 (2010).

Copyright 2010 American Chemical Society

In a recent comparative study, ALD of Al,0; and ZnO have been performed on polymeric PET
substrates at the same temperature (90°C). The sub-surface growth was observed in both cases, and
was found to generate new failure mode as the resulting films were delaminating. Interestingly,
uniaxial tensile strain measurements revealed superior adhesive properties of ZnO films versus Al,0;
films.®® As expected, the characteristics of the ALD precursor (diethylzinc versus TMA) strongly affect
the mechanical properties of the modified polymer. Polyamides are polymers presenting reactive
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groups, such as carbonyl and amine, which enable strong hydrogen bonding between neighboring
chains. Infrared spectroscopy studies revealed that the TMA precursor exposure influences both
groups, and that the reaction between TMA and the carbonyl or amine groups modify the initial
strong hydrogen bonding.”’ This could actually favor deeper TMA diffusion into the subsurface
region, as the disruption of this hydrogen bonding might induce an opening of the polymeric chain
network. The mechanical properties of the ALD-modified polyamide would in consequence be
strongly affected as well. The modification of the mechanical properties and the risk of film
delamination have also to be taken into account when performing ALD on porous polymer
membrane substrates.

However, as film strength and adhesion play a crucial role in the performance of the functional
membrane materials, several routes can be used to enhance the adhesion of ALD films and limit
delamination issues. For example, Latella et al. obtained good results with a plasma pretreatment of
the substrate. In fact, the water—plasma pretreatment plays an important role in the adhesion of the
alumina film to polymers (PC), as evidenced by the reduced number of delamination sites and the
threefold increase in the calculated interface fracture energy compared with the as-received
surface.”*” Preparing thin films as nanolaminates is another good strategy to obtain better adhesion.
In fact, the hardness and adhesion of oxide nanolaminates is typically improved in comparison with
its separated constituents.”®

Finally, when considering ALD on/in polymers such as cellulose or PVA presenting a high density of
initial reactive groups, the ALD reaction will be limited to the polymer top surface. Indeed the high
density of initial reaction sites available permit fast growth of dense films.®® Therefore, if the aim is to
maintain the initial porous structure of a polymer membranes and simply tune its pores surface
properties by using ALD, such polymer materials with a high density of reactive sites should be
chosen as supports.

Overall, the chemical reactions and mechanisms related to ALD on polymer substrates are strongly

influenced by both the nature of the ALD precursor and the polymer chemistry. Thus, the ability to
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precisely control reactions between ALD precursors and polymer substrates would open new
prospects for membrane science. For example, using asymmetric and composite membranes based
on a stacking of layers with different materials and pore sizes, the ALD precursors could be chosen to
react selectively with different parts of the structure, and convert the initial polymer into a new

organic/inorganic material presenting properties defined by the selected ALD process parameters.

5. Selected examples of ALD works for membrane applications

5.1 Pore diameter reduction for improved selectivity

One of the most obvious benefits of ALD for membrane applications is that it effectively permits to
reduce pores diameters and increase the aspect-ratio, hence improving membrane selectivity
towards smaller species (shifting of the cut-off). Cameron et al. were the first to report the use of
ALD to reduce pore diameters of mesoporous alumina membranes by applying ALD of SiO, and TiO..
The N, permeance measurements showed that the SiO, and TiO, ALD layers gradually reduced the
membrane pore diameter from its initial size of 50 A to molecular dimensions, and that gas transport
through micropores was governed both by pore sizes and by the interactions of the transported
species with the membrane material at the pore surface.”” Li et al. used ceramic ultrafiltration
membranes as substrates on which Al,O; was deposited by ALD. The pore size of these ceramic
membranes was easily tuned by modifying the number of ALD cycles. Many porous ceramic
membranes were coated by ALD to improve their selectivity.!* For example, mesoporous silica
membranes coated by ALD of SiO, offer higher p/o-xylene selectivity. In fact, the separation of p-
over o-xylene was improved from 1 to 2.1 after modification by ALD.”® Another example is the work
of Tran et al., who coated y-Al,0; membranes with a thin film of TiO, (10 nm) by ALD and obtained
attractive H,/CO; gas separation factor after ALD, increasing from 2 to about 5.8 for a H,/CO, mixture

at 450K.”
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5.2 Surface hydrophilization for water filtration:

Since most of the polymeric membranes materials such as PP or PTFE are chemically relatively inert
and present non-polar hydrophobic surfaces, they are not optimal for water filtration applications.
The membrane interface engineering allowed by ALD permits to gain control over the wettability of
the membrane surface, as it can be used to coat the pore surface with a selected hydrophilic
material. ALD has been therefore used to perform the hydrophobic-to-hydrophilic transition of
different membrane surfaces. For example, ALD of Al,Os3, ZnO or TiO; have been performed on PTFE
and PVDF membranes and allowed for the successful hydrophilization of their surfaces.8%3* Water
contact angle measurements revealed that the hydrophobic surface gradually turned to be near
superhydrophilic with the increment of ALD cycles. As a direct consequence of this novel surface
hydrophilicity, one of the most attractive functional membrane property offered by ALD is therefore
the enhancement of anti-fouling properties (or at least fouling mitigation). Indeed, many studies
reported that membranes coated with ALD of oxides offer enhanced pollutant retention with
moderate flux loss thanks to the hydrophilic nature of the deposited oxide.®*%% For example, when
applying a TiO, coating by ALD, the modified membranes presented both an increase of the pure
water flux (by more than 150%) and higher pollutant retention compared to the original unmodified
membrane.®! In addition, the low surface roughness obtained after ALD coating (smoothing effect)

also helps achieving low fouling (slippage effect) and high liquid permeability.?’

5.3 Pore diameter reduction and surface charge regulation for biosensing:

Nanopore-based devices provide single-molecule detection and analytical capabilities that open
many prospects in the field of biosensing. Indeed, the nanopore provides a highly confined space in
which molecules such as single nucleic acid polymers can be analyzed at high throughput by a variety
of means.® The transport of ions and biomolecules through nanochannels can be regulated by the
channel diameter and its surface charge, both of which can be tailored by ALD. Thus, ALD can permit

to achieve innovative fundamental studies in membrane science, and has the potential to become a
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novel and efficient route to tailor nanopore-based biosensing devices.®°? Different ALD materials
have been prepared for tuning such nanochannels. Whereas ALD of boron nitride (BN) enabled to
increase the surface charge of nanopores dramatically,’* ALD of SiO, was found to reduce the
effective fixed charge and alleviate the coulombic barrier effect to cation transport.®® Lepoitevin and
co-workers used ALD to tailor polymeric track-etched nanopores with ZnO or Al,O; films. The
objective was first to reduce pore dimensions, but also to obtain smoother surfaces and functionalize
them with amine groups in order to achieve smart nanopores able to mimic biological channels.?>%
All these studies confirmed the facts that ALD not only allows reducing both pore size and pore

volume, but also affects the electric charge fixed on the membrane pore surface, which opens new

horizons for biosensing applications such as DNA sequencing and drug delivery devices.

6. Conclusions

Atomic layer deposition (ALD) is a scalable technology allowing the deposition of ultrathin films in
porous structures with a precise growth control at the nanometer scale, a high uniformity as well as
an excellent conformality. It represents therefore a unique and remarkable route, as it offers
nanoengineering capabilities and a versatility that conventional methods cannot meet. ALD is
currently used for very challenging thin-film deposition applications and opens novel prospects for
membrane science, as this route has the ability to coat pores at the nanoscale with functional layers.

This tutorial first presented the basic concepts of membrane science and ALD technology. The
nomenclature, the main concepts of established membrane physics, and the theories behind the
separation mechanisms were given. The morphology and the most common materials used for their
fabrication have been presented as well. The fundamentals of ALD were then summarized. The
impact of the surface chemistry, of the duration of the cycle steps and of the temperature applied
have been described, in order to give the reader the basics required to develop an ALD process.

The tutorial focused on explaining how to reach the conformal coating of pores presenting

dimensions at the nanoscale such as those present in nanoporous membranes. In fact, the ALD
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processes have to be tuned for these specific membrane substrates. Overall, the choice of the
precursor chemistry, the extended exposures and purge times, but also the quasi-static mode of the
reactor as well as a very small number of cycles for microporous membranes become essential
elements. Considering ALD on membrane supports based on organic polymeric materials, the
temperature of the process and the diffusion of the precursors within the polymer matrix itself have
to be considered as well, as a sub-surface ALD growth was observed for various polymeric substrates.
As illustrated in some selected examples, the technology has allowed obtaining membrane pores
with chosen diameters and aspect ratios. ALD coatings often increased the hydrophilicity of the pores
surface, and improved the overall performance of inorganic, organic, and composite membranes. In
fact, thanks to the hydrophilic nature of the deposited ALD layers, various studies reported that
membranes coated with ALD permitted the mitigation of fouling phenomena.

To conclude, we believe that the recent advances in the understanding of ALD mechanisms in highly
porous structures, including in organic polymeric materials will boost the development of more
efficient processes in the near future, which could lead to the fabrication of membranes with

enhanced permeability, selectivity, and durability.
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