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“You write in order to change the world... if you alter, even by a millimeter, the way
people look at reality, then you can change it.”

— James Baldwin —
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Membranes are primarily described by their pore size, leading to different classes
for different intended solutes (adapted from [1]). This work focuses on membranes
between the ultra/nanofiltration class. The SEM micrographs highlight the pore
surfaces of these membranes. . . . . . . . . . ... Lo
Schematic distinguishing SIS and ALD. SIS uses greater vapor pressures and
exposure durations to promote precursor diffusion into polymer volumes.

Cartoon depicting physical and chemical processes in SIS. Precursor molecules
solvate into the polymer, diffuse away from the interfaces, and interact with
functional groups along the polymer chains. . . . . . . ... ... .. ... ...
The periodic tables of (top) ALD and (bottom) SIS materials. Mo and Sn el-
emental SIS describe reports of single precursor molecular dopants in polymer

a) Schematic of the physical housing of the membrane which isolates the front
face for vapor exposure. b) Cross-sectional SEM image of the polypropylene
membrane shows the tortuous porous structure leading to diffusion-controlled
ALD, scale is 50 pm. ¢) Vapor diffuses through the pore volume from the front
side only. Nucleation occurs more quickly near the surface due to the greater
concentration of reactants at the surface. After nucleation, growth proceeds to
form a coating with decreasing coverage through the membrane. . . . . . . . ..
Typical ALD pressure traces showing the increased peak vapor pressure with
increased dose time . . . . . .. ...
XPS data of the pristine polypropylene membranes both before and after Ar+
surface cleaning showing virtually no oxygen content. . . . . . . .. .. ... ..
Back face and front face of a Janus membrane. The back face is hydrophobic,
appears bare in SEM, and shows virtually no EDS signal for oxygen or aluminum.
In contrast, water spreads on the hydrophilic front face, the membrane is covered
with AlpOg in SEM, and shows substantial oxygen and aluminum in EDS. Scale
bars are 5 mm and 200 nm, respectively. . . . . . .. ... ...
Surface SEM images of Janus membrane front faces grown with 150, 200, and
300 cycles at 0.015, 0.06, and 0.15 s exposures, respectively. A general trend of
quicker nucleation and following onset of conformal growth is observed at higher
exposure doses and more cycles. . . . . . .. ..o
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a) Cross-sectional SEM image of a Janus-modified PP membrane with overlaid
EDS map showing the distribution of aluminum within the membrane. A gradient
is apparent. b-d) Cross-sectional EDS measurements (binned parallel to the
membrane surface) showing AlpOg distribution as a function of the number of
ALD cycles under different precursor exposure times per cycle (0.015, 0.06, and
0.15 s, respectively). Gradient bars above the plots are meant to guide the eye to
the two different regimes through the thickness of the membranes, with a denser
region near the exposed surface, and a rapid drop off in metal oxide growth further
down. e) Dye imbibition into 350 cycle Janus membranes fabricated at different
exposure pressures reveals a trend whereby water rises deeper into the membrane
porosity with increasing pressure; scale bar is 15 pm. . . . . . . . . ... ...
a) Contant angle as a function of vapor exposure duration and number of ALD
cycles. Hydrophilicity onset after ~200 cycles occurs sooner at higher exposure
doses. b) Contact angle as a function of purge time for 350 cycle membranes
across vapor exposures. A decrease in hydrophilicity gain per cycle with greater
purge time is observed across vapor exposures. ¢) Drop imbibition across vapor
pressures at 350 cycles as a function of time. Significant drop wicking is observed
at 350 cycles only at the longest 0.15 s vapor exposure . . . . . .. . ... ...
a) Water drop brought into contact with the unmodified hydrophobic membrane
surface is manipulated laterally with the needle to the ALD-modified region, at
which point the water droplet rapidly spreads and is imbibed by the hydrophilized
membrane. b) Staining with blue dye reveals the boundary of the Janus modifi-
cation, scale bar is 10 mm. c¢) A water droplet deposited on an inclined patterned
Janus membrane rolls on the unmodified hydrophobic region only to be immobi-
lized on the 10 mm Janus-modified region. . . . . . . . . ... .. ... ... ..
a) Captive bubble measurements on Janus membranes fabricated with an increas-
ing number of cycles at 0.015 s vapor exposure. With increasing cycles, the mem-
branes become more aerophobic. The membrane transitions to superaerophobic-
ity in the vicinity of 190 cycles. b) Representations of the membrane/water/air
interface. The pristine polypropylene is aerophilic and the air bubble spreads
with very low contact angle. At more moderate cycle numbers the membrane is
aerophobic; the bubble adheres to the membrane surface. Once the membrane is
superaerophobic, the bubble does not adhere to the surface. . . . ... ... ..
a) Graphical representation of the aeration process. In the hydrophobic, un-
treated membrane, the bubble spreads as a film on the surface leading to large
bubbles. The Janus membrane has a superaerophobic surface, which minimizes
the adhesion between the membrane surface and the bubble, leading to fine-
bubble aeration. b) Design image of the custom-built aeration apparatus. c) Still
images extracted from videos of aeration using a pristine polypropylene mem-
brane and a Janus membrane prepared with 300 cycles at 0.015 s vapor exposure.
The large bubbles emerging from the unmodified surface contrast dramatically
with the millimeter-scale bubbles that release from the Janus surface. . . . . . .
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The chemical structure of PES is shown over an SEM image of the surface of a
typical PES membrane formed via phase inversion with a 200-nm average pore
SIZE. . .
(a) Difference spectra of PES films after successive 10 s doses of TMA show the
gradual saturation of the TMA signal as measured by the Al-CHg stretch and
rock vibrations. (b) Integration of these two modes reveals the kinetics of the
saturation of TMA within the film. (c) Integration of the Al-CH3 modes upon
purging at 5 min intervals reveals slow kinetics of out-diffusion. . . . . .. . ..
FTIR difference spectra versus TMA purge time recorded at 5 min intervals. The
first spectrum is referenced to the 90 s cumulative TMA exposure spectrum.

FTIR difference spectra versus TMA purge time recorded at 5 min intervals. The
first spectrum is referenced to the 90 s cumulative TMA exposure spectrum.

Difference spectra between PES and 90 s of cumulative TMA exposure (black)
and 40 min of TMA purging (orange) reveal the reversibility of the spectral shifts
caused by association between TMA and PES. C-C modes (green), S=0 modes
(red), and C—O modes (blue) that undergo changes due to TMA complexation
are indicated. The inset shows a DFT calculation for the equilibrated structure
between TMA and the sulfonyl group of the PES monomer. . . . . . .. .. ..
FTIR spectrum prior to SIS (red) showing the PES peaks, and following a com-
plete AlyOg3 SIS cycle (blue) referenced to the red spectrum. The blue spectrum
has been scaled by 100, and the negative going peaks represent functional groups
in the PES film that were consumed during the AlsO3 SIS process . . . . . . ..
In situ spectroscopic ellipsometry data fit to a Cauchy model yields a dynamic
view of film thickness and refractive index throughout TMA exposure, purging,
and H9O exposure in a SIS process. The plotted sequence tracks a first 5 min
TMA exposure (I) followed by a 25 min purge (II), followed by a second 5 min

TMA pulse (III), a 3 min purge (IV), and a 5 min quenching water exposure (V)

Percentage increase in PES film thickness as measured by in situ spectroscopic
ellipsometry (black) and averaged aluminum concentration as measured by depth-
profiled XPS (blue) versus TMA purge time following 6 min TMA exposure. . .
Depth-profiled elemental composition of hybrid PES-AlyOg films generated via
XPS measurements vs. etch time. . . . . . ... 0000000
O 1s and Al 2p peaks of pristine PES and SIS-modified PES film (one minute
purge) surfaces. The introduction of signal at the Al 2p region and of the O 1s
Al-O confirms the presence of AloOsg. . . . . . . . . . ..o
Pure water flux measurements of both ALD- (right plot) and SIS-modified (left
plot) membranes reveal the continuous decline of flux with increasing ALD cycles
and the stabilization of flux decline once five SIS cycles are reached. . . . . . . .
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3.12 EDS spectra of the top surfaces of PES membranes: (a) pristine, seven cycles SIS,

4.1

4.2

4.3

4.4

4.5

4.6

and 600 cycles ALD demonstrate the appearance of an aluminum peak at 1.486
eV; (b) the Al EDS peak increases continuously with ALD cycles but saturates
after five SIS cycles. Three SIS cycles and 50 ALD cycles yield similar intensities.
(c) Cross-sectional EDS line scans reveal a uniform aluminum signal following
three SIS cycles. In contrast, 50 ALD cycles show high Al EDS signals at the
edges but no change from the uncoated membrane signal at the center, consistent
with diffusion-limited coating. . . . . . . . .. ...

(a) Infrared spectra of a 138 nm PMMA thin film (gray regions) with vibrations
of an isolated MMA fragment predicted from first-principles computation (red
lines). Time-lapsed infrared difference spectra of PMMA thin film upon exposure
to (b) TMA for 0, 47, 93, 186, 279, 372, 465 s; (¢) TMIn for 0, 4, 5, 6, 7, 9 s;
and (d) TMGa for 0, 3, 4, 6, 7, 9 s. Y-axis scaling is equivalent for all panels;
however, times selected for TMIn and TMGa are at least 1 order of magnitude
smaller than that for TMA. . . . . . . . . . .. . ... ... .. ... ... ...
Infrared spectra of a gas phase a) TMA b) TMIn ¢) TMGa only (no polymer)
overlaid with calculated vibrations of each precursor derived from first-principles
computation (PBE). . . . . .. ...
(a) Vibrations of an isolated MMA fragment predicted from first-principles com-
putation (red lines) inverted to predict PMMA bleach signal. Time-lapsed in-
frared difference spectra of PMMA film thin after pumping; (b) TMA after 100,
300, 500, 700, 1000 s; (c¢) TMIn after 1, 4, 10, 30, 210 s; and (d) TMGa after
1, 4, 10, 30, 70, 210 s. The primary bleach and absorption peak after TMIn
and TMGa exposures are highlighted for comparison to TMA. The vibrational
frequency of computationally predicted modes of the lowest-energy TMX-PMMA
complexes is also included below each experimental spectrum. The spectral time

slices selected for TMIn and TMGa are at least ~10 x shorter than that for TMA. 84

Lowest-energy configuration of the MMA-TMX adduct (X = Al, In, Ga). The
atom coordinates of energy-minimized structures for each metal are similar, as
reported in column b) of Table 4.2. . . . . . ... ... ... ... L.
Energy minimized conformations of three low energy TMX-MMA adducts exhib-
ited by each of three metals (X=Al, In, Ga). a) Interaction between the alkane
chains of MMA and TMX is not a likely candidate shows shallow minimum in
Table 4.2. b) Lowest energy configuration, where metal interacts with theoxygen
of the carbonyl group, further supported by FTIR. ¢) Interaction between the
metal and the C-O-C ester oxygen . . . . . . . . . ... .. ... .. ...,
Infrared absorption kinetics of TMX (a) association and (b) dissociation with
PMMA, where X = Al (blue), In (orange), and Ga (green). Normalized PMMA
C=0 bleach (lighter color, 1741 cm™) and C=0-X(CH3)3 adduct (darker color,
see Table 4.3 for wavenumber) upon exposure to TMX. For comparison, the rapid
rate of TMX precursor pumping of TMGa (gray, 1208 cm‘l), for example, is also
shown in (b). The data in (a) are normalized to their maximum absorbance in
the first 400 s of exposure. In (b), the absorbance is normalized to its value
immediately preceding exposure to vacuum. . . . . . ... ...
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4.7 Absolute value of absorbance at 1741 cm™ during SIS cycles 1-4 (from lighter to
darker gray). The absorbance during cycle 1 (lightest gray) has been normalized
after the x-axis break for better visualization of dissociation kinetics. The kinet-
ics of association during absorption and dissociation during desorption are both
measurably slower in successive cycles. . . . . .. ... L.

4.8 Spectroscopic ellipsometry-modeled thickness and composition of InoO3 SIS film
growth for (a) as-grown composite of PMMA and IngOs and (b) InoOj3 films
following polymer removal. . . . . . . . ..o

4.9 Cross-sectional SEM images of InoOg SIS in PMMA thin films for increasing cycle
numbers. The left-hand column shows SEM images that reveal topographic in-
formation, while the right-hand column displays only the higher-energy backscat-
tered electron signal, in which brightness is indicative of high-Z elements. The
blue dotted line is included as a visual cue of the film/substrate boundary.

4.10 Cross-sectional SEM image of a thick (>500 nm) PMMA film after three cycles
of Inp O3 SIS. Morphologically, a clear transition between an IngO3-rich top layer
and a plastic-deformed PMMA-rich bottom layer. The backscattered signal sup-
ports a diffusion-limited InpO3 gradient with a decreasing signal deeper into the
film. Blue dotted lines at the film interfaces are included as a visual cue. .

4.11 SEM images of the top surface of annealed InsO3 films grown in PMMA by SIS
with increasing cycle number. The resultant films have an apparent porosity. . .

4.12 Cross-sectional SEM images of annealed InoOg films for increasing SIS cycle num-
bers. A mesoporous morphology with increasing thickness is observed. . . . . .

4.13 High-resolution XPS (HR-XPS) spectra of the O 1s and In 3d regions correspond-
ing to the number of SIS cycles for as-grown IngO3-PMMA composite (left panel)
and InpOg films after PMMA removal (right panel). . . . . ... ... ... ...

4.14 Absorbance at 3016 cm™! after baseline subtraction, assigned to methane gas,
reveals the irreversible reaction byproduct released during water exposure, as
well as during the second, but not first, TMIn exposure. . . . . . .. . ... ..

4.15 Thickness and composition of IngOg SIS film growth for (a) as-deposited film
after five SIS cycles and (b) films post-annealed in air as a function of water
exposure, as determined by spectroscopic ellipsometry. . . . . . .. .. ... ..

4.16 SEM image of SIS of InoOg in vertical-lamella-forming PS-6-PMMA BCP fol-
lowed by thermal annealing for polymer removal. Indium oxide deposition is
restricted to the PMMA and not in the PS. The inset of the BCP film before
processing shows that the original phase-separated morphology is retained after
SIS processing. . . . . . . ...

4.17 Conductivity, carrier concentration, and mobility of SIS-derived InpOg thin films
as a function of SIS cycle number after annealing in a reducing environment. . .

4.18 XRD spectrum of 10 cycle SIS-derived InpOs thin films after polymer removal
and post-annealing. Reference peaks (red vertical lines) are from JCPDF InyOg
(01-073-6440). Sharp peaks marked by asterisk (*) originate from 1 pm-thick
SiOg coated Sisubstrate. . . . . . . . ..
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Characterizing model membrane pore size distributions. The first row is a cartoon
illustrating the pore surface view of a) log-normal pore distribution, b) a normal
pore distribution, and ¢) an isoporous distribution. The second row shows the
shapes of continuous pore size probability functions for the three membrane types.
In the limiting isoporous case, the probability density function is a delta function.
The third row is the rejection of the various membranes. The transition from
solutes passing to being rejected sharpens as the pore distribution shrinks. In
the idealized isoporous case, rejection would approach a step function, with the
caveat that convective hindrance effects are neglected. In the last row, SEM
micrographs show real-world examples of the three distribution classes. A phase-
inversion polyethersulfone membrane, an anodized aluminium oxide membrane,
and a BCP-derived aluminum oxide membrane. . . . . . . ... ... ... ...
Representative log-normal propabability distributions of y=0. The dashed lines
are located at the mean pore size (mps). The inset highlights the diminishing
probability of large outlier pores. Small increases in o lead to order of magnitude
increases in P(r) at larger r values . . . . . . ...
Relationship between cumulative pore area normalized by Nm as a function of o
of log normal distribution with =0 . . . . . . .. .. ... 0.
Normalized pressure to achieve a unit flux as a function of o, where the maximum
value is in the isoporous case. The permeance of the membrane scales with 7’4,
and as share of larger outlier pores increases, the pressure decreases. . . . . . . .
a) The rejection coefficient for membranes of increasing variance in pore size
distribution for different solute sizes, rg, relative to the mean pore size. b) The
rejection coefficient as a function of rg for membranes with increasing variance in
pore size distribution. . . . .. ..o
Colormaps of energy-expenditure, nAP, as a function of o, the variance of the
membrane pore log-normal distribution, and target rejection of a separation pro-
cess. Each subplot is the data computed for a given rs, solute size relative to the
mean pore size. The applied transmembrane pressure AP, is normalized to the
case of an isoporous membrane. n is the number of sequential membrane passes
required to achieve a target rejection. The color map data is plotted logarithmi-
cally. The target rejection axis is plotted linearly in order to focus on moderate
target rejection thresholds. . . . . . . . . . . ... o
Colormaps of energy-expenditure, nAP, as a function of o, the variance of the
membrane pore log-normal distribution, and target rejection of a separation pro-
cess. Each subplot is the data computed for a given rs, solute size relative to the
mean pore size. The applied transmembrane pressure AP, is normalized to the
case of an isoporous membrane. n is the number of sequential membrane passes
required to achieve a target rejection. The color map data is plotted logarith-
mically. The target rejection axis is plotted in increasing nines, to highlight the
behavior in the limit of ultrapure target rejection thresholds. . . . . . . . . . ..
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Linecuts highlighting the change in behavior of nAP vs. ¢ as a function of
target rejection and solute size. Note that nAP is linearly scaled. a) At low
target rejections a substantial drop in pressure with wider pores can be exploited
without the influence of n’s increase. b) At ultrapure rejections, any decrease
in AP by moving to wider pores is quickly outweighed by the cost of successive
cycling. In such a context, the isoporous membrane can be considered the most
energy-efficient. . . . . . .. L

Process flow for the fabrication of BCP derived isoporous metal oxide membranes
on porous support structures. . . . . ... oL oL o Lo
Schematic detailing the apparatus for transferring BCP films onto porous support
structures in a reproducible manner. . . . . ... ...
Operating the film transfer apparatus with a syringe pump to apply suction.
Inset shows meniscus centering of BCP film as water level lowers to bring film
into contact with the porous support structure. . . . . . . . .. ... ... ...
AlyO3 isoporous layers generated after transfer of BCP films onto PVDF, PES,
and AAO substrates. . . . . . . . L
Isoporous membrane fabricated by Og annealing after 3 SIS cycles of AlsO3 on
a Si substrate both from top view and in cross section. A histogram of image
thresholded SEM images shows the narrow distribution of pores. . . . . .. ..

137

Isoporous membrane AlyO3 displaying grain boundary defects and in-grain defects.139

Top surface and cross-section SEM images of InpO3 isoporous membrane. Increas-
ing the number of SIS cycles decreases the pore size and increases the membrane
film thickness. . . . . . . . . .
ALD overcoating a AlgO3 isoporous membrane with TiO9 in 25 cycle increments.
The pore shrinkage is linear, as expected from the conformal nature of ALD. . .
Schematic detailing pore dimension control in BCP-derived SIS isoporous mem-
branes. . . . . . .. e
a) TEM image of an SIS InyOg in BCP film in the hybrid state. b) Diffractogram
of this film reveals amorphous nature of hybrid film. ¢) TEM image of the same
film after annealing showing reconstruction into mesostructured nanoparticles.
The inset reveals the atomic lattice spacing consistent with a crystalline material
and the development of a smaller pore structure between the nanoparticles. d)
TEM image of 10 cycle growth after annealing. . . . . ... ... ... ... ..
TEM images of block copolymer film covered TEM grid before (a, b, ¢) and after
(d, e, f) three cycles of SIS processes. . . . . . . . ... ... ... ...
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ABSTRACT

The stresses facing the water-energy nexus in coming decades demand advances in mem-
brane materials research for improved separation performance, energy-efficiency, and new
functionality. Water and solute interactions with porous membrane surfaces are complex
and are governed by a wide-range of phenomena over length and time scales. Polymers have
been used for decades to make membranes relevant to many challenging applications at large
production volumes. Inorganic metal oxides have many interesting functional properties, but
wholly inorganic membranes are expensive, and integrating them into membranes remains a
challenge.

In this dissertation, atomic layer deposition (ALD) and sequential infiltration syn-
thesis (SIS) are explored for their use in the modification of polymeric membranes and in
the fabrication of novel isoporous structures. Fundamental insights into the interactions
between the metalorganic molecules used in these deposition techniques with the chemical
functionalities in polymers are described, yielding first reports of novel metal-oxide/polymer
hybrid materials.

This work begins by exploring the ALD of hydrophilic aluminum oxide onto highly
porous and tortuous hydrophobic polypropylene ultrafiltration membranes to create dual-
faced Janus membranes. The lack of reactive sites for ALD on these hydrophobic polymers
yields a gradient deposit of AlgO3 through the membrane interior. Controlling the vapor
exposure dose enables precision placement of the wetting transition within the membrane,
yielding materials suitable for rapid gas bubble aeration.

Next, the dynamics of SIS of aluminum oxide into polyethersulfone is studied
using in situ optical techniques. In situ fourier transform infrared spectroscopy (FTIR)
and spectroscopic ellipsometry probe the chemical and physical interactions of trimethyl
aluminum (TMA) with this polymer which is ubiquitous in ultrafiltration membranes. These
analyses reveal the mechanism by which TMA forms reversible associations with functional

moieties in the polyethersulfone and compares them to existing studies of other polymer
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systems.

In the next chapter, in situ FTIR and density functional theory are used to com-
prehensively compare the behavior of TMA to its Group 13 analogues trimethyl indium and
trimethyl gallium. While the three show qualitatively similar interactions with polymethyl
methacrylate (PMMA), the effective diffusivity of TMA is shown to be substantially lower
than its heavier counterparts due to the much stronger adduct that it forms with carbonyl.
The implications of this finding on processing conditions dictate lower temperatures and
purge times to successfully grow conductive indium oxide via SIS for the first time.

These experimental chapters are followed by a computational analysis involving
the influence of pore size distribution in membranes along considerations energy efficiency
and separation performance. This analysis yields a convenient metric to determine under
what conditions pursuing an isoporous material — one with uniform pore size distribution
— should be justified.

Lastly, ongoing experimental work in the development of metal oxide isoporous
membranes is detailed. Using block copolymer (BCP) self-assembly, a thin film consisting of
a PMMA matrix and hexagonally close-packed cylinders of polystyrene is used to template
the growth of metal oxides via SIS. The metal oxides directly template the PMMA domain
while leaving void polystyrene pores. The processing of these films and their integration into

isoporous membranes is discussed, with an outlook to future studies.
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CHAPTER 1
INTRODUCTION

1.1 Membranes and the Water Crisis

Water and energy are deeply interconnected sectors of vital importance to society’s well-
being. Academics and governmental agencies are increasingly considering a unified water-
energy nexus to capture the interdependence of these two systems. [2] Both water and energy
systems face compounding stresses in many parts of the world at accelerating rates. [3]
The feedback between industrialization, economic growth, environmental degradation, and
climate change reinforce these negative trends.

As the purchasing power of emerging economies increases, there will be an increase
in animal agriculture as the demand for previously inaccessible meat skyrockets. Agriculture
worldwide consumes around 70% of annually used water, and raising livestock is significantly
more water-intensive than staple crops. [4] Glacial retreat in the Himalayas may render
major rivers including Yangtze, Bhramaputra, Ganges, and Mekong rivers intermittent. [5]
These waterways support about 1.5 billion people. Reduction in snowmelt due to climate
change will further impact South America and the United States, who use the meltwater for
agriculture and for power generation. [6]

The shocks facing the water-energy nexus pose grim implications for public health
[7] and political stability. [8] There are countless statistics and figures that drive home the
seriousness of water access. 3,900 children die every day from waterborne illnesses from un-
safe water. [7] The United Nations World Water Development Report projects that by 2050
a quarter of people worldwide will be living without access to safe and adequate drinking
water. [9] Responding to climate change demands rapid decarbonization and energy conser-
vation, with significant implications for the water-energy nexus.

A comprehensive strategy to address the issues facing the water-energy nexus must

span domains of expertise to mitigate social and environmental disruption. Responses must
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be multi-pronged and require both political and technological innovations. [10] If water is
to be guaranteed a human right in practice, then integrating the physical science and engi-
neering realities of water system management with social sciences and political frameworks
is vital. [11]

Research into materials for water purification will play an integral part of the
response. Water purification is a diverse research field unified by the goal to separate polluted
mixtures into purified streams with as low an energy input as possible. [1] Importantly, the
water crisis is not one of water scarcity — as the amount of water molecules on Earth
remains essentially constant. Rather it is a crisis driven by the scarcity of clean water.
Mixtures of water and pollutants differ depending on their sources, but in all cases they are
thermodynamically favorable; treating water is thus an energy intensive process.

Materials researchers must work toward breakthroughs in water purification and
chemical separations that are energy-efficient, that meet challenging separations thresholds,
and that can be deployed at massive scale. [12] Membranes are particularly well-poised to
meet these demands. A significant portion of the energy expended in chemical separations
is in the form of distillation, in which heat is used to drive a phase change process to
separate materials based on their boiling points. Heat-driven separations are limited by the
relatively low thermodynamic efficiencies of heat engines. Membranes, on the other hand, are
mass transfer processes, which do not suffer from the same thermodynamic limitations. [13]
Significantly, while heat-driven processes often require massive plants to realize efficiencies

of scale, membrane installations can be more modular and varied in scale. [14-16]

1.1.1 Different Types of mMembranes

According to the IUPAC, a membrane is defined as a, “structure, having lateral dimensions
much greater than its thickness, through which transfer may occur under a variety of driving
forces.” [17] Membranes can be described either by their pore size, or by the size of solutes

that they reject to a certain threshold. Figure 1.1, adapted from the following reference, [1]
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shows the large range of length-scales over which membrane pores can be designed. This
dissertation focuses on membranes in the ultrafiltration to nanofiltration regime, with pores
between 2-200 nm in size. The SEM micrographs highlight four typical polymer ultrafiltra-
tion membranes. While all are described as having 200 nm pores, they vary significantly in
pore structure and tortuosity. In practice, membrane pore size is not often a direct measure
of the physical dimensions of the pore, which is difficult in tortuous membranes like those
in Figure 1.1. Rather, the membranes are described by the size of particle where rejection

is 90%.
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Figure 1.1: Membranes are primarily described by their pore size, leading to different classes
for different intended solutes (adapted from [1]). This work focuses on membranes between
the ultra/nanofiltration class. The SEM micrographs highlight the pore surfaces of these
membranes.

Recovering useable water from contaminated streams requires a process tailored to
local geographic and economic conditions. Furthermore, the intended end use of the water
should dictate the degree of treatment to be applied. [18] Simply put, designing a solution
to scrub all possible pollutants to arbitrarily strict standards would be economically and

technologically untenable. A thorough understanding of the input water stream composition
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and intended use of the purified product is vital in real-world filtration system design.

1.2 Atomic Layer Deposition and Sequential Infiltration

Synthesis

Sequential infiltration synthesis (SIS) has emerged over the past decade [19] as a technique to
grow hybrid organic-inorganic materials and rapidly fabricate structured inorganic films. SIS
relies upon the diffusion of metal-organic vapor precursors into the bulk volume of polymers.
Due to attractive chemical interactions with certain polymer functional groups, precursors
can exhibit prolonged residence with the polymer. This enables SIS to realize the entrapment
of the inorganic metal oxide reaction products within the polymer. This technique works
across multiple length scales — whether transforming the properties of macroscale materials
or functionalizing nanoscale devices formed by lithography or polymer self-assembly. [20,21]

ALD is a technologically mature materials growth technique that is used in semi-
conductors, solar photovoltaics, and other industries. In ALD, alternating pulses of vapor
precursors are used to grow thin conformal layers of inorganic materials on solid substrates.
Each precursor irreversibly reacts with the substrate chemically in a self-limiting fashion,
presenting alternating surface chemistry appropriate for reaction with the subsequent pre-
cursor. As this sequence of alternating surface reactions are cycled repeatedly, the material
grows in thickness. In an ideal ALD system, each cycle deposits a uniform layer of material,
and the process can be described with a linear growth per cycle. In reality, ALD is compli-
cated by a number of experimental factors. The nucleation of ALD growth is dictated by
temperature, chemistry, as well as the presence of suitable reactive groups on the substrate
surface. For high surface area substrates, the precursor dose must be sufficient to reach and
react with all surfaces to ensure a linear growth rate on the whole sample. Furthermore,
co-exposure of the two reactants in the gas phase, known as cross-talk, leads to uncontrolled

growth by chemical vapor deposition.
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Figure 1.2: Schematic distinguishing SIS and ALD. SIS uses greater vapor pressures and
exposure durations to promote precursor diffusion into polymer volumes.

Polymers, composed of entangled molecular chains with associated free volume,
are not dense solids, and as a consequence, ALD can diffuse through them substantially.
The diffusivity of precursors enables SIS in which the inorganic deposit is distributed within
the volume of the polymer and on the surface of the polymer. While SIS often utilizes
ALD precursors and is often conducted in the reactors designed for ALD, the processing
parameters required for uniformity and reproducibility differ substantially (Figure 1.2). In
typical ALD processes, precursor pulses are brief (<2 s) as they are required only to provide
sufficient exposure to saturate the surface chemical groups of the growth substrate. In
SIS, by contrast, pulse pressures are comparatively larger to provide enough precursors to
infiltrate a 3D volume, and exposures are comparatively longer to allow a complete diffusion
of the precursors into the polymer phase. The diffusive nature of precursor transport within
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polymers, in contrast to simple saturation on solid substrates, means that the distribution of
the precursors within the film is sensitive to diffusion time, precursor vapor partial pressure,
temperature, interactions between the polymer and precursor, and polymer microstructure.

SIS emerged as a distinct concept as a consequence of attempts to apply ALD to
polymeric substrates by the ALD research community. The diffusion of precursors beyond
the near surface of polymers was observed as early as 2005, when the George group noted that
polymers, including polymethyl methacrylate (PMMA), could uptake trimethyl aluminum
(TMA) by absorption within their free volume. [22] However, the crucial role of interactions
between precursors and polymer functional groups was not discussed in these early studies.
Indeed, the diffusivity of precursors into polymer films was considered a problem in some
early studies. In experiments considering PMMA as a masking layer for area-selective ALD
for patterned TiO9 growth, researchers found that titanium tetrachloride (TiCly) diffused
and reacted deeper into PMMA films than titanium isopropoxide (TIP). [23,24] Unless the
PMMA films were of sufficient thickness, precursors would diffuse through the entire film
and react with the masked silicon substrate. In these initial studies, the diffusion of ALD
precursors into and reaction with polymer films were viewed as challenges to be overcome.
In fact — With careful control — restricting growth to very near surfaces of polymers in an
ALD-like manner is possible. [25]

In the years since the diffusion of ALD precursors through polymers was observed,
SIS has been developed to intentionally enable the direct incorporation of metal oxide or
metallic materials within polymers, yielding hybrid materials with novel properties. It should
be noted that SIS is distinct from molecular layer deposition (MLD) in which purely organic
or organic-inorganic hybrid materials are applied as sequential monolayers using self-limiting
surface reactions in which the organic components are incorporated in the vapor phase
precursors and are retained in the resulting thin films. [26] SIS-derived hybrid materials may
further be subsequently subjected to plasma or thermal annealing treatments to remove the

polymer constituents entirely, resulting in purely inorganic metal or metal oxide structures



that retain the form of the original polymer morphology. [27,28] Due to the versatility of SIS,
researchers have utilized SIS for a wide host of applications with more on the horizon. The
demonstrated application spaces for SIS have been recently reviewed in detail. [20,21,29, 30]
A survey of SIS literature organized by use inspiration is tabulated in Table 1.1. The first
use inspiration category in Table 1.1 lists reports that investigate the fundamental physical
chemistry that underpins SIS phenomena or otherwise quantifies processing parameters.

As the application space for SIS widens, the functional implementations of the
technique are at risk of outpacing the development of a firm theoretical and experimental
physicochemical basis for SIS. Attempts at a complete description of the varied and complex
phenomena at play during SIS have only just begun. [21,31] Complete descriptions are
complicated by the disparate length and time scales involved in the SIS process and the
wide range of interaction strengths introduced by choice of metal-organic precursor, polymer
structure, polymer functional group, temperature, and other experimental design variables.

The remainder of this introduction will concisely present the state-of-the-art understanding

of SIS.

Table 1.1: Sequential infiltration synthesis research orga-

nized by use inspiration.

Use Material Reactant Reactant Polymer
Inspiration A B
fundamental Al O3 TMA H>0O PS-b-PMMA [32-37]
physical chemistry - - - spider silk [38]

PS-b-polyepoxyisoprene
(PS-b-PIO) [39]

_ ] ; PMMA (31,34, 36,40-47]

Continued on next page



Table 1.1 — Continued from previous page

polyethyl-methacrylate
(PEMA) [40]

polypropyl methacrylate
(PPMA) [40]

polybutyl methacrylate
(PBMA) [40]

polyvinyl alcohol
(PVA) [41,42]

polyvinyl pyridene
(PVP) [47]

polyacrylic acid
(PAA) [47]

- PA-6 [41,42]

polybutylene
- terephthalate

(PBT) [41,42]

polylactic acid
(PLA) [41,42]

polycarbonate

(PC) [41,42]

polyethylene oxide
(PEO) [41,42]

polyethylene terephthalate
(PET) [41,42]

- PS-b-P4VP [33]

Continued on next page




Table 1.1 — Continued from previous page

PS-b-P2VP [33]

PS-random-PMMA
(PS-r-PMMA) [48]

; . O3 | PS-b-PMMA [49]
- - O9 plasma | PS-b-P4VP [50]
TiO, TiCly HyO | PS-b-PAVP [51,52]
] ] ; PS-b-PMMA [53]
- TIP - PS-5-PIO [39]
Zn0O DEZ HyO PS-0-PMMA [32,33,37]
. . ; PS-b-PIO [39]
- - - PS-b-P4VP [33]
: : ; PS-b-P2VP [33]
: ; ; SU-8 [54]

W/WO? WFg SioHg PS-b-PMMA [32, 55]
Si09? TPS TMA | PS-b-PMMA [32]
VOx VOIP H>O PS-b-PIO [39]
InyOs TMIn H,0 | PMMA [36]

GagOs3 TMGa H>O -
SnOg TDMASn Hy09 PS-b-P2VP [56]
; : : P2VP [56]
imaging Al O3 TMA Hs0O PS-0-PMMA [57, 58]
Poly(3-hexylthiophene
Zn0O DEZ H»O
-2,5-diyl) P3HT [59]
PS-b-P4VP w. Pd
catalysis AlyOs3 TMA H»O

salts [60]

Continued on next page




Table 1.1 — Continued from previous page

TiOs TiCly H,0 | PEO-b-PPO-6-PPO [61]
Polydimethylsiloxane
triboelectricity AlyO3 TMA HoO
(PDMS) [62]
oil sorption AlyO3 TMA HyO Polyurethanes [63, 64]
photodetectors ZnO DEZ Hs0O SU-8 [65]
gas sensors ZnO DEZ H>O SU-8 [66]
photoluminesence Al O3 TMA H>0O PET [67]
Zn0 DEZ H,0 | PMMA [68]
photovoltaics Al O3 TMA H>0O PS-b-PMMA [69]
Zn0 DEZ H,0 | P3HT [59,70-72]
antireflection Al O3 TMA H>0O PS-b-P4AVP [73]

] ] ; PS-b-PMMA [73,74]

porous materials AlyO3 TMA HoO PBT [27]
ZnO DEZ - -
TiOg TiCly - -
Zn0O DEZ H>O cellulose acetate [75]
filtration AlyO3 TMA H>O PS-b-PMMA [76]
polyethersulfone
_ _ _ (PES) [77]

polymer of intrinsic

- - - microporosity
(PIM-1) [78]
Zn0O DEZ HoO -
TiO TiCly HyO | -
UV /thermal stability ZnO DEZ H>O Kevlar [79]

Continued on next page
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Table 1.1 — Continued from previous page

chemical stability

AlyO4

TMA

H,0

PMMA [80]

electrical properties

MoP

Spb

Zn0O

MoClj

SDCI5
DEZ

X

P3HT [81]

Polyaniline (PANT) [82]

PANI [83]

SU-8 [28]

PS-b-P2VP [84]

mechanical properties

TiO9

Zn0O

TIP

DEZ

Hy0

Hy0O

PA-6 [85,86]

Polyurethane (P55D) [86]

SU-8 [87]

spider silk [88]

Electronic packaging

resin [89]

spider silk [88]

collagen [90]

spider silk [88]

cellulose [91]

Polytetrafluoroethylene
(PTFE) [92]

lithography

TMA

Hy0

PS-b-PMMA [93-99]

PMMA [93,100-104]

Poly4-tert-butylstyrene-b-
poly-2vinylpyridine
(PtBS-b-P2VP) [105]

11
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Table 1.1 — Continued from previous page

ZEP520A (e-beam
resist) [100,101]

CSARG62 (e-beam

resist) [102]

- - - SU-8 [106]

- - - EUV resist [107]

) - - Polyphthalaldehyde [108]

P2VP-b-PS-b-
P2VP [109,110]

TiOy TIP HoO | SU-8 [106]

2 The material was grown on initial AloO3 nuclei grown by TMA/HsO

PThe metal complexes directly and irreversibly with the polymer with no B reactant’

End of Table

1.3 Theoretical Underpinnings of SIS

Thermodynamics govern the interactions between the chemical precursors and the polymer
chains. A clear understanding of the thermodynamics of the system facilitates the rational

design of an SIS process. Figure 1.3 illustrates the governing process of SIS.

1.8.1 Precursor Solubility

The first thermodynamic process in SIS is the change of phase that takes place when the
precursor vapor molecule leaves the headspace of the reactor chamber and dissolves into
the polymer matrix. If the precursor is insoluble in the polymer, SIS cannot occur. If
the precursor can dissolve into the polymer, then the solubility will dictate the equilibrium
concentration of the precursor in the polymer. The concentration of the precursor in the film

can impact the density of the resulting SIS material. The simplest classical thermodynamic
12



X

polymer

Figure 1.3: Cartoon depicting physical and chemical processes in SIS. Precursor molecules
solvate into the polymer, diffuse away from the interfaces, and interact with functional groups
along the polymer chains.

model for solubility is Henry’s law:

C=S«P (1.1)

where C' is the concentration of the precursor in the polymer, S is the solubility coefficient of
the precursor in the polymer, and P is the partial pressure of the precursor in the vapor phase.
The van’t Hoff equation describes the temperature dependence of the solubility coefficient:

AHg
S = Sge” KT (1.2)

where k£ is Boltzmann’s contant, T is temperature, Sy is a material-dependent constant, and
A H, is the partial molar enthalpy of dissolution. These basic expressions do not capture the
full complexity of the polymer matrix, which consists of free volume elements (also called
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microvoids) that contribute to the solubility of infiltrating precursors. These are treated in
“dual-sorption theory” or Langmuir models that add contributions from the free volume in
addition to the polymer chain volume. [111] These simple expressions provide three possible
routes to maximizing the equilibrium solubility of the precursor in the polymer: raising the
partial pressure of the precursor vapor, raising the temperature of the system, and choosing
precursor /polymer pairs with the smallest AH;. The accessible range of partial pressure
for a given precursor is limited to its vapor pressure at the SIS temperature, in order to
prevent condensation of the precursor into the liquid phase on the sample and reactor wall
surfaces. Engineering of the polymer free volume may also enhance the solubility of precursor
molecules within a polymer film. Temperature will have an impact on this parameter beyond
that reflected in the solubility enhancement from the van’t Hoff equation. This is especially
true in the vicinity of phase transition temperatures for the polymer (glass, crystallization,
etc.).

The solvation of precursor molecules into a polymer film enables the retention
of the precursor within the film during the removal of the partial pressure of the vapor
phase by purging via vacuum pumps. These solvated molecules may not be interacting with
functional groups along the polymer, but are arrested in their movement by the energetic
barriers to site-hopping imposed by their local configurational environment. The molecules
must change phase back from their solvated state to the gas phase during this purging pro-
cess. The transient entrainment of precursor molecules within the polymer network enables
material growth in polymers inert to strong interactions with organometallic precursors,
for example, polystyrene (PS) [46] and polyethylene (PE) that lack polar groups. [22] If
the purge time between metal-organic precursor exposure and oxygen-bearing precursor ex-
posure is sufficiently short, the two reactants can mix and react in the polymer phase at
the exclusion of substantial mixing in the vapor phase. In this case, the time allowed for
desorption of the precursor from the polymer phase to the vacuum is insufficient to com-

pletely remove the molecule from the polymer. In a sense, this can be considered a localized
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chemical vapor deposition (CVD) chemistry within the polymer. However, the outgassing
of solvated molecules in inert polymers is expected to be rapid, resulting in an extremely
low density of the precursor in the film over practical time scales for the introduction of
the second precursor without gas-phase mixing occurring. This yields slow growth rates
in such processes, leading to studies of polymer modification with oxidative processes such
as plasma treatments to modify the polymer prior to SIS and thereby introduce favorable

precursor-polymer interactions. [112-115]

1.53.2  Precursor-Polymer interactions

With precursor molecules solvated within the polymer film, the next thermodynamic con-
sideration is the interaction between the precursor and the chemical moieties built into the
polymer chain. There are a number of possible interactions that a precursor molecule may
have with the polymer. These interactions may lead to the formation of a reversible complex
between the precursor and polymer functional group or lead to complete electron transfer
yielding a covalent bond between the precursor and polymer functional group. Depending
on the interactions of the precursor molecule, the resulting SIS product may be covalently
linked to the polymer back- bone in a hybrid material or may exist as a nanocomposite
without chemical bonds between the polymer and nucleated metal or metal oxide.

a. Reversible Complex: Research into SIS has provided ample evidence for the
existence of a noncovalent attractive interaction between the aluminum atom of TMA and
the C==0 bond of the ester carbonyl in PMMA. [34,41,42,44,47] The aluminum in the
TMA monomer is sp? hybridized with the three methyl groups bound by the hybrid orbitals
formed from the 3s and two 3p orbitals. The remaining empty 3p orbital results in a strong
Lewis acid, [116,117] which is capable of accepting the lone pairs of the Lewis basic C==0
to form a Lewis adduct. The vapor-phase TMA molecules can be present in equilibrium
with a dimer form, where each Al is bound to four methyl groups, at the temperatures and

pressures used in SIS, though the stability and interactions of this dimer within polymers
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are unkown. [31] Density functional theory (DFT) has been used to estimate the energy
of this TMA-PMMA Lewis adduct—the energy of the complex formed between the TMA
molecule and a PMMA monomer was calculated to be -0.477 eV at 300 K. [36] The Lewis
adduct is reversible, which enables the interaction to be broken and reformed as the precursor
diffuses through the polymer film and encounters multiple adduction sites.When water (or
other oxygen sources such as ozone, [49] oxygen plasma [50], or hydrogen peroxide [33] is
introduced into a polymer with adducted or trapped organometallic precursors supplied
during the first half-cycle of SIS, it encounters a different chemical environment than in the
case of ALD. In the SIS case, the water can react directly with molecular TMA that still
has all three methyl groups, in contrast to a monomethyl- or dimethyl-aluminum terminated
surface as in ALD. The interaction of the organometallic precursor with its environment may
also change its reactivity (e.g., by weakening bonds), enabling growth even under conditions
that are not amenable to ALD. For example, while the lowest reported temperature for ALD
growth of IngO3 using trimethyl indium and water is 200 °C, [118] Chapter 4 discusses how
SIS using these same precursors occurs at 80 °C in PMMA-—conditions under which no ALD
was observed. [36]

b. Direct Covalent Bonding: If the organometallic precursor and polymer
functional group are sufficiently reactive, a substrate-precursor reaction can occur simulta-
neously with diffusion that directly covalently links the metal to the polymer. For example,
TMA and PMMA form a reversible Lewis adduct at low temperatures, but at tempera-
tures in excess of at least 150 °C, the two are proposed to undergo an irreversible pericyclic
reaction to form PMMA-AI acetate and ethane as a byproduct. [45]

The reactivity of the precursor polymer-pair and the reaction temperature both
dictate the chemical interactions that occur during SIS. SIS requires a balance between
reversible complexes and covalently reacted groups with the polymer. Direct covalent reac-
tions with a particular precursor can be achieved at lower temperatures through selection

of a polymer functional group with a lower energy barrier. Polyacrylic acid (PAA) differs
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from PMMA in that it has carboxylic acid instead of methyl ester moieties. Recent evidence
from the points to the direct covalent incorporation of TMA in PAA at significantly lower
temperatures (as low as 60 °C) relative to PMMA. This may be attributed to the presence
of an acidic proton, which facilitates the reaction, generating methane as a byproduct. [47]
Designing SIS reactions a priori requires detailed understanding of the reaction pathways
and interaction energies between polymer functional groups and metal-organic precursors.
c. Coreactant dosing and subsequent SIS cycles: The most significant
changes to the chemical landscape of the hybrid film occur between the first cycle and
subsequent SIS cycles. In the first exposure of a metal-organic precursor, the precursor can
only interact with functional groups intrinsic to the polymer itself (or residual contaminants
such as HoO). However, after the first full SIS cycle, which includes exposure to the oxygen
source—typically water—the film contains both intrinsic polymer functionalities (which may
or may not themselves be chemically changed by the first SIS cycle) and metal oxyhydroxides
that are now incorporated. These incipient nuclei are often expected to exhibit hydroxyl
terminated surfaces, in analogy to a propagating metal oxide ALD surface after water dosing,
which may be highly reactive with the organometallic precursor provided in the second SIS

cycle.

1.4 Transport in SIS

1.4.1 Diffusion

Diffusion governs the transport of precursor molecules from the free film surface throughout
the polymer volume. The fundamental science of small molecule diffusion through poly-
meric films has a long history in the context of membranes for gas separations. [119-121]
The transport of dissolved small molecules in polymers is called “solution-diffusion” and is
driven by the chemical potential gradient imposed by the concentration gradient of penetrant

precursor molecules in the film. This chemical potential gradient arises from the energetics
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of the various interactions described above. [122]
At the simplest level, the transport of the organometallic vapors through the poly-
mer can be modeled as a purely diffusive process. Fick’s second law describes how the

concentration of the diffusing species changes in space and time:

871 2

where n is concentration (volume density of precursor molecules), ¢ is time, and D represents

the diffusivity of the precursor molecule in the polymer defined by the following equation:

AH
D = Dge” FT~ (1.4)

where £ is Boltzmann’s constant and 7' is temperature. AHp is the energy barrier for the
penetrant precursor molecule to hop from one site to another, and Dy is the frequency of
site-hopping attempts of the penetrant molecule. A recent review solves this equation for the
most common boundary conditions of a thin film on a gas-impermeable substrate and a fiber,
yielding expressions for the spatial and temporal concentration of penetrant molecules. [20]

Introducing reversible complex formation between the penetrant molecules and
polymer functional groups brings a second level of complexity to modeling the diffusion in
SIS. By approximating the polymer as a region with a volumetric density of reactive sites
cp, transport through the polymer can be described as:

on D62n

DI — _ Tt _ -
5 5.2 kTncy(l — O) + k cp© (1.5)

Here, n is the volume density of precursor molecules, and O is the fraction of occupied reactive

sites and is governed by the reversible complex rates of formation, k7, and breaking, &:

doe

i —ktneg(1 —0©) + kcp® (1.6)
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Combining these two equations yields the following expression for transport of dissolved

molecules within the polymer:

on  0°n  dO
- —Dos=— (1.7)
ot 0z dt

This equation is the diffusive equivalent of transport in a chromatography column, where
reversible absorption/desorption slows the transport of molecules through the medium. If the

concentration of available sites is in local equilibrium with the local density and the solubility

of the penetrant molecule is low, the fraction of occupied sites can be approximated as:

©=—n (1.8)

so that:

%, D 9
1"’00? z

In the dilute limit, the transport process can be well-described by conventional diffusion
with an effective diffusivity term depending on the ratio of the reversible complex forma-
tion/breaking rates. These effects can be captured in a reaction-limited diffusivity D" defined
by the following expression:

p- P (1.10)

= ¥
1—{—00]2—_

Beyond the dilute approximation, the quasi-equilibrium approximation leads to a diffusivity
that itself depends on the fraction of the occupied reactive sites within the polymer. In
each of these cases, the approximations yield identical Fickian diffusion profiles, just with
diffusivity values reduced by the strength of reversible interactions. Further extending these
concepts to irreversible reactions between precursors and functional groups can begin with
approximations such as those developed for reactive transport in porous materials. These
ideas are thoroughly developed in the following references. [123,124]

The influence of complexation energy and formation/breaking rates on diffusivity
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is well-illustrated by the case of AlsOg SIS vs AlsO3/GagOg SIS (Chapter 4). Trimethyl
aluminum, trimethyl indium, and trimethyl gallium (TMA, TMIn, TMGa) were used along
with water for these three materials respectively, such that the ligands were identical and
only the metal varied. These three precursors were found to form isostructural complexes
with the carbonyl moiety of PMMA, but the energy of the TMA interaction was calculated
to be ~3x greater than either of the other two materials. As a consequence, the depth of
Ing O3 infiltration in a thick PMMA film under similar conditions is significantly deeper than
AlyO3, highlighting how the design of precursor/polymer energetics influences SIS.

Finally, the long residence time of precursor molecules within the polymer raises
the possibility of accessing a regime where both coreactants do not mix in the gas phase
but are simultaneously present within the polymer. Effectively speaking, this describes a
chemical vapor deposition (CVD)-like growth within the polymer itself. Being CVD-like, the
reaction takes place wholly between the two molecules without the polymer playing a role,
other than enabling the mixing to take place within the polymer and not the vapor phase.

The diffusion of small molecules in polymers has been extensively studied in the
literature. For instance, Barrer carried out systematic studies on various polymers involving
gases such as hydrogen, oxygen, and carbon dioxide, establishing correlations between the
size of the molecule and the activation energy of the diffusion process. [125] In the case
of water, a more relevant example in the context of SIS, diffusivities of 1.7 x 10 cm? /s
at 60 °C and 5 x 10710 cm2/s at 45 °C have been reported for Kapton polyimide and
polyacrylonitrile (PAN) with a reported activation energy of 5.4 kcal/g mol for the Kapton
polyimide case. [126,127] Beyond water, though, there is a scarcity of data for traditional
ALD/SIS precursors. However, if we take a value of 109 ¢m? /s as a reference and we consider
a micrometer-thick polymer layer, the resulting characteristic diffusion time (in the absence
of strong interactions or reactions with the polymer) is on the order of 10 s. Calculating the
diffusivity of SIS precursors in different polymer systems is an extremely useful endeavor. A

comprehensive study of the diffusivity of TMA within PMMA was conducted by the Perego
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group using in situ spectroscopic ellipsometry (SE).27 At 90 °C for a 14 kg/mol PMMA
polymer, the diffusivity of TMA was calculated to be 1.2 x 10712 ¢m?/s. The three order
of magnitude difference from the case of ~10™ cm? /s for water highlights the strong role of
noncovalent interactions in SIS precursor transport within polymers.

A number of material parameters affect the diffusivity of SIS precursors within
polymers independent of the thermodynamics of a given precursor/polymer interaction, as
outlined below. It is important to emphasize that all the models above ignore the impact
that inorganic clusters growing inside the polymer as part of the SIS can have on both the
solubility and the diffusivity of the polymer. The idea that, after a number of SIS cycles,
precursor transport within the polymer is greatly impeded agrees well with the experimental
observation of dense crusts forming near the surface of polymers after a sufficiently large

number of SIS cycles.

1.4.2  Polymer Free Volume

The polymer free volume arises from entropic interactions in the entangled chains of poly-
mers, which can change with the material’s processing history. The polymer chain volume
combined with the free volume yields the specific volume (volume/mass), which is the in-
verse of density. Starting with a glassy polymer in which segmental motion of the polymer
chains relative to each other is suppressed, heating causes the volume of the polymer chain
to increase due to thermal expansion. The free volume does not increase with temperature
until the glass transition temperature (7y), at which point the free volume fraction vy (free

volume/specific volume) obeys the following equation [128]:
Vf0 = Vf0,T, —i—Aa(T—Tg) (1.11)

where A« is the difference in the thermal expansion coefficient above and below

Ty. By raising the temperature of the film above Ty and rapidly quenching it, some of the
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excess free volume from the rubbery state can be frozen in, such that the polymer is less dense
than it would be at slower cooling rates. These thermal treatments can, in principle, enhance
the diffusivity of precursors in polymers by increasing the number of hopping pathways along
which they have to diffuse. More detailed theory of solvated molecule diffusion as a function
of glassy/rubbery state can be found in the following review. [129]

The polymer free volume can be locally perturbed in the interphase regions near
the substrate and near the free surface, which can affect the diffusivity of metal-organic
compounds in these regions. [130, 131] In many systems, this effect is small. For exam-
ple, in PMMA the vacuum-polymer interphase region that deviates from bulk PMMA was

measured to be ~2 nm. [132]

1.4.3 Chain Architecture

Developments in polymer synthesis have opened up a massive field of possibilities in polymer
chain architecture. Copolymers, bottlebrush polymers, star polymers, and more are possible.
There is also a vast range of monomers available, and modifications to monomer groups
accessible, with modifications that may directly alter interactions with SIS precursors. More
indirect modifications may perturb the free volume of the polymer with implications for SIS
precursor diffusivity.

By controlling the volume fraction of methyl methacrylate (MMA) in a PS-r-
PMMA random copolymer, the density of reactive sites relative to inert PS sites can be
tuned. In a study of such a system, Caligiore et al. found that the diffusion coefficient of
TMA through this copolymer was modestly increased over that measured for pure PMMA,
at MMA fractions exceeding 10%. [48] The SIS deposition rate of AloOg was linear with the
MMA fraction, as expected, and the porosity and domain size of the annealed metal oxide
did not apparently differ across this wide range of MMA fractions. This study thus shows
that the density of reactive sites in a polymer can modestly impact the diffusivity of SIS

precursors.
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In another example, the influence of polymer free volume on the kinetics of pre-
cursor transport through thin films was concisely studied by comparing poly-n-methacrylate
polymers. [40] This series of polymers consists of alkyl chains of increasing length on the
ester bond of the molecule. The presence of this alkyl group lowers the glass transition tem-
perature of the molecule by disrupting entanglement of the polymer. [133]Thus, at a given
reaction temperature, the longest chain polybutyl methacrylate polymer has the largest free
volume of the group. Using quartz crystal microgravimetry (QCM), the Jur group found
that polymers with increasing free volume elements (longer pendant chains and lower Ty al-
low more rapid diffusion of TMA under equivalent SIS conditions. However, sufficiently long
pendant alkyl groups can themselves crystallize. Crystallization of polymer components has
been observed to change the distribution of metal oxide products during SIS, likely due to
changes in the diffusion pathways within the film. [71,72)Therefore, more studies are needed
to generalize trends based on such modifications to chain architecture.

While the poly-n-methyl methacrylate isothermal study provides a clear compar-
ison of analogous polymers with disparate Ty, more care must be taken when ascribing
changes in SIS behavior across temperatures to Ty. Infiltrated molecules can plasticize
polymers, promote chain motion, and lower the effective Tg from what is measured for the
polymer by ex situ methods. The degree to which this plasticization affects diffusivity must
be considered on a case-by-case and cycle-by-cycle basis. Temperature simultaneously affects
functional group reactivity at the same time as it increases chain motion. Since the true
glassy/rubbery transition of polymers under infiltration is not generally known, care must

be taken in ascribing temperature-dependent trends in SIS studies to particular phenomena.

1.4.4 Polymer Molecular Weight

The molecular weight (M,,) of the polymer will also influence the diffusive environment of
vapor precursors due to the variable volume density of polymer chain ends. A polymer with

a larger M,, will have fewer chain ends, which have a larger configurational free volume

23



than monomer units within the chain itself. The glass transition temperature of PMMA,
for example, increases as a function of My, due to the influence of chain-end density. [134]
This is true across polymers and is described by Flory-Fox theory. [135] A higher density
of chain ends leads to more diffusive pathways for vapor precursors, and therefore, SIS in
the low-diffusion time limit is expected to yield metal or metal oxide at greater depths in
a lower My, polymer film. The diffusivity of TMA in homopolymer PMMA at 90 °C was
calculated to be 3.75 times greater when the molecular weight was decreased from 14 to 3.9
kg/mol. [46] My, can also affect the density of the resulting SIS product. AlpOs grown in
200 nm 15 kg/mol PMMA thin films by SIS at 90 °C had an average effective refractive
index (neff) of 1.396 (porosity 26%), whereas 350 kg/mol PMMA produced an neff of 1.374
(porosity = 29%). [103] This effect is subtle—an order of magnitude difference in molecular
weight yields only a 3% change in porosity of the resulting metal oxide product. Nevertheless,
this highlights how engineering of the polymer free volume environment and the resulting
diffusivity of the precursor through the polymer can influence the properties of the resulting
hybrid material. The M,, of the polymer also dictates the density of chain ends, which can
have different chemistries as discussed previously. We note, however, that the interaction
between organometallic precursors and polymer functional groups affords tunability that is

orders of magnitude larger than the reported polymer molecular weight effects alone.

1.5 Periodic Table of SIS

The range of materials that have been deposited by ALD is vast and spans much of the
periodic table. [136-138] ALD processes have been developed for the deposition of pure
elements, oxides, nitrides, carbides, sulfides, and more. The library of materials grown by SIS
to date is, by contrast, far more limited. The periodic tables for ALD and SIS in Figure 1.4
highlight this disparity. The current published library of SIS materials includes AlsO3, ZnO,
TiO9, IngO3, GagO3, VOy, SnOx, SiOo*, W/WOx*, Sn** and Mo**, where (*) indicates

that the material was grown on initial AloOg nuclei grown by TMA /Hs0O and (**) indicates
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that the metal complexes directly and irreversibly binds to the polymer with no “B” reactant.
Although some reports describe the SIS oxide with the standard thermodynamically stable
chemical formula, in other reports, a general MOy nomenclature is used, as the oxidation
state of the metal may not be definitively known. Here, we use the naming from the original
reports. SIS of AlpOg in PMMA from TMA and H5O is the most well-studied SIS system by
far. ZnO and TiO9 are the two next highest in publication frequency with other SIS material
processes restricted to a handful of reports. SIS SiOy and W/WOy have only been achieved
with a seed cycle of AlpOg, as previously mentioned. [32,55] While this seeding method
is useful in providing reactive nuclei for subsequent cycles, the resulting materials will have
some AlsO3 content, which may impact functional properties. The development of processes
for the direct SIS of functional materials is also desirable. [36] A thorough understanding
of the chemical physics involved in the varied aspects of SIS will be required as researchers
attempt to fill out more of the periodic table in pursuit of novel functional hybrid materials.

Within a given set of precursors and functional groups, advances in polymer syn-
thesis open a wide variety of structural modifications to the polymer. Active and inactive
groups can be combined in copolymers, in blocks, random, or gradient structures, to impose
mesostructured or unstructured spacing between interactive groups. Novel polymer archi-
tectures may be able to control the mean distance between SIS nuclei in unanticipated ways.
The duration of vapor exposure and the length of purge between coreactant exposures offer
routes to control the distribution of the inorganic product throughout the sample. The tem-
poral changes to the organic/inorganic film as the SIS process proceeds provides yet another
axis upon which SIS can be manipulated. The first cycle introduces inorganic nuclei into
the bulk, which present distinct reactive sites for subsequent cycles. The inclusion of this
material also changes the free-volume pathways and the diffusivity of subsequent exposures.
Thus, changing the first cycle determines how all other cycles progress. By changing the
purge time in the first cycle, as an example, the density and depth of infiltration of the seeds

can be changed. Finally, the co-reactant compatibility with the polymer template must be
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considered as an additional challenge. For example, transient and/or reactive coreactants

including ozone and nearly all plasmas may not persist deep into thick polymer films or may

alter the polymer backbone and/or functional groups.

Periodic Table of Atomic Layer Deposition
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Figure 1.4: The periodic tables of (top) ALD and (bottom) SIS materials.

Mo and Sn

elemental SIS describe reports of single precursor molecular dopants in polymer films.
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CHAPTER 2
JANUS MEMBRANES VIA DIFFUSION-CONTROLLED
ATOMIC LAYER DEPOSITION

2.1 Introduction

Janus membranes are an emerging class of membrane materials engineered to have differ-
ing properties at their opposite surfaces. These membranes have generated excitement for
their potential to manipulate fluid transport properties in powerful new ways. Janus mem-
branes can improve efficiency in conventional applications; they also exhibit entirely novel
phenomena useful in unconventional applications. [139] For example, unidirectional diode-
like fluid flow across Janus materials has been reported. [140] This behavior is impossible to
realize with homogeneous materials. The divergent surface properties of Janus membranes
have found applications in a host of challenging fluid manipulations. Recently reported
Janus membrane structures demonstrate applications as battery separators, [141, 142] in
oil/water emulsification and de-emulsification, [143-146] in fog harvesting, [147,148] in blood
plasma separation, [149] in membrane distillation/nanofiltration, [150] and in fine bubble
aeration. [151]

The promise of Janus structures has been recognized by the membrane research
community, leading to a wide variety of fabrication strategies described in recent reports.
These can be broadly classified either as asymmetric fabrication approaches or as asymmetric
decoration approaches. Asymmetric fabrication approaches involve directly constructing
double layers in a stack. Examples include sequential electrospinning, [152] spray-coating of
polymers and nanoparticles, [153] sequential filtration of functional nanomaterials [140, 143,
154] and casting solutions with surface-migrating additives. [155]

Asymmetric decoration approaches, in contrast, rely on the physical/chemical
modification of a single side of an extant porous structure. In one class of decoration ap-

proaches, a phase interface is introduced at one membrane face, and the decoration is limited
27



to one side of that interface. The interface can be liquid-gas, such as in the deposition of
mussel-inspired polydopamine to membrane surfaces floating in fluids. [156,157] Alterna-
tively, a solid-gas interface can be introduced in the form of a polymer, which physically
blocks part of the membrane from modification and can then be removed by dissolution,
etching, or peeling. [158, 159

Diffusion-limited modifications are another class of asymmetric decoration ap-
proaches demonstrated in recent literature. For example, by controlling the time that cotton
fabric was exposed to hydrophobic silane vapor, the extent of a hydrophobic modification
could be controlled. [160] Similarly, a gradient coverage of hydroxyapatite crystallites were
deposited onto PVDF membranes by pre-wetting with one reactant and allowing the second
to diffuse in from one side. [149] Recently, oxygen plasma was used to hydrophilize an 18
nm depth of 8 nm diameter silica nanopores made hydrophobic by atomic layer deposition
of a trimethyl-silane coating. [161] Such diffusion-mechanism approaches can, in principle,
enable control over the thickness the of the Janus modification layer via direct processing
conditions.

The thickness of the Janus modification layer, or the through-membrane position
of the property gradient, influences the performance of the material across applications and
should ideally be controlled with precision. The ratio of the thickness of each layer, along
with the sharpness of the transition between the two layers, will have profound effects on
fluid transport through the membrane. However, precise control of the transition interface
is challenging or impossible for most fabrication approaches. In practice, for example, it can
be difficult to reproduce conditions that position the fluid-gas interface adjustably within
the membrane. Deposited materials, such as nanoparticles or other functional materials,
may inconsistently coat the interior pore surfaces of a membrane. [162] When deposited by
filtration or by sol-gel processes, nanomaterials can also constrict the pores of the underlying
membrane. Depending on the interactions (e.g. electrostatic, van der Waals) between the

decorating material and membrane, along with the intended application of the material,
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shedding or delamination of the decoration may occur. Processes yielding well-adhered
decorations with tunable extent and coverage would represent a valuable addition to the
field, enabling process optimization by control of the spatial extent of the Janus decoration.

This chapter details the development of a diffusion-controlled atomic layer deposi-
tion (ALD) approach to impart a hydrophilic/superaerophobic AloOg layer onto hydrophobic
polypropylene membranes. ALD is a technique commonly used in microelectronics and semi-
conductor fabrication in which alternating vapor pulses react on a surface to enable layer-by-
layer conformal growth. [163] In such a conformal regime, ALD allows for membranes to be
functionalized with metal oxides without substantially changing the pore geometry. [164,165]
Oxides grown on porous materials simply constrict the pore size and introduce a roughness
to the pore surfaces associated with the particular metal oxide. [166] Although ALD is typ-
ically used to produce uniform, conformal films that coat all surfaces of a substrate, the
depth of infiltration into high-aspect-ratio porous materials can be tailored using controlled,
sub-saturating precursor exposures. [167,168] We use sub-saturating exposures as a means
to engineer Janus membranes by limiting exposure to precursor flux to one side of the mem-
brane.

The extent of precursor infiltration, and therefore the position of the hydrophilic-
hydrophobic interface within the membrane, are tuned using the ALD precursor dose time
and partial pressure, the purge time of the vapor reactants, and the number of reaction
cycles. The Janus modification process is examined via scanning electron microscopy of the
top surface, along with cross-sectional elemental mapping by energy dispersive spectroscopy
(EDS). The depth to which dyed water is drawn into the hydrophilized membrane face by
capillary rise is shown to depend on the vapor exposure dose, illustrating control of the
hydrophilic/hydrophobic interface property. This diffusion-limited ALD approach to Janus
membrane decoration brings together the desirable properties of conformal metal oxide coat-
ings and controllable processing kinetics of vapor-phase reactions. The wetting properties

of the Janus membranes are investigated using sessile drop contact angle tests which re-
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veal a progression from initial hydrophobicity to a decrease in contact angle, followed by
the onset of complete wetting and drop imbibition. Captive bubble contact angle measure-
ments demonstrate an analogous transition from aerophilicity to superaerophobicity. We
demonstrate the utility of this hydrophilic-hydrophobic Janus membrane in dramatically
reducing bubble size in an aeration process relative to pristine polypropylene membranes,
which can improve gas delivery in a number of industrial applications. [151] We then dis-
cuss the potential for spatially controlled AloOg surface hydroxyl groups laterally across a
substrate’s surface to serve as a platform for further functionalization. The introduction of
diffusion-controlled ALD for Janus membranes further widens the materials space through
which researchers can fabricate porous materials with spatially heterogeneous wetting prop-
erties. Beyond small molecule and polymeric modifications, inorganic metal oxides can now

be simply and reproducibly integrated into Janus membranes.

2.2 Results and Discussion

2.2.1 Fabrication Process

A schematic describing the fabrication process for Janus membranes is illustrated in Figure
2.1a. Polypropylene membranes are secured in a custom-machined aluminum fixture to limit
exposure of the reactant vapors to one face of the membrane (modified surface). This fixture
consists of two aluminum plates. The 47 mm diameter membranes are placed between the
two plates. The top plate has a machined window of customized size and shape exposing
one side of the membrane, referred to as the top or modified surface. The plates are secured
together to limit vapor from infiltrating between them and exposing the protected back
surface. The polypropylene membranes purchased from Sterlitech Corporation are ~160
pm-thick discs 47 mm in diameter characterized as having an average pore size of 200 nm
based on their separation performance. The SEM micrograph in Figure2.1b of the membrane

cross-section reveals a highly polydisperse networked and tortuous pore path morphology.
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Figure 2.1: a) Schematic of the physical housing of the membrane which isolates the front
face for vapor exposure. b) Cross-sectional SEM image of the polypropylene membrane shows
the tortuous porous structure leading to diffusion-controlled ALD, scale is 50 pm. ¢) Vapor
diffuses through the pore volume from the front side only. Nucleation occurs more quickly
near the surface due to the greater concentration of reactants at the surface. After nucleation,
growth proceeds to form a coating with decreasing coverage through the membrane.

The ALD tool is operated in flow mode, where a single cycle is composed of a
trimethyl aluminum (TMA) pulse, a purge time where the vapor is exhausted, a water pulse,
and a second purge. In all cases, the ALD system was held at 80 °C, and the membrane
system was held at vacuum under 100 sccm of nitrogen flow for 30 minutes prior to coating
to drive off adsorbed water. The nitrogen flow is then set to a continuous 20 sccm (.25
Torr) for the duration of the deposition process. Janus membranes were fabricated using
.015, .06, and .15 second precursor exposures with varying purge time and number of cycles.
These pulse durations result in average peak TMA partial pressures of .1, 0.45, and 0.7 Torr,

respectively. The chamber is then then purged for ten seconds to remove excess TMA and

product gases. The water dosing valve is then opened for the same length of time as TMA,
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Figure 2.2: Typical ALD pressure traces showing the increased peak vapor pressure with
increased dose time

yielding average peak HoO pressures of 0.05, 0.15, and 0.35 Torr. Representative pressure
traces are shown in Figure 2.2. The chamber is then purged again for ten seconds to complete
one ALD cycle.

Based on traditional ALD chemistry, one would not expect AloOs to grow on
purely hydrocarbon polymers like polypropylene given the absence of reactive groups. The
nucleation of AlsO3 on such unreactive polymers has been explained resulting from ph-
ysisorbed TMA in the near sub-surface of the material, which does not escape during the
purge step and consequently reacts with HoO during the subsequent HoO exposure. [41]
Given a sufficiently low coverage of physisorbed TMA, this mechanism leads to the forma-
tion of discrete AlyOj islands. With increasing ALD cycles, more material can grow on
these islands in three dimensions to eventually merge and form a continuous film. ALD has
further been demonstrated on polypropylene films and fibers in the context of this proposed
mechanism [169, 170].

ALD has been used to coat hydrophobic polymeric membranes with thin conformal

inorganic metal oxides in an effort to improve their performance For example, researchers
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Figure 2.3: XPS data of the pristine polypropylene membranes both before and after Ar+
surface cleaning showing virtually no oxygen content.

coated 25 pm thick polypropylene membranes with conformal AloOg and TiO9 by ALD to
produce hydrophilic membranes with high flux. [171,172] Rather than rely on physically
trapped residual inorganic precursors, in these studies, reactive surface sites were introduced
to the polymer via oxidative damage by submerging in nitric acid or exposing to oxygen
plasma. Oxygen plasma has been shown by x-ray photoelectron spectroscopy (XPS) to
incorporate oxygen-containing functional groups along polypropylene’s hydrocarbon back-
bone. [173] These pretreatments increase the nucleation rate of AloO3 ALD by creating
reactive sites where TMA can chemisorb onto the polymer pore surface. [113]

Though Complete coverage of microporous polypropylene was a design goal in
that previous work; here, we have utilized diffusion-limited transport of precursors through
high-aspect-ratio and relatively unreactive (and unmodified) polypropylene membranes to
enable an inhomogeneous coating through the membrane’s thickness in order to impart
Janus-like behavior. Figure 2.3 shows ultrahigh-resolution XPS measurements on the as-
received pristine polypropylene membranes, which reveal a total oxygen content of 1.10
at.%. After a one minute of 1 KeV Ar+ exposure, the oxygen content is reduced to 0.46

at.%. This reduction in oxygen signal shows that some of the initial oxygen signal is due to
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adsorbed species; the remainder suggests some minor C-O content throughout the polymer,
presumably the result of impurities or defects in the polymer chains. These sparse moieties
present sites by which TMA could potentially directly associate with the polymer to form
a covalent linkage, in addition to any non-reacted physisorbed TMA that leads to scattered
and slow nucleation.

In order to understand why the processes used in this study does not produce a
uniform conformal coating through the entire membrane thickness, one must examine the
length scales and morphology of the system. The high aspect ratio, small pore size, and
high tortuosity of the polypropylene membranes lead to this asymmetric deposition, with
a high density of AlpOg at the exposed surface that decreases through the thickness of the

membrane. The mean free path, [, of the ALD reactant vapors is described by equation 2.1:

kT

ot
\/§7rPd,2n

(2.1)
In this expression, P is the precursor partial pressure and d, is the kinetic diameter of the
gas molecule. Under typical ALD conditions the mean free path is generally on the micron
scale. For example, the value of TMA at 1 Torr and 450 K is 40 pm. [168] The polypropylene
membranes used in these studies have an average pore size of 200 nm, a thickness of ~160
pm, and a highly tortuous networked pore structure. Ignoring the tortuosity of the porous
pathways, the aspect ratio (L/d) of the membrane is ~800. Since the mean free path far
exceeds the average membrane pore diameter (I/d ~ 103)7 the transport of these precursors
is described by molecular or Knudsen diffusion. In Knudsen diffusion, the vapor molecules
scatter against the pore walls with far greater frequency than with other vapor molecules.
Figure 2.1c¢ shows a schematic of how AloOg nucleates and grows to yield a Janus structure

in the Kudsen regime.
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2.2.2  Analysis of Janus Fabrication

To demonstrate the Janus character of membranes treated with diffusion-controlled ALD
process, drops of water were placed onto both surfaces of a membrane prepared with 350
ALD AlyO3 cycles at 0.015 s precursor exposures and 10 s purges. Figure 2.4 shows the
hydrophobic character of the unmodified back face of the membrane in contrast with the
hydrophilic front surface. SEM images of the two faces reveal that the modified face is
conformally coated with a granular deposit whereas the unmodified face shows polymer
surfaces which are smooth and featureless. Lastly, elemental analysis by EDS reveals strong
aluminum and oxygen peaks on the front surface. The back face of the membrane shows
virtually no signal from either aluminum or oxygen, confirming the asymmetry of the ALD
growth.

The influence of precursor exposure and cycle number on the resulting AlsO3 coat-
ing was examined. Figure 2.5 shows top-down SEM images of the AloO3-modified Janus
surfaces prepared at various precursor exposures and number of cycles. After 150 cycles,
sparse spherical clusters of AloOg are observed. These clusters appear as bright spheres on
the smooth polypropylene membrane surface which has a dark contrast in the SEM images.
With increasing reactant exposures, these nuclei grow larger and much more closely spaced.
By 200 cycles, the 0.06 s exposure sample is covered with discrete nuclei, whereas the 0.15
s sample has formed a nearly continuous coating. By 300 cycles, ALD AlyOg films appear
continuous across exposure times. The thickness of the ALD AlyO3 appears to increase with
increasing precursor exposure, as evidenced by the polymer ligaments growing in thickness.
This behavior results from faster nucleation using larger precursor exposures. Importantly,
this functionalization conforms to the membrane pore geometry while introducing a rough-
ness on the scale of the AloOs nuclei. The average pore size in the AlpOgs-functionalized
region is also constricted to an extent dependent on the processing.

Modeling of diffusion and self-limited reactions in nanoporous substrates has shown
that the coverage and transport are strongly influenced by «, a dimensionless parameter rep-
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Figure 2.4: Back face and front face of a Janus membrane. The back face is hydrophobic,
appears bare in SEM, and shows virtually no EDS signal for oxygen or aluminum. In
contrast, water spreads on the hydrophilic front face, the membrane is covered with AlsO3
in SEM, and shows substantial oxygen and aluminum in EDS. Scale bars are 5 mm and 200
nm, respectively.
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quicker nucleation

Figure 2.5: Surface SEM images of Janus membrane front faces grown with 150, 200, and
300 cycles at 0.015, 0.06, and 0.15 s exposures, respectively. A general trend of quicker
nucleation and following onset of conformal growth is observed at higher exposure doses and
more cycles.

37



resenting the ratio of reaction rate to diffusion rate inside the nanopores. [123] In cases where
the ALD precursors are supplied from one side of a porous substrate, and the exposures are
insufficient to coat all of the available sites, then values of a = 100 yield stepped coverage
profiles where the outer regions become saturated and the inner regions remain bare. In con-
trast, o <10 produces uniform, low coverage throughout the pores. Under the assumptions
of Knudsen diffusion and circular pores, a=3/ 2AR?5y where AR is the aspect ratio (pore
length /pore diameter) and [y is the initial sticking coefficient of the precursor molecule on
the pore surface. For a given geometry, the value of o, and hence the shape of the resultant
coverage profile, will vary depending on the reactive sticking coefficient on the porous mate-
rial; a high reaction probability can yield a stepped profile whereas a low reaction probability
causes uniform, or gradually sloping low coverage, in otherwise identical porous networks.

With these principles in mind, we performed EDS measurements of the Al sig-
nals of Janus membranes to assess the extent of AloO3 penetration through the membranes.
Figure 2.6a shows an EDS Al signal map for one of the Janus membranes in cross section
superimposed on the corresponding SEM image. It is evident that the Al concentration is
higher on the modified surface side of the membrane. Figure 2.6b-d shows depth profiles
derived from the EDS Al signal from precursor exposures of 0.015, 0.06, and 0.15 s, re-
spectively, for increasing cycle number. In all cases, the Al concentration is highest at the
pore entrance and decreases with depth into the membrane, and the extent of infiltration
increases with increasing exposure. Moreover, the magnitude of the Al signals increases with
increasing AloO3 ALD cycles.

The EDS line scans in Figure 2.6 exhibit two distinct regimes as a function of
ALD cycles. At low cycle numbers (150 cycles), the profiles are fairly flat and show only a
small gradual decrease in concentration with depth into the membrane. Above ~300 cycles,
however, the EDS profiles exhibit a step-like profile where the coverage is much higher at the
pore entrance than deeper in the pore. Once this transition occurs, the profile shapes do not

change much with increasing ALD cycles other than to increase the overall signal intensity.

38



In addition, all of the profiles at a given exposure converge deep within the membrane, so
that all of the curves are essentially superimposed. The data also exhibit a region near the
pore entrance where the coverage profile becomes qualitatively linear, as indicated by the
shaded bars above Figure 2.6b-d.

These two regimes can be explained by a gradient in TMA reactivity along the
pores that sets up in the low cycle limit. The polypropylene membranes have an AR of ~
800 (neglecting tortuosity), and for the reaction of TMA on AlyO3 surfaces, 8y ~ 1072 so
a ~ 10%. Consequently, the stepped coverage profiles are expected once the ALD AlyOg
nuclei coalesce and form a closed and continuous film on the polypropylene pore surfaces.
The gradual coverage profiles for the initial cycles suggest a < 10, so that Sy > 107°. This
supports the assumption indicative of an extremely sticking coefficient and reaction rate for
TMA on pristine polypropylene. Once the AlsO3 nuclei grow to sufficient size at the pore
entrance, the much higher reaction rate for TMA on AlpOg dominates the slow diffusion into
high AR pores, and all of the TMA is consumed at the pore entrance. Thus, the reactivity
gradient persists throughout the coating process, and the Al concentration deep in the pores
no longer increases.

We performed additional experiments to correlate the depth of the ALD AlyOg3
deposition into the membranes with the depth to which wetting behavior is modified. We
prepared Janus membranes using 350 ALD cycles using precursor exposures of 0.015, 0.03,
0.06, and 0.15 s and 10 s purges. The modified surfaces of these membranes were placed in
contact with a solution of blue dye for 1 hr to allow for capillary action to wick the solution
into the membrane porosity. The membranes were rinsed and dried thoroughly, prepared in
cross section, and examined by optical microscopy as shown in Figure 2.6e. With increasing
precursor exposure, the position of the dye interface moved deeper into the membrane. At
the lowest exposure of 0.015 s, the solution was imbibed ~4 pm into the membrane. At
the highest exposure of 0.15 s, the solution was imbibed ~16 pm into the membrane. The

increased depth of the dye front by capillary rise shows that the position of internal Janus
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Figure 2.6: a) Cross-sectional SEM image of a Janus-modified PP membrane with overlaid
EDS map showing the distribution of aluminum within the membrane. A gradient is ap-
parent. b—d) Cross-sectional EDS measurements (binned parallel to the membrane surface)
showing AlsOg3 distribution as a function of the number of ALD cycles under different pre-
cursor exposure times per cycle (0.015, 0.06, and 0.15 s, respectively). Gradient bars above
the plots are meant to guide the eye to the two different regimes through the thickness of
the membranes, with a denser region near the exposed surface, and a rapid drop off in metal
oxide growth further down. e) Dye imbibition into 350 cycle Janus membranes fabricated at
different exposure pressures reveals a trend whereby water rises deeper into the membrane
porosity with increasing pressure; scale bar is 15 um.
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interface can be tuned. We note that this capillary height represents an indirect measure of
the position of the internal Janus interface. Capillary height as probed in this experiment is a
function of both the changing geometry of the pore volume, which shrinks at the surface due
to pore constriction, and the heterogeneous surface energy of the pore walls as the material

transitions from hydrophilic oxide to hydrophobic polypropylene with depth.

2.2.3 Water Contact Angle Measurements

To study the evolution of the modified membrane surface wetting properties, contact an-
gle measurements were conducted at different ALD cycle numbers and precursor exposures.
These measurements were conducted as soon as possible after removal from the ALD cham-
ber, to limit the influence of environmental residue adsorption. Contact angles were recorded
as the first stable frame after bringing a 1.0 pLL drop into contact with the membrane surface.
The plotted contact angle values are the average of at least seven drops per membrane, and
there was no significant variation observed in any direction along the exposed, functionalized
face. Figure 2.7 shows that by increasing the number of ALD cycles, the apparent contact
angle of the functionalized surface decreases gradually over the initial 250 cycles, and then
drops rapidly with increasing cycles. The onset of hydrophilicity occurs at a lower number
of cycles as the exposure dose is increased. This follows from the more rapid onset of nu-
cleation and growth with higher exposure dose observed in surface SEM. The back side of
the membrane exhibited a contact angle of over 130° on all membranes, demonstrating a
marked Janus property.

The wetting behavior on these porous substrates is an indirect measure of the sur-
face energy due to the porosity and roughness of the membranes. Though the initial contact
angle decreased with total cycle number for each of the tested precursor exposure levels in a
similar fashion, drop imbibition into the porosity of the membrane differed. At 0.015 s, no
complete imbibition was observed even at the highest cycle number tested. At 0.06 s, com-

plete imbibition began at 375 cycles, and at 0.15 s complete imbibition began at 325 cycles.
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Figure 2.7: a) Contant angle as a function of vapor exposure duration and number of ALD
cycles. Hydrophilicity onset after ~200 cycles occurs sooner at higher exposure doses. b)
Contact angle as a function of purge time for 350 cycle membranes across vapor exposures.
A decrease in hydrophilicity gain per cycle with greater purge time is observed across vapor
exposures. ¢) Drop imbibition across vapor pressures at 350 cycles as a function of time.
Significant drop wicking is observed at 350 cycles only at the longest 0.15 s vapor exposure
The transition from drop spreading on the hydrophilized surface to significant imbibition
by the functionalized surface may be thought of as a transition between a Cassie-Baxter
state to a Wenzel state. [174] In the Cassie-Baxter state, the rough pore surface stabilizes a
suspended air—water interface. As the number of cycles is increased, the surface area frac-
tion of AlpO3 increases, along with the roughness and extent of AloOg coverage. This has
the effect of slightly shrinking the pore size as well. A convolution of all of these chemical
and structural factors destabilizes the air—water interface at the pore surface, and the water
begins to preferentially wick into the pore interior.

To probe the influence of purge time on wettability, Janus membranes were fabri-

cated using 350 ALD AlsO3 cycles with precursor exposures of 0.015, 0.06, 0.15 s and purge
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Figure 2.8: a) Water drop brought into contact with the unmodified hydrophobic membrane
surface is manipulated laterally with the needle to the ALD-modified region, at which point
the water droplet rapidly spreads and is imbibed by the hydrophilized membrane. b) Staining
with blue dye reveals the boundary of the Janus modification, scale bar is 10 mm. c¢) A
water droplet deposited on an inclined patterned Janus membrane rolls on the unmodified
hydrophobic region only to be immobilized on the 10 mm Janus-modified region.

times of 10, 30, and 65 s. As shown in Figure 2.7b, the average contact angles measured
for these membranes increased with increasing purge time, indicating a decrease in wetta-

bility. We hypothesize that the longer purge times allow the TMA physisorbed into the

polypropylene surface to desorb, which reduces the rate of AloO3 nucleation.

2.2.4 Lateral Patterning of Janus Membranes

Physical masking of the membrane via a fixture can be used to limit vapor exposure and
create spatially patterned hydrophilic/hydrophobic regions on the front face of a membrane.
Figure 2.8a shows a water droplet deposited on the shielded hydrophobic region of the
front face of a Janus membrane (400 cycles, 0.015 s exposures, 10 s purges) and dragged
onto the hydrophilic region. The drop abruptly spread and was imbibed as soon as the

leading edge came into contact with the AloOs-functionalized surface. The ability to laterally
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pattern the modification is further demonstrated in Figure 2.8b, in which the membrane was
submerged in a blue dye solution. In this instance, the membrane was set in a fixture that
only exposed a central 10 mm diameter region of the membrane to the precursor flux. This
mask faithfully templated a hydrophilic region of the membrane to the exposed area only.
Lastly, in Figure 2.8c, another Janus membrane with the same 10 mm modified spot was
placed on a 30° inclined plane and water was dropped onto the surface Water droplets rolled
down the unmodified, hydrophobic polypropylene but were abruptly stopped and imbibed
by the hydrophilized spot.

Beyond the direct utility of the functionalized AloOg surface for its wetting prop-
erties, the spatially modified AloOg surface can be used as a platform to further modify
one side of the membrane with molecules that preferentially graft onto the Al-OH hydroxyl
groups created by the AloO3 ALD. For example, porous polyurethane foams were modified
with sequential infiltration synthesis of AloO3, which served to activate the surface for the
subsequent grafting of superoleophilic molecules to enable high-capacity, reusable crude oil
sorbents. [63] The processes described in this paper can therefore introduce spatially resolved
reactive surface sites on otherwise unreactive polymer membranes for further functionaliza-
tion.

These spatially resolved hydrophilic zones imply possible paper microfluidic appli-
cations for ALD-derived Janus membranes. Paper microfluidics are an expansive research
area in which fluids are passively transported through hydrophilic porous materials such as
cellulose through channels defined by hydrophobic modifications. [175] These hydrophobic
modifications are applied by direct printing techniques, and recently by masked vapor de-
position of hydrophobic silanes. [176] The hydrophilic cellulose hydroxyl groups can serve as
binding sites for a host of functional molecules that react with species in fluids of interest
for applications in sensing and diagnostics. In the ALD-derived Janus membranes described
here, the tone of the modification is inverted, such that exposed areas become the hydrophilic

zones for fluid manipulations with the hydrophobic membrane forming channel walls.
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Figure 2.9: a) Captive bubble measurements on Janus membranes fabricated with an in-
creasing number of cycles at 0.015 s vapor exposure. With increasing cycles, the membranes
become more aerophobic. The membrane transitions to superaerophobicity in the vicin-
ity of 190 cycles. b) Representations of the membrane/water/air interface. The pristine
polypropylene is aerophilic and the air bubble spreads with very low contact angle. At more
moderate cycle numbers the membrane is aerophobic; the bubble adheres to the membrane
surface. Once the membrane is superaerophobic, the bubble does not adhere to the surface.

2.2.5 Underwater Air Contact Angle Measurements

The gas contact angle of the membranes was next measured to assess air adhesion as a
function of the Janus modification. Distilled water was used as the fluid medium, and air
bubbles were brought into contact with the modified surface, which was affixed to a glass slide
to ensure complete submersion. The membranes were prewetted with ethanol to mitigate
the impact of air trapped in aerophilic/hydrophobic samples.

Figure 2.9a shows the underwater—air contact angle of membranes modified with
0-190 ALD AlyO3 cycles using 0.015 s precursor exposures. The pristine membrane shows

complete spreading of the air bubble. Much as in the case of the water contact angle
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measurements, the membrane became more aerophobic with increasing numbers of ALD
cycles. The air bubble contact angle reached ~90° with only 75 ALD cycles and 120° with
125 ALD cycles. A high contact angle exceeding 140° was observed beyond 175 ALD cycles.
An apparent transition in air adhesion was observed in the vicinity of 190 ALD cycles.
Below this threshold, the bubble exhibited an extremely high contact angle but was pinned
in place at its contact line. An air bubble pinned to the syringe tip used to deliver the
air could be coaxed onto the membrane by making contact. This immobilized air bubble
gradually shrinks as it is imbibed into the membrane.

Above this threshold, the bubble was extremely mobile on the surface. An air
bubble pinned to the syringe tip could not be coaxed onto the membrane surface, even when
pushed against the modified surface. The bubble had to be released from the syringe to
observe the mobile sliding behavior. The membrane surface is described as transitioning
from aerophobic to superaerophobic in nature. The superaerophobic phenomena emerge
from the hydrophilicity of the AlsO3 in combination with the hierarchical roughness of the
polypropylene’s tortuous porosity and the roughness of the deposited AloOs. [177] This is
illustrated in Figure 2.9b. We hypothesize that the aerophobic condition observed below 190
cycles occurs when the air interface encounters a heterogeneous membrane surface composed
of discrete AlpO3 nuclei and some remaining polypropylene. The presence of the hydrophilic
nuclei gives rise to the apparent aerophobic contact angles. The pinning behavior emerges as
a combination of the heterogeneous surface energy of the hybrid polymer /metal oxide surface
and the roughness at the length scale of membrane pore features and AlpOs roughness.
Above the threshold of superaerophobicity, the air bubble contacts a sufficiently conformal
AlyO3 surface with sufficient coverage that it cannot pin on the surface, and instead slides
easily. Below the superaerophobic threshold, there is a net Laplace pressure pointing upward
on the droplet due to the contact line. [140] This forces the bubble through the aerophobic
Al5O3 into the hydrophobic/aerophilic bulk of the membrane. However, once the surface

becomes superaerophobic to the point where the air bubble interface does not form a contact
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line with the membrane surface, there is no net pressure to drive this air transport.

2.2.6 Fine Bubble Aeration

As a demonstration of the utility of the ALD-derived Janus membranes, aeration experiments
were conducted on a pristine polypropylene membrane and a Janus membrane (300 cycles,
0.015 s exposures, and 10 s purges). The experiment utilized a custom bubbler (Figure
2.10b) in which gas flowed through the membrane into a water column. Aeration is a critical
dispersion process for the transfer of gases to dissolve into liquids and is widely used in
industrial chemical synthesis, aquaculture, CO9 capture, [178] and wastewater treatment.
[179] The dissolution rate of gases into the liquid is enhanced by shrinking the size of the
bubbles - a fact based on surface area—volume scaling. At the same flow rate, there is far
more surface area for gas diffusion if the gas volume is distributed over many bubbles. As
an ancillary effect, the duration of the bubble residence in the liquid increases as the bubble
shrinks. [180] The rate of the bubble’s rise through a liquid due to buoyancy can be given

by Stokes’ equation in Equation 2.2

_ Apig 22

g 18u g

(2.2)

Here v is the velocity of the bubble upward, Ap;g is the density difference between the liquid
and gas, p is the viscosity of the liquid, g is the acceleration of gravity, and d is the diameter
of the bubble.

In an aeration process, gas is forced through the membrane and gathers in bub-
bles, which eventually release from the surface. Bubble release occurs when the buoyant
force of the forming air bubble exceeds the adhesion force between the bubble and mem-
brane surface. Minimizing the adhesion will therefore lower the minimum bubble size that
can be released. Though hydrophilic surfaces may seem ideal in this sense, a completely

wetting membrane will require a significant pressure to displace the water from the pore
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Figure 2.10: a) Graphical representation of the aeration process. In the hydrophobic, un-
treated membrane, the bubble spreads as a film on the surface leading to large bubbles.
The Janus membrane has a superaerophobic surface, which minimizes the adhesion between
the membrane surface and the bubble, leading to fine-bubble aeration. b) Design image
of the custom-built aeration apparatus. c¢) Still images extracted from videos of aeration
using a pristine polypropylene membrane and a Janus membrane prepared with 300 cycles
at 0.015 s vapor exposure. The large bubbles emerging from the unmodified surface contrast
dramatically with the millimeter-scale bubbles that release from the Janus surface.
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interiors. A Janus membrane with a thin hydrophilic skin layer is therefore ideal, as the site
of poor gas adhesion is limited to the near-immediate surface and the pressure loss across the
thickness of the membrane is minimized. The adhesion can be further minimized by super-
aerophobicity deriving from the structural roughness of the material. [181] The illustration
in Figure 2.10b demonstrates the difference between the hydrophobic unmodified membrane
and the modified Janus membrane. In the case of the unmodified membrane, the air spreads
over the polypropylene surface as a film and is released in large bubbles. In the case of
the superaerophobic membrane, the bubbles are much smaller and release individually. The
adhesion force of the bubble to the membrane surface is related to the area in contact with
the membrane and is therefore proportional to sin(f). Aeration performed at a pressure of
1 psi on the pristine membrane and a Janus membrane prepared with 300 cycles of ALD at

0.015 s vapor exposure show the drastic difference in aeration, Figure 2.10c.

2.3 Conclusion

In summary, we have demonstrated the first asymmetric decoration technique to form Janus
membranes via atomic layer deposition. A hydrophilic AlsO3 wetting layer is grown on hy-
drophobic porous polypropylene to form Janus membranes. ALD processing parameters were
shown to precisely control the density and depth of coverage of the covalent and conformal
Alp O3 functionalization. This depth-controlled modification is a result of the sub-saturating
precursor exposure confined to only one side of the membrane, and diffusion-limited trans-
port of ALD vapors through the high-aspect-ratio pores. Using precise control of precursor
exposure, purge time, and number of ALD cycles, contact angle measurements demonstrated
an onset of wetting and hydrophilicity of the exposed surface across a range of conditions.
Physical masking also enables sharp “lateral” hydrophilic/hydrophobic interfaces along the
membrane face. We have used cross-sectional EDS mapping to show that the extent of the
AlyO3 pushes deeper into the membrane with increasing vapor pressures. We propose a

mechanism by which after relatively slow nucleation of AloO3 islands over the first 150-200
49



cycles, growth proceeds rapidly on nucleated AloO3 leading to a rapid onset of hydrophilicity
and a hydrophilic/hydrophobic interface within the membrane interior.

To show the utility of this asymmetric ALD technique in controlling the interfacial
properties of microporous membranes, we demonstrate that these Janus membranes can
dramatically reduce the size of pressurized air bubbles released into a column of water in
an aeration experiment. Thus, this ALD approach offers the ability to make a controlled
hydrophilic/hydrophobic interface within microporous membrane materials. The convenient
surface-terminated hydroxyl groups that make AloO3 hydrophilic also present a convenient
linkage site for macromolecular grafting or subsequent ALD with other functional oxides.
Future researchers can employ this diffusion-limited ALD technique to facilitate both in-

plane and depth control of functionalizations in porous materials across many applications.

2.4 Materials and Methods

Atomic Layer Deposition: Polypropylene membranes were purchased from Sterlitech Corpo-
ration. The purchased membranes were 47 mm in diameter and rated as having a 200 nm
pore size and a thickness of ~160 pym. These were stored in a vacuum desiccator to limit
adsorbed contaminants. The Janus modification to these membranes was conducted in an
Ultratech Savannah Atomic Layer Deposition Chamber. To ensure isolation of the reactant
gases to one surface of the membrane, the polypropylene material was placed between two
aluminum plates, with the top plate having holes of varying sizes bored through it. All ALD
treatments were conducted at 80 °C.

Contact Angle Measurements: Contact angle measurements were performed on
a dataphysics OCA 25 Contact Angle Measurement system. Distilled water was used as
the drop fluid, and a 1.0 pL drop size was used in all experiments. Contact angle images
were processed and analyzed using dataphysics SCA20 software module. Contact angle was
measured from the first stable frame with a stationary contact line as drops spread and were

partially imbibed. Captive bubble measurements were conducted in a glass cuvette filled with
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distilled water using a J-shaped syringe to deliver air. A 0.05 wt.% solution of Coomassie
Blue dye purchased from Sigma Aldrich used for visualizing membrane hydrophilization.

Scanning Electron Microscopy: The surfaces of the Janus membranes were imaged
using Carl Zeiss Merlin field-emission scanning electronic microscopy with an acceleration
voltage of 1 keV and a typical working distance of 2 mm. Samples were affixed to stubs
using copper tape and sputter-coated with 6 nm of carbon to mitigate charging.

Energy Dispersive Spectroscopy: Samples were prepared in cross section by sub-
mersion into liquid nitrogen for 1 min and then cracking along a notch prepared by a razor
blade. The cleaved edge of the broken membrane was adhered to the vertical edge of a SEM
sample stub using copper tape such that the Janus-modified side faced away from the sample
stub. The membrane’s broken edge was aligned to be flush with the lip of the stub wall.
The sample was coated with 12 nm of carbon to mitigate charging. EDS measurements were
conducted on a TESCAN LYRAS field-emission scanning electron microscope with an accel-
erating voltage of 10 keV and a working distance of 9 mm. EDS map spectra were collected
using two Oxford Instruments X-Max detectors and analyzed using the AZtec software
package. The EDS X-ray signal centered at 1.486 keV corresponding to the aluminum Koag
peak was mapped across the membrane cross section to generate a bit-map image of the
signal intensity. Mapping scans were taken at an image magnification of 1000x and at a
512 pixel resolution. The energy range and channel number were set to auto, and a process
time of 4 us and a pixel dwell of 50 us were used. The mapping scan data were binned along
the axis parallel to the membrane to generate 2D plots of Al density vs. position in the
membrane.

X-Ray Photoelectron Spectroscopy: XPS measurements were carried out on a
Thermo Scientific K-Alpha+ spectrometer using a microfocused monochromatic Al Ko (1487
eV) X-ray source with a spot size of 400 pm. Samples were mounted on the instrument’s
standard stage and affixed to copper tape to help dissipate charging from the insulating

(polymeric) samples. Additionally, a dual-beam electron flood gun (ultralow energy coaxial
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electron and Ar+ ion beam) was used for charge compensation during all surface analysis.
The instrument uses a 128-channel 180° double-focusing analyzer and energy ranges of 0-
1350 eV were swept for low-resolution surveys. High-resolution regions of interest (Cls, Ols)
were windowed off at the relevant binding energy range for the acquisitions. Mounted sam-
ples were evacuated on the sample stage mount in an isolated load-lock chamber until a base
pressure of 3 x 1077 Torr or lower was achieved and were then transferred via a pneumatic
transfer manipulator arm to the analysis chamber. Operational pressures in the analysis
chamber prior to analysis were typically (1-4) x 10 Torr and (2-4) x 1077 Torr with the
e-flood gun on during surface analysis. Autofiring titanium sublimation pump (TSP) fila-
ments and e-flood gun filaments were degassed prior to analysis. Processing of the spectra
was performed in Thermo Avantage (v. 5.977, Build 06436) postprocessing software and, if
necessary, charge correction of each spectrum was applied by referencing to the adventitious
Cls peak arising at 284.8 eV. Peak deconvolution of the high-resolution spectra (Cls, Ols)
was performed using the Powell fitting algorithm with mixed Gaussian—Lorentzian (~=30%
L/G) line shapes and a Shirley /Smart background.

Aeration Apparatus: Aeration was conducted using a custom-designed apparatus
constructed from a stainless steel body and an acrylic top-plate and tube. Screws provide
tension to seal the membrane between the acrylic and a Viton o-ring to deliver compressed

air through the membrane porosity into a 25 mL water column.
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CHAPTER 3
SEQUENTIAL INFILTRATION SYNTHESIS OF ALUMINUM
OXIDE IN POLYETHERSULFONE MEMBRANES

3.1 Introduction

Sequential infiltration synthesis (SIS) is a materials synthesis technique by which poly-
mers are infused with inorganic materials using alternating exposures to two chemical va-
pors. [19,32,49] SIS bears similarities to atomic layer deposition (ALD) in terms of req-
uisite equipment and available chemistries, but is qualitatively different. In SIS, the first
reactant pulse diffuses into the polymer film and interacts with functional groups along
the polymer chains, which are distributed throughout the polymer bulk. The initial nu-
cleation in SIS therefore only takes place in systems where association occurs between the
vapor precursor species and a moiety within the polymer. For instance, during AlsO3 SIS in
poly(methyl methacrylate) (PMMA), trimethylaluminum (TMA) interacts with the carbonyl
(C=0) groups in PMMA via an intermediate complex to form a non-covalent adduct. [42-44]
Subsequent HoO exposure converts this species to AloO3. The associations between polymer
functional groups and organometallic vapors and the resulting kinetics of the SIS process are
sensitive to temperature. [45,47] Polymer free volume, glassiness, and crystallinity are also
understood to play a role in the diffusion-reaction kinetics of SIS. [20,182] SIS will not take
place in non-polar polymers such as polystyrene (PS), which lack functional groups that can
associate with the precursor species. [41] In subsequent cycles, SIS takes place on the already
nucleated inorganic materials (e.g., AloO3) in addition to any remaining amenable functional
groups on the polymer backbone. The inorganic material loading within the polymer can
be tuned by parameters including precursor dosage, purge time, temperature, and number
of SIS cycles.

Polymers infiltrated with inorganic materials via SIS have found a number of

applications in recent reports, as highlighted in Table 1.1. Two major categories of SIS
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implementation have been realized. In the first category, the polymer serves as a spatial
template for nanoscale oxide feature synthesis, and the polymer template is subsequently
removed by plasma etching or burn-out at high temperature. In the second category, the
polymer is retained and the resultant hybrid polymer-oxide nanocomposite is utilized.

In the first category, polymer resists such as SU-8 can be patterned via conven-
tional lithographic techniques to define features for oxide infiltration. [28, 106] Ultrathin
arrays of ZnO nanowires fabricated in this way have been used as photodetectors. [65] Litho-
graphic limits can be overcome by using block copolymers (BCPs), which self-assemble into
nanoscale patterns (spheres, lamellae, cylinders, etc.) with dimensions dictated by molecular
weight and penalty of mixing between blocks. [183] The chemical incompatibility between
the two blocks enables selective SIS in BCPs. In BCPs, one block, such as PS, does not
associate with the precursor species, whereas the other block, such as PMMA or poly(vinyl
pyridine) (PVP), [52] does associate. After reaction of the associated precursor, and after all
organics are subsequently removed, nanostructured oxides replicating the SIS-active block
morphologies remain. BCP-derived oxide nanostructures fabricated via SIS have found util-
ity as lithographic hard masks, [95] anti-reflective coatings, [73,74] and isoporous membranes
for protein separations. [76]

In the second category, SIS has been used to form polymer-oxide nanocomposites
for enhanced lithographic applications. AlsO3 and ZnO have been used to enhance the etch
resistance of electron beam lithography resists for high-aspect-ratio pattern transfer. [93,100]
Such nanocomposites have interesting mechanical properties—incorporation of ZnO by SIS
into lithographically defined polymer pillars yielded nanocomposites with ultra-high mod-
ulus of resilience. [87] SIS of AlyOgz into polyethylene terephthalate fibers has also been
demonstrated to improve mechanical properties and introduce photoluminescent functional-
ity. [182,184] SIS has been used to introduce hydroxyl groups to serve as linkages for grafting
chemistry in porous polymeric materials. This functionalization scheme was recently used to

convert conventional polyurethane sponges into selective and reusable oil adsorbents. [63,64]
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SIS has also found use in the otherwise challenging three-dimensional characterization of
BCPs. To achieve this, SIS is used as a contrast stain for the PMMA blocks in PS-6-PMMA
to generate tomographic transmission electron microscopy maps. [57]

The work in this chapter details the expansion of the expansion of the library
of SIS-modified polymer nanocomposites to a previously undescribed polymer system —
polyethersulfone (PES). [77] . The chemical formula of PES and the microporous structure
of a typical ultrafiltration membrane formed via phase inversion from PES are displayed in
Figure 3.1. PES is a hydrophilic polymer extensively used in ultrafiltration; it is desirable
for its high-temperature stability and mechanical strength imbued by its aromatic sulfone
linkage. [185] There exists a wide literature of modifications to PES membranes to improve
performance and lifetime, well-reviewed in the following references. [186,187] Inorganic ma-
terials such as AlgO3 have been introduced into PES membranes by a number of techniques.
The simplest of these is adding oxide nanoparticles to the polymer solution that is then
cast to form a membrane. [188-190] Inorganic oxides can also be added to pre-cast extant
membranes, for example, by hydrothermal sol-gel methods. [191] In these processes, the
resulting coverage over the pore surface is inconsistent, and pores can be blocked by the
post-deposition of materials.

Vapor phase processes, such as ALD, provide the possibility for a conformal coating
of inorganic oxides on the complex and tortuous pore surfaces of polymeric membranes, thus
limiting pore blockage. [112,171,192] ALD was first demonstrated on flat PES films via a
plasma-enhanced AlyOg process. [193] ALD TiO9 coating of porous PES membranes has
been demonstrated using various precursors. [194,195] In the context of these reports, we
have explored the interactions between TMA and the PES functional groups in the first PES
SIS process. Whereas ALD-treated membranes have conformal metal oxide coatings that
begin in the near-surface of the polymer, SIS-treated membranes are a hybrid nanocomposite
directly templated by the initial PES template. SIS has been performed on a polycarbonate

membrane that was then simply calcined to demonstrate the penetration depth of the process.
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Figure 3.1: The chemical structure of PES is shown over an SEM image of the surface of a
typical PES membrane formed via phase inversion with a 200-nm average pore size.

[42] In the work presented in this chapter, SIS is intentionally applied to membranes to
explore how hybrid nanomaterial phase-inversion membranes can be achieved.

We use in situ Fourier-transform infrared (FTIR) absorption spectroscopy to eluci-
date the mechanism by which TMA interacts with PES. In situ FTIR enables detailed study
of the interaction chemistry by measuring the distinct vibrational frequencies absorbed by
the SIS precursor vapors, the polymer functional groups, and the solid-phase products of
their interactions. [41] These measurements provide evidence for the complexation of TMA
with the S=0 sulfonyl groups in the PES. The conclusions drawn from FTIR are supported
by density functional theory (DFT) calculations. We also use in situ spectroscopic ellipsom-
etry to track changes in the optical properties of the PES film during the SIS process, from
which we infer changes in thickness and refractive index. The effects of SIS processing on
the resulting nanocomposite film are further studied by depth-profiled x-ray photoelectron
spectroscopy (XPS) to show how the AloO3 loading in the polymer can be controlled by the
choice of purge time.

Following these mechanistic studies, we performed AloOg SIS on commercial PES

membranes formed via phase inversion. Pure water flux measurements reveal a modest re-
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duction in flux in both SIS- and ALD-modified membranes, which can be attributed to pore
constriction. In ALD, pore constriction occurs by the deposition of material on the pore
surface, while in SIS the pore itself shrinks as the polymer is swelled by the infiltrated oxide.
These findings demonstrate that SIS modifies the polymer bulk, whereas ALD only affects
the near-surface of the polymer material. Plane-view and cross-sectional energy dispersive
spectroscopy (EDS) measurements were performed on the SIS- and ALD- modified PES
membranes. Notably, membranes treated with three SIS cycles and 50 ALD cycles have
a similar AlpO3 loading. Moreover, cross-sectional EDS measurements of the SIS-treated
membrane showed uniform Al concentrations throughout the entire PES membrane thick-
ness, while similar measurements of the ALD-treated samples showed high Al concentrations
near the surface but virtually no Al in the middle. These differences stem from the differ-
ent timescales of vapor exposures between the two methods, [167,196] and highlight the

sensitivity of polymeric substrates to vapor modification conditions.

3.2 Results and Discussion

3.2.1 In situ F'TIR spectroscopy

The absorption of TMA in a PES film was first studied by recording FTIR spectra after
sequential 10 s pulses of TMA. To avoid growing AloOg on the IR-transparent KBr windows,
gate valves between the SIS and chamber were closed during the 10 s SIS precursor exposures
and the 30 s purges. Including the time needed to record the spectra, ~ 110 s of TMA purge
and out-diffusion occurred between each TMA dose. The PES absorption spectrum shown
in black at the bottom of Figure 3.2a has been reduced in scale relative to the other spectra
for clarity. The main peaks in the PES absorption spectrum are listed in Table 3.1, and the

assignments are based on previous infrared studies of PES and related compounds. [197-199]

Figure 3.2a displays the difference spectra between sequential doses that have
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Table 3.1: PES vibrational features and assignments

Peak Position (cm™') PeakAssignment [197-199]

1483 Aromatic C=C stretch
1322 Asym O=8=0 stretch
1297 Asym O=S=0 stretch
1241 C-0O-C stretch

1149 Sym O=S=0

1105 Aromatic ring vibration
1071 Aromatic ring vibration
1011 Aromatic ring vibration

been offset vertically for clarity. The spectra are referenced to the initial PES absorption
spectrum in bold at the bottom of the figure. Consequently, positive-going peaks indicate
newly created species, while negative-going peaks indicate species consumed during the TMA
exposure. The blue-shaded regions highlight the C—H stretching region for Al-CHg at 2923
cm™ and the C—H rocking features for Al-CHsg at 700 cm™. [43,44,200,201]

These features are consistent with TMA absorbed within the PES film. Relatively
large increases in the intensity of C—H stretching and rocking regions appear during the first
TMA exposure, but these changes diminish with additional TMA exposure and saturate
after ~60 s. Figure 2b shows the normalized integrated intensities of these spectral regions
versus TMA exposure time, and demonstrates that the C—H stretching and rocking features
follow the same absorption kinetics, as expected for features deriving from the same chemical
species. The other features in the spectra will be discussed later in the context of the TMA
+ PES interaction mechanism.

Following this cumulative 90 s TMA exposure, spectra were collected every 5 min
during a continuous TMA purge period to observe any changes in the concentration or bond-
ing of the absorbed TMA. Difference spectra for this sequence are plotted in Figure 3.3 and
show the gradual reduction in intensity for the C—H stretching and rocking features. Inte-
gration and normalization of these peaks (Figure 3.2c) reveals that TMA is slowly released

from the PES on a timescale ~100x slower compared to the uptake of TMA. After 40 min
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of purging, ~70% of the integrated absorption intensity is lost, corresponding to ~30% of
the initial saturated TMA retained in the film. The film was then quenched with a water
pulse to complete one SIS cycle, the spectral features of which are discussed later.

Following this initial AlyOg SIS cycle in the PES film, four additional TMA /HoO
SIS cycles were performed. Each SIS cycle consisted of a 60 s TMA exposure, 60 s purge, 60
s HoO pulse, and another 60 s purge. FTIR spectra were recorded after each TMA and HoO
purge. Figure 3.4a shows difference spectra in the high-frequency region after each exposure
referenced to the initial PES film. The C-H stretching peaks at 2923 cm™ appear with each
TMA exposure and are extinguished with each water exposure. Presumably, HoO reacts
with the infiltrated TMA species and generates methane, which diffuses out of the polymer.
This spectral change diminishes with additional SIS cycles so that after four SIS cycles the
spectrum no longer appreciably changes. This most likely results from a constriction of
the PES free volume diffusive pathways required for TMA and H2O to reach reactive sites.
Figure 3.4b shows difference spectra in the low frequency region of successive HoO exposures
referenced to the initial PES film. The feature centered at 800 cm™ is the broad Al-O
phonon mode of AlyO3. [202] This peak continues to increase over the first three SIS cycles,
but flattens as less new AlsOg3 is grown with each cycle. This supports the hypothesis that
SIS continues for approximately three SIS cycles and then slows drastically as nucleation is
replaced by ALD-like growth on metal oxide surfaces.

While the preceding discussion focused primarily on the TMA Al-CHg peaks in
order to understand the kinetics for TMA absorption and desorption and the effects of
multiple cycles, a close examination of the changes in the PES vibrational features upon TMA
absorption can yield additional insights into the mechanism of the TMA-PES interaction.
Figure 3.2a shows significant changes in the 1000 and 1500 cm™ regions upon TMA exposure.
These changes are highlighted in Figure 3.5. The reference PES spectrum at the bottom of
Figure 3.5 shows peaks at 1483 cm™! (aromatic C=C stretch), 1322 and 1297 (asymmetric

S=0 stretch), 1241 (asymmetric C-O-C stretch), 1149 (symmetric S=0O stretch), and at
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PES monomer.
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1105, 1071, and 1011 em™ (aromatic ring modes). These peaks have been color-coded in
Figure 3.5 to highlight the C—C (green), S=0 (red), and C-O (blue) modes.

Following 90 s of TMA exposure (black spectrum), both positive- and negative-
going features emerge corresponding to the creation and consumption of IR-absorbing species,
respectively. The largest of these changes corresponds to an intensity loss of ~ 4%, suggest-
ing that TMA occupies 4% of the available sites. In the case of the lower frequency aromatic
ring modes, only positive peaks are seen. For the S=0 modes (red), we see negative peaks
indicating a loss of absorbance at this frequency, accompanied by a positive peak at ~ 25
cm™! lower frequency, which indicates the S=O modes lose electron density by forming an
adduct (i.e., red-shifted) with the TMA. Conversely, for the C-O peak at 1241 cm™" (blue)
and the 1483 cm™ aromatic stretch, there is a negative feature accompanied by a positive
peak at 10-30 cm™! higher frequency (blue-shifted). We note that all of these changes are
reversible upon prolonged purge as evidenced by the orange trace in Figure 3.5 recorded fol-
lowing 40 min of purging. This spectrum is referenced to the spectrum recorded after TMA
exposure (black spectrum), and is essentially a mirror image indicating that all the changes
are full reversed under sufficiently long purging. Based on previous in situ FTIR studies of
the interaction between TMA and PMMA, [43,44] we attribute the spectral changes to the
S=0 peaks to the formation of a weakly bound intermediate complex that weakens the S=0

bond thereby shifting it to lower frequency:

Al(CH3)3+S =0+ S=0---Al(CH3)3 (3.1)

Similarly, the blue-shifted C-O peaks result from TMA physisorbed to the oxygen
atoms on the ester groups, and the blue shift is a consequence of a resonance effect. [203] As
indicated in Equation 3.1, the physisorbtion is reversible, and this results in TMA desorption
to reform the S=O species so that the spectral changes reverse. It is not as clear why the

low-frequency ring modes increase upon TMA exposure, but these changes are also reversed

62



06 — — T T T T T T " 1

——Before SIS
0.5 - | ——After 1 Cycle SIS (x100) )

04 1

Absorbance (AU)

_01 | 1 | 1 | 1 | 1 | 1 | 1 1 1
1500 1400 1300 1200 1100 1000 900 800

Wavenumbers (cm-1)

Figure 3.6: FTIR spectrum prior to SIS (red) showing the PES peaks, and following a
complete AlsO3 SIS cycle (blue) referenced to the red spectrum. The blue spectrum has
been scaled by 100x, and the negative going peaks represent functional groups in the PES
film that were consumed during the AloOg SIS process

during the purge step.

A DFT simulation of an isolated PES monomer and TMA molecule was performed
to see if the proposed weakly bound intermediate proposed in Equation 3.1 is energetically
plausible. These simulations show that there is indeed an attractive association related to
the sulfone groups of the polymer. The inset in 3.5 shows the equilibrated configuration with
a calculated binding free energy of 0.64 eV. This simulation supports our hypothesis that
one SIS interaction pathwas between TMA and PES is qualitatively similar to that between
TMA and the carbonyl PMMA, albeit with a different binding strength. [36,43, 44]

Figure 3.6 shows an FTIR spectrum of the PES before SIS (red) and following the

HsO exposure of the first SIS cycle (blue, scaled by 100x) referenced to the PES spectrum.
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We note that there is a net decrease in the intensity of all the peaks described above in the
context of the weakly bound intermediate. The magnitude of these changes is ~ 1% of the
initial spectral intensity, indicating that ~ 1% of the S=0 bonds are permanently broken
because of the SIS. We attribute this behavior to the formation of AloOg in the bulk of the
PES, where some of the methyl groups from the TMA remain bound to the S or to the
aromatic ring. Residual methyl groups bound to carbon atoms in the aromatic rings would
account for the net loss in intensity of the aromatic ring vibrational features following SIS.

Another significant feature in Figure 3.6 is the loss of signal at 1231 cm™!, repre-
senting the C-O—C aryl ether stretch. In a study of TMA and polyethylene oxide (PEO),

1 Wwas ascribed to

which is composed of C-O—-C bonds, a loss of absorption at 1100 cm”
TMA cutting ether bonds at that position. [42] Although much of the intensity drop at 1231
cm! during the TMA exposure is recovered during the subsequent purge, we do observe a
net decrease following the HoO exposure in Figure 3.6. This indicates that C-O-c serve as
nucleation sites for the AloOg SIS in PES in addition to the S=O sites.

These FTIR measurements confirm that TMA associates with the sulfonyl and aryl
ether groups of the PES polymer in a qualitatively similar way to the association with the
carbonyl and ester groups of PMMA. These data enable mechanistic comparisons between
SIS in PES and PMMA, though comparisons of the binding strength and extent of reaction
are complicated by the different glass transition temperature, polymer free volume, and
TMA solubility and diffusivity in different polymers. [20,21] The saturation/purge study
presented shows an equal rate of association/dissociation between the proposed interactions,
as the peak shifts recover identically. Further temperature studies of this process could
reveal whether these different sites of association along the PES backbone have different

energetics. Studying longer purge times could also provide evidence for the direct conversion

of PES-TMA complexes into covalent bonds.
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Figure 3.7: In situ spectroscopic ellipsometry data fit to a Cauchy model yields a dynamic
view of film thickness and refractive index throughout TMA exposure, purging, and HoO
exposure in a SIS process. The plotted sequence tracks a first 5 min TMA exposure (I)
followed by a 25 min purge (II), followed by a second 5 min TMA pulse (III), a 3 min purge
(IV), and a 5 min quenching water exposure (V)

3.2.2  In situ spectroscopic ellipsometry and depth-profiled XPS

measurements

A challenge inherent to kinetically controlled SIS process design is that any of a number
of environmental factors can influence the extent of precursor infiltration and partially re-
versible removal, which alter the hybrid material product. In order to gain insight into this

complexity, dynamic in situ measurements of the film must be made during the SIS process.

Figure 3.7 shows in situ ellipsometry data tracking the thickness and refractive
index over a 5 min TMA exposure, followed by a 25 min purge. This sequence reveals
an initial film thickness of ~ 60.5 nm with an index of refraction at 538 nm of 1.67. As

TMA is introduced into the chamber, the film undergoes rapid swelling over the first ~ 40
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s followed by much slower saturation. This is similar to the saturation time observed via
FTIR measurements, though differences in the chamber set-up and exposure sequence limit
the value of direct comparison of the respective rates. The refractive index was observed to
decrease in tandem with the film thickness increase. This suggests that TMA absorbed by
the film swells the material much like a typical organic solvent and reduces the film density.
At the end of the 5 min exposure, the film thickness increased by 50.0% to 90.8 nm, and
the index of refraction decreased by 4.2% to 1.59. As the TMA is purged, the thickness and
refractive index partially recover as TMA diffuses out of the polymer film. After 25 min of
purging the film, thickness decreased from the saturated thickness of 90.8 nm by 29.7% to
63.8 nm. At an equivalent point of purging in the FTIR measurements, the film had lost
~ 40% of the absorbed TMA as measured by C-H peak intensity. Study of extended purge
times using this technique and in situ FTIR may reveal irreversible association of TMA
with PES. The precise relationship between the degree of TMA association with polymer
functional groups and the swelling of the film is unclear and also merits further study.
Following the 25 min purge, the PES film was exposed to another 5 min of TMA
vapor to saturate it once again. In this second exposure, the film reached a slightly higher
maximum of thickness of 91.1 nm with a corresponding refractive index of 1.60. The slightly
higher refractive index of the film upon a second saturation suggests a denser film, but the
thickness is incrementally higher. This shows how sensitive polymer films are to precursors
such as TMA and how important sample history is in the SIS process. Changes in chain
conformation and polymer free volume that may occur during the first TMA infiltration can
be retained even after TMA leaves, as the polymer is well below its glass transition tem-
perature. These effects may change how TMA can infiltrate into the polymer in subsequent
exposures. As Figure 3.7 shows, the sample was then purged for 3 minutes. The thickness
decreases, and the refractive index increases, as the film densifies in the same way as during
the first purge. The film is quenched with a 15 s water pulse held in exposure mode for 5

minutes. An abrupt change in the ellipsometry data is observed, the refractive index drops
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Figure 3.8: Percentage increase in PES film thickness as measured by in situ spectroscopic
ellipsometry (black) and averaged aluminum concentration as measured by depth-profiled
XPS (blue) versus TMA purge time following 6 min TMA exposure.
to 1.56, and the thickness drops to 67.2 nm. The thickness decrease with water exposure is
not instantaneous, but is rather a very rapid decay over several seconds. This may be at-
tributed to the simultaneous infiltration and reaction of the water, as well as the liberation
of gas-phase products such as methane that diffuse out of the film. The rapid change in
refractive index occurs with the formation of solid-phase AlsOs. Future studies employing
more sophisticated models than a single Cauchy layer may reveal further insights into how
the polymer-inorganic nanocomposites evolve throughout the SIS process.

Figure 3.8 shows the different percentage gains in thickness for equivalent 60 nm
thick PES films that were exposed to TMA for 5 min and then quenched with water after 15
s, 1 min, and 10 min purges. Figure 3.8 shows the resulting average aluminum content in the
three films as measured by depth-profiled XPS measurements. These data were constructed
by averaging the aluminum content measured after each incremental etch. Elemental dis-
tributions of these films are included in Figure 3.9. An unprocessed PES film was found to
have a uniform distribution of 0.7% Al composition, which was attributed to aluminum con-
tamination of the XPS tool. The uniformity of the aluminum and oxygen features observed

across 60 nm demonstrates that the TMA dose and exposure used in the experiment was
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Figure 3.9: Depth-profiled elemental composition of hybrid PES-AlyO3 films generated via

control

15s

100 100
® ®
5 o 5 =
S 5o g
g ® g
8 8
3 3
S w T ow
5 H
H 5
® 204 -
04 o
2 s 100 130 20 250 0 % o 150 20 20
etch time (s) etch time (s)
100 100
® =
5 w 5 @
2 H
g 40 g
g% g %
8 8
2w g w
5 5
5 5
T 2 @ 20
o o

0 50

100 10 200

etch time (s)

XPS measurements vs. etch time.

Figure 3.10: O 1s and Al 2p peaks of pristine PES and SIS-modified PES film (one minute
purge) surfaces. The introduction of signal at the Al 2p region and of the O 1s Al-O confirms

the presence of AlpOs.

0 50

0o 150 200

etch time (s)

Pristine PES SIS — 1 min purge
Ois O1s
5 2x10% ——m
x10° —o— Raw Data —o— Raw Data
- --01s(S-0) 1x10 - - -01s(S-0)
1x10° 01s(C-0) 0 1s (C-0)
Background| 1x10% - -0 1s (A-0) 5
810 - FitEnv. . - - Background| H
3 — 3 10" Fit Env. B
© . ~ 4
& 1 & axio* 1Y
] © ¥
4x10° 6x10* L
_— 4x10° ik
2x10* g2 =L
o
0
545 540 535 530 525 520 545 540 535 530 525
Binding Energy / eV Binding Energy / eV
Al2p Al2p
; ox10* —o—Raw Data
o o L Ao afo)
- Background
x
. 3x10°
3
o X}
a0
2
O, 2x10°
210°
1x10°

80 % 70 65
Binding Energy / eV

68

80 75 70 65
Binding Energy / eV




sufficient for the TMA vapor to diffuse fully into the film to result in a nearly uniform distri-
bution. The 60 nm thickness of the initial PES film is significantly shorter than the diffusion
depth of TMA under the selected processes conditions. In the limit of a bulk polymer film,
one would expect the infiltrated oxide to have a decreasing concentration profile deeper in
the film as a consequence of diffusion limitation. Figure 3.10 compares the oxygen 1s peaks
from 530 to 535 eV and the aluminum 2p peak at 74.7 eV, showing the control PES film
and the 1 min purge SIS sample. The introduction of a peak at 531.45 eV represents the
inclusion of contributions from the Al-O bonding environment. Likewise, the Al 2p peak is

completely absent in the unmodified PES film.

3.2.8 SIS in Porous PES Ultrafiltration Membranes

In order to demonstrate the implementation of SIS into membranes, a commercially available
UF product was used. Figure 3.11 shows pure water flux data of membranes prepared by a
typical SIS recipe and a typical ALD recipe normalized to the flux through an unmodified
control membrane. Even over the short timescales of the ALD recipe, TMA will infiltrate
into the PES. In amenable polymers, ALD recipes may be thought of as extremely brief SIS
recipes. At ALD timescales, the infiltrated depth is limited to the immediate subsurface of
the polymer. All the treated membranes show a decrease in flux relative to the as-received
PES membranes, which were measured to have a pressure-normalized flux of 1458 L-h™l-
m 2-barl. Notably, a similar reduction in flux was observed between 50 ALD cycles and 3
SIS cycles. More ALD cycles caused a more precipitous decline in flux than increased SIS
cycles as described below.

Moderate ALD loading of membranes with metal oxides has been reported to in-
crease their pure water flux. [112] In that example, a hydrophobic polypropylene membrane
was treated, and the hydrophilic oxide surface lent a significant flux increase. Such con-
formal treatments lead to a balance between pore size reduction and enhanced fluid flow.

For example, in the treatment of ceramic membranes with ALD N-doped TiO9, which is
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Figure 3.11: Pure water flux measurements of both ALD- (right plot) and SIS-modified (left
plot) membranes reveal the continuous decline of flux with increasing ALD cycles and the
stabilization of flux decline once five SIS cycles are reached.

extremely hydrophilic under light exposure, an initial flux increase is observed at low cycle
numbers because the surface enhancement outweighs pore constriction. [164] However, with
more cycles, pore constriction will ultimately outweigh the enhanced surface. [192] The PES
membranes in this study are initially hydrophilic — PES is generally considered a high-flux
membrane material. Therefore, AloOg is not intended nor expected to impart a significant
hydrophilicity improvement to the membrane.

The flux decline in the modified membranes is attributed to the constriction of
the pore volume due to the introduction of AlyOs. The fact that many ALD cycles are
required to achieve similar flux declines to only a few cycles of SIS highlights the subsurface-
limited reactions that take place with ALD recipes compared to the bulk infiltration of
polymer that is possible with SIS processing. This phenomenon explains the sensitivity of
flux to the first five SIS cycles. The polymer continues to swell as active sites are consumed,
which constricts the membrane pore volume significantly. After five cycles, the membrane
is sufficiently swollen with AloOg that infiltration ceases, either because sites within the
polymer are consumed or are inaccessible due to the oxide formed in previous cycles. AloOg
deposited in SIS cycles after this occurs may be limited to the surface or interfaces of the
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already infiltrated oxide, leading to a significantly reduced material gain per cycle. The ALD-
processed membranes show a roughly linear flux decline with number of cycles, consistent
with minimal infiltration into the polymer. We therefore infer from the flux decline that
pores are gradually shrunk by AloO3 surface growth layer-by-layer outward from the pore
wall.

Elemental analysis by EDS was conducted to probe the incorporation of AlsOg
into the membrane. Figure 3.12a shows EDS spectra of the top surface of pristine membrane,
7 SIS cycles, and 600 ALD cycles. Notably, the Al peak at 1.486 eV is absent in the pristine
polymer and emerges in the processed polymer. Figure 3.12b shows a close-up of the Al peak.
The peaks of 3 SIS cycles and 50 ALD cycles are similar, much like how they exhibit similar
levels of flux decline. EDS maps of the cross-sectional distribution of AlsOs in pristine, 3
SIS, and 50 ALD cycles are shown in Figure 3.12c. The distribution of the SIS samples is
uniform throughout the membrane thickness, whereas the 50 ALD cycle membrane shows a
slight decrease in signal at the center of the membrane. This asymmetry is a function of the
short exposure doses conducted in the ALD process. The highly tortuous and high-aspect-
ratio pore paths in UF membranes can lead to diffusion-limited deposition. [123,167, 172]
This asymmetric deposition may be a desirable feature in certain applications, such as in
the formation of Janus membranes described in the previous chapter. [196] Such asymmetry

may be avoided by lengthening the timescales of vapor exposure within the ALD regime.

3.3 Conclusion

This chapter explores the sequential infiltration synthesis of trimethylaluminum into a pre-
viously undescribed polymer system, polyethersulfone, which is widely used in membrane
filtration. In situ FTIR of TMA in-diffusion and out-diffusion of this system identified the
nature and kinetics of an attractive interaction between the TMA and the PES moieties,
which leads to slow out-diffusion via reversible complex breaking as observed in other suc-

cessful SIS-polymer systems. Investigations of the spectral shifts caused by TMA confirm
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Figure 3.12: EDS spectra of the top surfaces of PES membranes: (a) pristine, seven cycles
SIS, and 600 cycles ALD demonstrate the appearance of an aluminum peak at 1.486 eV;
(b) the Al EDS peak increases continuously with ALD cycles but saturates after five SIS
cycles. Three SIS cycles and 50 ALD cycles yield similar intensities. (c) Cross-sectional EDS
line scans reveal a uniform aluminum signal following three SIS cycles. In contrast, 50 ALD
cycles show high Al EDS signals at the edges but no change from the uncoated membrane

signal at the center, consistent with diffusion-limited coating.
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that the sulfonyl moiety in PES behaves similarly to the carbonyl in PMMA. Both act as
Lewis basic sites that can complex with the Lewis acidic TMA. These insights into the chem-
ical interactions between vapor precursors and PES are supported by in situ ellipsometry
measurements that reveal the kinetics of infiltration, saturation, and out-diffusion on the
seconds time-scale. The thickness change of PES films, along with the aluminum content
of these films as measured by depth-profiled XPS, confirm the strong role that purge time
plays in the resulting polymer-metal oxide hybrid nanocomposite, especially in the short-
purge time limit. Insights gained from this characterization are applied to PES ultrafiltration
membranes to demonstrate SIS in a highly tortuous networked system. The loading of oxide
per cycle is inferred to be much higher over the first five cycles of SIS than in subsequent
cycles, as the pure water flux through the modified membrane declines and then stabilizes
due to pore constriction. A similar intensity in EDS signal between 3 SIS cycles and 50
ALD cycles highlights the efficient bulk infiltration of SIS in contrast to the surface-limited
nature of ALD. PES membranes infiltrated with metal oxides by SIS can enable the stable
grafting of other molecules throughout the pore volume of the membrane, introducing new

functionalities for advanced filtration applications.

3.4 Materials and Methods

Sample Preparation: PES polymer pellets (My = 58 kg/mol) were purchased from Goodfel-
low Cambridge, dissolved in dimethyl formamide (DMF) at a 4 wt.% solution and spin-coated
at 3000 rpm to achieve a ~ 150 nm film. The polymer was spun onto double-sided polished
undoped intrinsic silicon wafers to minimize IR absorption by the substrate. The samples
were prepared in an argon-filled glovebox, as spin-coating in air was found to yield rough
and inconsistent films due to non-solvent-induced phase separation via ambient humidity.
In situ FTIR spectroscopy: In situ FTIR measurements were performed using a
Nicolet 6700 FTIR spectrometer (Thermo Scientific) interfaced to a custom ALD reactor.

[204] Each FTIR spectrum represents an average of 64 scans taken at 4 cm™! resolution over
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the 400-4000 cm™ spectral range, and the signal intensity was calculated as an absorbance.
FTIR measurements were conducted at a constant temperature of 110 °C. The PES-coated
substrates were allowed to equilibrate in flowing, ultrahigh-purity (99.999%) N9 using a 300
sccm flow rate at 3.5 Torr pressure within the heated reactor for 2 hr before the beginning of
the experiment. A long bake in the chamber was used to drive off solvent, as residual Lewis-
basic solvents such as DMF have been shown to play a potential role in SIS nucleation. [54]

Density functional theory: DFT calculations were performed using Gaussian 09
software. [205] Isolated polymer fragments and TMA precursor were first geometrically op-
timized at the B3LYP/6-31G(d,p) level to ascertain their equilibrium free energies. The two
species were then optimized in proximity to search for potential weak-binding interactions.
Energy differential between any such bound species and the isolated fragments provides an
approximation for the potential energy well of the complex.

In situ spectroscopic ellipsometry: PES films with a thickness of 60 nm were spin-
coated onto silicon wafer pieces from a solution of 2.5 wt.% polymer in DMF in a glovebox.
In situ spectroscopic ellipsometry was performed using a J. A. Woollam M-2000 V with
spectral range of 380-1000 nm at a fixed angle of 70° interfaced to an Ultratech Fiji ALD
Chamber. Ellipsometric spectra were collected through Ar-purged windows every 2.5 s. PES
samples were introduced into the chamber and held at the process temperature of 110 °C for
45 min prior to beginning the SIS process to remove any residual water or other solvents. A
15 s TMA pulse followed by 5 min of exposure (valve to exhaust pump closed) was performed
to saturate the film with TMA. After this exposure, the pump valve was opened to purge
the chamber for a controlled duration. Following this purge step, an identical water pulse,
exposure, and purge were conducted, completing the SIS cycle.

X-ray photoelectron spectroscopy: XPS surface analysis measurements were car-
riedout on a Thermo Scientific K-Alpha+ using a micro-focused monochromatic Al Ko (1487
eV) x-ray source with a spot size of 400 pym. Samples were affixed to the transfer stage mount

using Cu clips, and depth profiling measurements were performed with an Art bombard-
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ment voltage of 3 keV (low-current) with 5 s per sputter cycle and corresponding effective
etch rate of ~ 0.25 nm/s. Raster area of the depth profiles was 2 x 2mm? (effectively 5x the
x-ray spot size) wide-scan surveys, and high-resolution XPS snapshots for the Al 2p, O 1s,
C 1s, Si 2p, and S 2p regions were collected after each sputter cycle, and 100 sputter cycles
(500 s total sputtering time) were performed on each sample. Batch fitting and processing
of the HR-XPS snap- shots were performed in Thermo Advantage 5.977 software, and mixed
Gaussian—Lorentzian peak shapes were used in all fitting routines in the aforementioned
regions of interest. Due to overlap of the S 2p region with the Si 2s plasmon loss peak at
the interface (~ 162-165 eV) and closer to the substrate, the S 2p signal was normalized to
the depletion rate of the O 1s signal at the interfacial regions of each sample (~ 130-150 s).
Because of this overlap, the S 2p region could not be con- strained to a particular binding
energy value in the batch-fitting process without also including the Si 2s signal.

Membrane Fabrication: Both SIS and ALD of the PES membranes were performed
on a Veeco/Cambridge Nanotech Savannah ALD Chamber held at 110 °C. Membranes were
held at the process temperature for at least 20 min to drive off moisture. ALD processes
were conducted in flow mode with a single cycle consisting of a .015 s TMA pulse, a 10 s
purge, a .015 s HoO pulse, and a 10 s purge. The number of cycles performed ranged from
50 to 600. SIS processes were conducted in exposure mode, using a stop valve to keep the
reactants in the chamber. A 1 s dose of TMA was held in the chamber with a closed stop
valve for 5 min, followed by opening the stop valve for a 30 s purge and a 4 s water pulse
with 5 min exposure with close stop valve. Membranes were prepared with 1, 3, 5, and 7
SIS cycles. The membranes were suspended above the base of the ALD chamber by securing
them between glass slides at both edges. This allowed for unhindered vapor flow on both
faces of the membranes.

Dead end filtration: Flux measurements were taken using an Amicon Stirred Cell
Model 8010 using nitrogen gas at a pressure of 10 psi using reverse osmosis-treated water.

Permeate was collected in a beaker on a balance, and a Labview program collected the mass
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of permeate over time. Three samples at each condition were measured a total of three
times, and the average flux normalized by pressure was calculated according to the following

equation:

F AV
P AtAP

(3.2)

F is flux, V is volume of permeate, t is time, P is the transmembrane pressure, and A is
membrane area. An effective membrane diameter of 25 mm was used in this calculation, and
the results were converted to L-h™t-m™2-bar'l.

Energy Dispersive Spectroscopy: Membrane samples for elemental analysis were
prepared in cross-section by submersion into liquid nitrogen for 1 min and then cracking
along a notch prepared by a razor blade. The cleaved edge of the broken membrane was
adhered to the vertical edge of a SEM sample stub using copper tape such that the top
face of the membrane in the ALD chamber side faced away from the sample stub. The
membrane’s broken edge was aligned to be flush with the lip of the stub wall. The sample
was coated with 4 nm of carbon to mitigate charging. EDS measurements were conducted on
a TESCAN LYRAS field-emission scanning electron microscope with an accelerating voltage
of 10 keV and a working distance of 9 mm. EDS map spectra were collected using two Oxford
Instruments X-MaxN detectors and analyzed using the AZtec software package. The EDS x-
ray signal centered at 1.486 keV corresponding to the aluminum Ka; peak was mapped across
the membrane cross-section to generate a bit-map image of the signal intensity. Mapping
scans were taken at an image magnification of 95000x and at a 512-pixel resolution. The
energy range and channel number were set to auto, and a process time of 4 us and a pixel
dwell of 50 us were used. The mapping scan data were binned along the axis parallel to the

membrane to generate 2D plots of Al concentration versus depth.
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CHAPTER 4
SEQUENTIAL INFILTRATION SYNTHESIS OF
ELECTRONIC MATERIALS: GROUP 13 OXIDES VIA METAL
ALKYL PRECURSORS

4.1 Introduction

Sequential infiltration synthesis (SIS) enables inorganic hard or hybrid hard/soft materials
to be rapidly fabricated from polymer templates with exquisite microstructural organization
and complexity. [29,206] SIS enables the selective synthesis of robust metal oxides within
polymers based on the association of volatile metal-organic precursors with Lewis basic
functional groups found within select polymer classes. This distinguishes SIS from traditional
atomic layer deposition (ALD) processes applied to polymeric substrates. [207-209] While
precursor vapors react on the surface of polymers in ALD, in SIS, the exposure times are
much longer to enable diffusion into the polymer free volume, where vapor residence is often
further promoted by adduction to polymer functional groups. [21,30,31]

However, the state of the art in SIS has demonstrated only a small subset of
the library of materials that have been synthesized via ALD, from which SIS is derived.
Aluminum oxide (AlpOg3) formed by trimethylaluminum (TMA) and water is by far the most
studied SIS system and has already been applied to important applications in lithography,
(19,93, 95, 101] oil sorption, [63,64] protein separations, [76] and optical coatings. [73, 74]
Nanostructured metal oxides can be fabricated via SIS using BCPs as templates, [32] where
one block (commonly polystyrene) is inert to SIS. SIS-derived nanostructures have been
fabricated using both self-assembled block BCP thin films and, recently, nanospray-dried
powders. [33] The SIS approach has been extended to a sparse selection of other oxides
including TiO9, [34,51,52,106] ZnO, [28,65] and VOx [39]; however, the growth of other

materials (e.g., W/WOx [32,55] and SiO9 [32]) within polymers requires an SIS AlsO3 seeding
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cycle and therefore constitutes a separate class of reactions that only inherit selectivity from
the primary (SIS) process. These secondary SIS reactions leverage irreversible reactions with
hydroxyl groups present on primary AloOg seeds, in contrast to the (generally) reversible
complexation of metal precursors with select polymer functionalities. Materials grown by
the seeding method are therefore inherently a mixture of AloO3 and the material of interest,
which may compromise desired functional properties.

Expanding the library of materials accessible via primary SIS processes will re-
quire novel combinations of polymer chemistry, metal precursors, and process conditions.
Extending the library to include electrically conductive materials further requires an im-
proved mechanistic understanding of diffusion, adduct formation, metal-organic chemistry,
condensation, and crystallization that occurs within the soft templates. While the structural
integrity of insulating oxides (e.g., AlyO3) may be relatively forgiving of these complexities,
a more precise synthesis will likely be required to enable SIS of functional electronic and pho-
toactive materials in which the functional properties depend on well-defined stoichiometry,
morphology, connectivity, carrier mobility, carrier concentration, and defect density. [210,211]

In this chapter, we establish primary SIS processes for InpO3 and GagQOgs, two
semiconducting oxides for which neither primary nor secondary SIS has previously been re-
ported, via group 13 metal alkyl precursors analogous to TMA: trimethylindium (TMIn) and
trimethylgallium (TMGa), respectively. We experimentally explore and computationally val-
idate the chemical mechanism and exceptional kinetics that control the selective association
of these metal-organic precursors with the ester in poly(methyl methacrylate) (PMMA). The
physical and electronic properties of the oxide formed with TMIn are investigated for the
as-grown PMMA oxide hybrid material and after polymer removal. Intriguingly, this SIS
method allows for the growth of indium oxide (IngOg) films above 150 nm in thickness, at
a remarkably linear rate of ~12 nm per 100 nm of initial PMMA for each SIS cycle. Lastly,
Hall probe measurements verify that ample electrical conductivity can be achieved in IngO3

films grown by SIS, establishing SIS as a viable synthetic method for transparent conduc-
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tive metal oxides. The experimental /computational approach taken in this work can help
enable the design of a wider range of primary SIS processes to further expand the functional

material SIS library.

4.2 Results and Discussion

4.2.1 In Situ Fourier transform infrared (FTIR) Spectroscopy

Thin films of PMMA with 138 nm thickness were spin-coated from toluene onto 60 nm of
an electron-beam-evaporated Au on a Si wafer substrate to enable infrared absorption spec-
troscopy in reflection mode. Toluene was chosen as an inactive solvent to SIS, as residual
solvents that are Lewis basic can act as SIS sites in otherwise SIS-inert polymers. [54] A thick
undoped Si window that is o-ring-sealed to a cutout in the flat growth chamber lid allows
infrared probe beam access into and out of the ALD reaction chamber. In this configuration,
and without any shutters, the probe may interact with the Si/Au/polymer thin-film sub-
strates, as well as any vapor-phase precursors or byproducts present during extended static
exposures. The temperature of the ALD chamber was held at 80 °C for all experiments
in this work. The infrared absorption spectrum of a PMMA thin film referenced to a bare
gold substrate, Figure 4.1a, reveals anticipated features near the characteristic functional
group frequencies of PMMA, including 1738 em™ (C=0 stretch) and 1152 cm™ (C-O-C
stretch). [212] The calculated vibrations (Perdew-Burke-Ernzerhof (PBE)) of the methyl
methacrylate (MMA) monomer, plotted as red lines with chemical assignments, resemble
the experimental spectrum for PMMA. In the absence of a polymer film, the gas-phase in-
frared absorption spectra of the metal-organic precursors in the ALD tool were also acquired
and resemble the vibrational frequencies predicted from density functional theory (DFT)
calculations of gas-phase monomers, Figure 4.2. Though an equilibrium between monomeric
and dimeric TMA is present in the gas phase, we omit modeling the dimeric form for sim-

plicity, as it may not solvate into the polymer film. [20,213]
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Figure 4.1: (a) Infrared spectra of a 138 nm PMMA thin film (gray regions) with vibrations
of an isolated MMA fragment predicted from first-principles computation (red lines). Time-
lapsed infrared difference spectra of PMMA thin film upon exposure to (b) TMA for 0, 47,
93, 186, 279, 372, 465 s; (c) TMIn for 0, 4, 5, 6, 7, 9 s; and (d) TMGa for 0, 3, 4, 6, 7, 9 s.
Y-axis scaling is equivalent for all panels; however, times selected for TMIn and TMGa are
at least 1 order of magnitude smaller than that for TMA.
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In SIS, the static exposure of the polymer film to metal precursor vapor results
in infiltration of the latter into the free volume of the former. The reversible association
or irreversible reaction of the metal-organic molecules with the polymer film can perturb
the vibrational frequencies of polymer functional groups and/or the metal-organic complex.
Figure 1b depicts time-lapsed spectra, referenced to the pre-exposure PMMA film spectrum
(Figure 4.1a), following the introduction of vapor-phase TMA into the chamber. The spec-
tra include potential contributions from gas-phase TMA, infiltrated TMA, reversible TMA-
PMMA adducts, irreversible TMA-PMMA species, and irreversible TMA-PMMA reaction
byproducts. The signal attributed to TMA vapor is readily deconvoluted through compari-
son to gas-phase-only spectra, see Figure 4.2, and by noting that these peaks quickly saturate
as the equilibrium pressure of TMA vapor in the reaction chamber is achieved within just a
few seconds. In contrast, several peaks evolve over minutes timescale (labeled with arrows
in Figure 4.1), which have previously been assigned as the signature of largely reversible

TMA-PMMA adduct formation. [41,43-45,47]
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Figure 4.2: Infrared spectra of a gas phase a) TMA b) TMIn ¢) TMGa only (no polymer)
overlaid with calculated vibrations of each precursor derived from first-principles computa-
tion (PBE).
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Table 4.1: Vapor pressures of TMX compounds

Compound  Precursor Vessel Temp [°C| Predicted Vapor Pressure [Torr]
TMA 25 (no heating) 11.5
TMIn 50 11.5
TMGa 25 (no heating) 227

For example, the carbonyl stretch of pristine PMMA at 1738 cm™ s slowly
bleached, while a new peak assigned to a C=0-Al(CHg)3 adduct grows in at significantly
lower wavenumber, ~1675 cm™. SIS with analogous group 13 metal alkyls, TMIn and
TMGa, which have not been previously considered, results in qualitatively similar spectra.
However, these grow in at a rate of at least 10x faster than the TMA case, Figure 4.1c,d. The
timescale (seconds) of TMIn-PMMA and TMGa-PMMA associations would be surprising if
purely diffusive transport of TMX precursors through PMMA was taking place, given their
comparable size but significantly larger molecular weight relative to TMA. Instead, the more
rapid bleach of the carbonyl stretch of PMMA supports a previously advanced hypothesis
that diffusion through the PMMA is further controlled by the association/dissociation kinet-
ics of the TMX-PMMA adduct. [44] A more detailed analysis of the association/dissociation
kinetics is considered below.

The infrared spectra of the three TMX-PMMA adducts share many spectral fea-
tures but also differ in significant ways. First, the C=0-In(CHg)3 and C=0-Ga(CHj3)s
features are significantly less red-shifted (Av = 37 and 44 cm‘l) from the pristine PMMA
C=0 peak relative to C=0-Al(CH3)3 (Av = 66 cm™), which suggests that TMA forms the
most tightly bound adduct. Second, the share of carbonyls participating in adduct formation
varies significantly among the group 13 metals selected. The fraction of carbonyl groups as-
sociated with the metal alkyl precursors can be monitored through the absolute magnitude
of the PMMA C=0 bleach. The absolute value of the bleach in all cases is less than that of
the pristine PMMA C=0 absorption, which indicates that some population of carbonyls in
the PMMA does not associate with TMX. A larger partial pressure of TMX was observed

to increase the concentration of TMX dissolved in the polymer, which, in turn, increased
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the equilibrium concentration of adducts. However, the energy of the PMMA-TMX adduct
plays a role independent of the vapor pressure. For example, although much greater TMGa
vapor pressures are achievable (Table 4.1), as is clear from the much larger alkyl stretching
intensity of the vapor in the 2900 cm™ region (Figure 14.1), the absolute magnitude of the
equilibrium C=0 bleach follows TMA > TMIn > TMGa.

Upon subsequent pumping of the SIS reaction chamber to rough vacuum, any
noninfiltrated TMX vapor is quickly pumped away (<1 s). Therefore, shortly after pumping,
the remaining vibrational features (still referenced to a pristine PMMA film) correspond
exclusively to differences in the PMMA film (negative features/bleaches) or to the presence
of a PMMA-TMX adduct (positive features/absorption), Figure 4.3. Time-lapsed spectra
clearly reveal adduct dissociation (i.e., reversibility) in the case of all metal alkyls; however,
the dissociation of C=0-Al(CHg)3 occurs on a timescale of at least 10x longer than for

either TMIn or TMGQGa.

4.2.2  Density Functional Theory

First-principles DF'T calculations were performed to identify the minimum energy conforma-
tions of three potential alkyl metal-MMA adducts, shown in Figure S3. The energies for each
adduct for each TMX are tabulated in Table 4.2. The lowest-energy adduct for each of the
three compounds was identified as the conformation in which the group 13 metal is proximal
and roughly in line with the C=0 bond. This lowest-energy adduct is nearly isostructural
across each TMX molecule; therefore, only MMA-TMIn is shown in Figure 4.4. Though the
same binding geometry is calculated to be the lowest-energy complex for each TMX (X =
Al In, Ga), the change in C=0 stretching frequency (Av) and Helmholtz free energy change
(AF) upon complexation differs appreciably across the metals, Table 4.3. The vibrational
frequencies of eigenmodes calculated for the minimum energy conformations are included for
comparison to experimental spectra in Figure 4.3. This experimental shift in C=0 stretching

frequency upon MMA-TMX association, which is notably larger for MMA-TMA, is observed
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Figure 4.3: (a) Vibrations of an isolated MMA fragment predicted from first-principles
computation (red lines) inverted to predict PMMA bleach signal. Time-lapsed infrared
difference spectra of PMMA film thin after pumping; (b) TMA after 100, 300, 500, 700,
1000 s; (¢) TMIn after 1, 4, 10, 30, 210 s; and (d) TMGa after 1, 4, 10, 30, 70, 210 s. The
primary bleach and absorption peak after TMIn and TMGa exposures are highlighted for
comparison to TMA. The vibrational frequency of computationally predicted modes of the
lowest-energy TMX-PMMA complexes is also included below each experimental spectrum.
The spectral time slices selected for TMIn and TMGa are at least ~10 x shorter than that
for TMA.
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Figure 4.4: Lowest-energy configuration of the MMA-TMX adduct (X = Al, In, Ga). The
atom coordinates of energy-minimized structures for each metal are similar, as reported in
column b) of Table 4.2.

to be in good agreement with first-principles calculation. It is notable that the predicted
infrared spectra for all of the other low-energy conformations do not share this excellent

agreement with the experiment.
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a) CH3--X(CHs)3 b) C=0--X(CH3); ¢) (O;C)(CH3)0--X(CH3)3

Figure 4.5: Energy minimized conformations of three low energy TMX-MMA adducts ex-
hibited by each of three metals (X=Al, In, Ga). a) Interaction between the alkane chains of
MMA and TMX is not a likely candidate shows shallow minimum in Table 4.2. b) Lowest
energy configuration, where metal interacts with theoxygen of the carbonyl group, further
supported by FTIR. ¢) Interaction between the metal and the C-O-C ester oxygen

Several other spectral features predicted for MMA-TMX association are also re-
solved experimentally and are agreement with computation. These include subtle changes to
C-O-C vibrational modes near 1200 cm™, which show both a bleach of the pristine PMMA

modes and new absorption features that are assigned to the adducts.
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Table 4.2: Helmholtz free energies for the three TMX-MMA adducts for Al, In, Ga.

Compound a) CH3-X(CHg)s3 b) C=0-X(CHj)s c¢) (O=C)(CH3)O-X(CHg3)s
TMA -0.000654 eV -0.447e¢V -0.0471eV
TMIn -0.0875 eV -0.165 eV -0.0341 eV
TMGa -0.0793 eV -0.131 eV -0.0768 eV

Table 4.3: Experimental and first-principles calculations of C=0 frequency change, O-X
distance, and calculated Helmholtz free energy change for MMA associations with TMX.

precursor V(cm'l) Ay(cm'l) Au(cm'l) distance (A) AFQ300K(eV)
[exp] [exp] [DFT) [DFT] [DFT]
TMA 1675+6 66 60.2 1.974 -0.447
TMIn 1704+1 37 41.1 2.466 -0.165
TMGa 169741 44 40.8 2.277 -0.131

4.2.3 Kinetics

The more detailed kinetics of PMMA-TMX association and disassociation may be resolved
through the analysis of the time-dependent intensity of distinct spectral features with fast
(~1 spectrum/second) in situ FTIR spectroscopy during and after TMX exposure. As
previously noted, the first features to rise and saturate in each case are those assigned to gas-
phase TMX, which saturates the reactor headspace within seconds of the ALD valve-opening.
Next, as Figure 4.6 shows, the spectral features characteristic of the MMA-TMX association
grow in and saturate on the timescale of seconds for TMIn and TMGa, while those of TMA
saturate on the timescale of minutes. The minute-scale kinetics for association saturation
of TMA (7 ~ 200 s) into a 138 nm thick PMMA film corroborates previous reports. [43,44]
However, the rapid association saturation of TMIn and TMGa with PMMA (7 < 10 s)
is a striking departure that highlights the strong effect of adduct association strength on
diffusion. The strong association of TMA with PMMA, as deduced from the first-principles
calculation, may result in the rapid association of TMA to PMMA in the near surface.
However, the strongly bound MMA-TMA adduct is expected to be slow to dissociate, which

appears to block additional TMA from diffusing deeper into the film for further association.
We posit that the lower affinity of TMIn and TMGa for PMMA relative to TMA allows
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Figure 4.6: Infrared absorption kinetics of TMX (a) association and (b) dissociation with
PMMA, where X = Al (blue), In (orange), and Ga (green). Normalized PMMA C=0
bleach (lighter color, 1741 cm™!) and C=0-X(CH3)3 adduct (darker color, see Table 4.3 for
wavenumber) upon exposure to TMX. For comparison, the rapid rate of TMX precursor
pumping of TMGa (gray, 1208 em™), for example, is also shown in (b). The data in (a)
are normalized to their maximum absorbance in the first 400 s of exposure. In (b), the
absorbance is normalized to its value immediately preceding exposure to vacuum.

for much greater reversibility of association and therefore faster activated hopping diffusion
deeper into the PMMA film. The minor intensity decay of the C=0-In(CHg)3 signal during
long exposure follows the slow loss of TMIn gas from the SIS reaction chamber due to
imperfect gate valve seal performance. This dynamic equilibration of PMMA-TMIn complex
with variable gas-phase TMIn concentration is further evidence for the rapid association-
dissociation of this adduct.

Upon pumping the SIS reaction chamber, the features assigned to gas-phase TMX
in the headspace are, as expected, the first to be removed, Figure 4.6b. The rate of PMMA-
TMX dissociation (and concurrent pumping of desorbed TMX as it is released) is again
similar between TMIn and TMGa, but which is in stark contrast to TMA. The kinetics of
TMA release fits a biexponential decay in which an initial faster component (7 ~ 85 s, 25%)
contributes less than a slower component (7 ~ 2000 s, 75%). Both lifetimes are similar to

those previously published for TMA SIS. [43,44] In contrast, the decay of vibrational signa-

tures of TMIn and TMGa adducts with PMMA is significantly faster. The kinetics of TMIn
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and TMGa dissociations also fits a biexponential decay; however, the faster (11 < 7 < 23 s)
component accounts for the majority of the contribution (56-64%). The smaller contribution
of the decay fits to a slower and more variable lifetime (170 < 7 < 1400 s). The difference
in the kinetics of dissociation further suggests that the MMA-TMA is more strongly bound
relative to the MMA-TMIn and MMA-TMGa complexes, in qualitative agreement with DF'T
simulations. However, a quantitative analysis of the biexponential decay kinetics is beyond
the scope of this initial report. The temperature of the polymer film is an important pa-
rameter to approach in future quantitative kinetic studies, as temperature drastically affects
the infiltration rate of TMX into PMMA, in terms of both the stability of the TMX-MMA
adduct and the diffusivity of TMX in the film. [44,45,170] Likewise, fully irreversible reac-
tions between TMA and PMMA to form PMMA-AI acetate have been recently observed at
higher temperatures. [47] While the adducts described herein appear to be reversible within
the timescales explored experimentally, the evidence of irreversible reactions between TMA
and carbonyls has been reported for extended (hours) vapor exposures even at lower temper-
atures. [43,44] Irreversible reactions between TMA and other Lewis basic functional groups
on substituted phenyls have been observed, suggesting that single-component irreversible
reactions between TMA and organic molecules can be designed across a wide temperature
range. [214]

The significantly faster infiltration rates of TMIn/TMGa observed by FTIR sug-
gest that these weakly complexing precursors would diffuse deeper into thick films than
TMA would in the same exposure time. Thus, engineering weaker interactions between va-
por precursors and polymer functional groups may be a route to overcome diffusion-limited
deposition profiles for SIS in macroscopic polymer structures over practical timescales.

To successfully template the growth of metal oxides within PMMA via SIS, the
TMX-PMMA complex must be quenched with a reactive oxygen source prior to complete
dissociation and out-diffusion. For example, if we aim to utilize at least 70% of the adducts

present under equilibrium with TMX gas, the oxygen source (“B half-cycle”) must be sup-
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plied within roughly 5 s of purging TMIn or TMGa. In contrast, more than 120 s of purging
may be tolerated to capture at least 70% of the TMA-PMMA complexes present in a 140
nm PMMA film at 80 °C.

These differences present a fundamental experimental trade-off between compounds
that are strongly bound to polymer functional groups (e.g., TMA and PMMA) and more
weakly bound adducts (e.g., TMIn/TMGa and PMMA). TMA requires a much longer time
to diffuse into and out of films relative to TMIn/TMGa; however, the long timescale offers
a convenient experimental variable, purge time, to tune the deposition rate/cycle of the SIS
process. [44,76] In the case of TMIn/TMGa under the same process conditions, the timescale
for adduct dissociation and the diffusion of TMX out of thin films are comparable to the
purge times necessary to prevent gas-phase mixing of reactants (chemical vapor deposition
(CVD)) and therefore offer less fine-tuned control over growth rate. However, the rapid
adduct formation rate suggests that InoO3 and GagO3 may be deposited much deeper into

polymer thick films over experimentally convenient times, whereas AloO3 may not.

4.2.4  Indium Oxide Film Growth

While the diffusion and association of TMA with PMMA have previously been investigated
via FTIR, the time-resolved chemical effect of HoO quenching (ALD analogous “B” cycle)
has not. The first four full cycles of TMIn SIS (a 5 s TMIn pulse, a 400 s TMIn exposure,
a b s purge, a 400 s HoO exposure, and a 240 s purge) were probed with in situ FTIR
to examine the involvement of PMMA in the chemical reactions that occur upon water
exposure/quenching. The baseline and bleach of the C=0 feature of pristine PMMA at
1741 em™ are roughly equal for each of the first four SIS cycles as shown in Figure 4.7. This
suggests that the ester functionality is not consumed upon quenching of the PMMA-TMIn
adduct with HoO, but is instead released for future adduction with TMIn in subsequent
SIS cycles. This is distinct from other reports with TMA, in which peaks associated with

adduct-forming polymer groups are lost, indicating direct incorporation of the metal oxide or
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Figure 4.7: Absolute value of absorbance at 1741 cm™ during SIS cycles 1-4 (from lighter to
darker gray). The absorbance during cycle 1 (lightest gray) has been normalized after the
x-axis break for better visualization of dissociation kinetics. The kinetics of association dur-
ing absorption and dissociation during desorption are both measurably slower in successive
cycles.

polymer chain scission. [41,42,47] The role that polymer functionalities play in subsequent
secondary SIS cycles, which contain metal oxide surfaces in the film for the metal-bearing
precursor chemisorption, is still an open question. Figure 4.7 suggests that the rate at which
the adduct signature saturates systematically decreases with cycle number, which suggests
a reduction in the diffusion rate as the PMMA is “filled” with InOx(OH)y. The changing
diffusive landscape in the film is presumably affected by both physical and chemical changes
as SIS proceeds. The physical presence of metal oxyhydroxide nuclei within the polymer free
volume may block pathways previously accessible for adsorption and diffusion. Similarly, the
rate of TMIn-PMMA dissociation also appears slowed, at least over the 5 s window allowed
for TMIn gas purge before the introduction of HoO.

With this mechanistic understanding of the rate of adduction and diffusion in
the TMIn systems, the SIS-processing conditions for the growth of InoOg in PMMA were
explored. A series of samples were prepared with a total of 1, 2, 3, 5, 7, and 9 SIS cycles,
where each SIS cycle consists of a (5-30-5-2-60-120) process sequence. This nomenclature

refers to a 5 s pulse of TMIn vapor, 30 s of exposure to TMIn with a sealed vacuum valve,
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followed by 5 s of pump and purge to vacuum, followed by a 2 s water pulse and 60 s of water
exposure, and followed by a 120 s pump and purge. Reference silicon wafer samples included
in this study showed no deposition of material by ellipsometry, which suggests that CVD-like
reactions due to cross talk of vapor-phase precursors did not take place, despite the relatively
brief (5 s) purge after TMIn exposure. In a second control experiment with a Si wafer, 200
cycles of a short (0.015 s, ALD-like) dose of TMIn followed by a very large water exposure (5
s dose + 60 s exposure, SIS-like) also showed no growth. Longer water purges are important
to minimize the amount of water retained in the film for the next cycle of TMIn, which could
otherwise provide a direct reaction pathway outside of primary or secondary SIS. In fact,
water can be intentionally dosed before the metal-organic precursor to grow the material in
polymers. [68] The PMMA was spin-coated to an initial film thickness of 148 + 0.7 nm as
measured by variable angle spectroscopic ellipsometry. The hybrid PMMA /(EMA) model
fits two Cauchy-parameterized components of constant refractive index equal to the pristine
PMMA thin film (A = 1.49, B = 0.00125, C = 0) and literature values for IngO3 (A =
1.9503, B = 0.036512, C = 0). [215] The total thickness of the as-grown film swells roughly
linearly at a rate of 20.6 nm/SIS cycle, while the volume fraction of IngO3 begins to saturate
over five SIS cycles, as Figure 4.8a demonstrates. Hybrid PMMA /GagOg films that result
from SIS were not systematically studied as a function of cycle number but also show a ~2x
increase in hybrid film thickness over four cycles, clearly indicating that GaoOs SIS takes
place in a similar fashion.

Cross sections of these hybrid PMMA /InsO3 films were imaged by scanning elec-
tron microscopy (SEM) to assess the distribution of the inorganic deposit through the thick-
ness of the film. Figure 4.9 shows the evolution of the film as a function of the number of
SIS cycles. The left column shows standard SEM images of the film cross section, whereas
the right column shows images collected using a detector that filters out secondary electrons
and only collects backscattered electrons. While secondary electrons are generated from

the sample itself as the beam electrons are decelerated and contain topographic information

91



350 100
L]
< 300 | a) .
£ 1 80
= 250 b .
wn [l
€ 200 | . 160 ¢
kS ' £
£ 150 | a0 =
£ 100 |
1 20
E‘ 50 F . L] -
. L]
0 A L ] Il 1 1 1 1 ] L il 0
150 100
T b) t
<125} ' 1 80
@
) | m
g 100 . 160 &
.! L] ;r:\I
= 75 F ] . . —
5 . 140 =
2 50t .
(1]
] .
S 25} 20
<<
0 L 'l Il 1 1 1 1 L L 0

012 3 456 7 89
Number of SIS cycles

Figure 4.8: Spectroscopic ellipsometry-modeled thickness and composition of InpO3 SIS
film growth for (a) as-grown composite of PMMA and InpO3 and (b) IngOg films following
polymer removal.
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SEM backscatter

Figure 4.9: Cross-sectional SEM images of InoOg SIS in PMMA thin films for increasing cycle
numbers. The left-hand column shows SEM images that reveal topographic information,
while the right-hand column displays only the higher-energy backscattered electron signal,
in which brightness is indicative of high-Z elements. The blue dotted line is included as a
visual cue of the film/substrate boundary.
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about the surface, backscattered electrons are generated by the elastic collisions between the
source beam and the sample. These backscattered electrons are typically of much higher
energy and probe deeper into the sample. These backscattered electrons are more likely to
be derived from high atomic number elements due to the elastic nature of the collisions by
which they arise. Since In (Z = 49) is significantly heavier than the C, O, H, which constitute
the initial PMMA film, the brightness of the backscattered signal can aid in determining the
Iny O3 distribution. For example, while the standard SEM image of the PMMA and the 1x
SIS sample appear quite similar, the backscattered image for the SIS sample is considerably
brighter, which indicates the incorporation of InoO3. Furthermore, the thickness of the 1x
sample is increased relative to the pristine PMMA film. With increasing SIS cycles, the
film continues to swell and some contrast or roughness becomes apparent in the topographic
images, with apparent grains that increase in size with additional SIS cycles. The backscat-
tered signal also increases with cycle number, though the intensity from the film surface to
the substrate is relatively constant. This suggests that the 148 nm thick PMMA films are
well within the diffusion length of the TMIn SIS process.

The maximum intensity of the backscattered signal is observed slightly below the
film surface for each case, suggesting that the inorganic deposit at the film surface is of
lower density than deeper into the film. This decrease in inorganic deposit density at the
near surface has been observed in reports of SIS TMA using both time-of-flight secondary
ion mass spectroscopy [31,46] and cross-sectional energy dispersive spectroscopy. [100-102]
This effect was proposed to emerge as a consequence of the local decrease of glass transition
temperature and the increase of free volume in the near surface of polymer thin films. [131]

To assess the impact of diffusion-limited transport of TMIn on the through-film
distribution of the resulting InoO3, a thick (> 500 nm) PMMA thin film was prepared with
three SIS cycles. A cross section of this film was also imaged by SEM, Figure 4.10. The
cross section of this thicker film reveals a clear transition from the hybrid material from

the top ~400 nm to the bottom ~250 nm of the material. The top section reveals the
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roughness/contrast that was observed across the entirety of the thin films in Figure 4.9. The
lower section lacks this contrast and appears to have fractured with plastic deformation.
Likewise, there is a clear decrease in the backscatter intensity at the bottom of the film,
suggesting a significant drop in InOx content. The bands in the backscattered intensity at
the bottom of the film are likely an artifact of the nonplanar fractured surface. As anticipated
from the kinetic studies, longer exposures would be required to achieve a saturated indium
product profile in thicker films.

The as-grown films measured in Figure 4.8a were subsequently annealed at 400
°C in air for 3 hr to remove the polymeric content by pyrolysis. The ellipsometric response
of the resulting films was fit to an EMA model with variable total thickness and fraction of
InoO3 and void (air). The post-annealed oxide films, which range from 44 to 54% InyO3,
exhibit a linear increase in thickness for each SIS cycle performed (~17 nm/SIS cycle), Fig-
ure 4.8b. Therefore, the total swelling rate of the as-grown hybrid films slightly exceeds
the final InoOg growth rate of the annealed films. This lower rate is attributed to dehydra-
tion and densification of the as-deposited InOx(OH)y, while the polymer is simultaneously
removed by pyrolysis at high temperature. Furthermore, changes in polymer free volume
and chain conformation during SIS are not well understood and could impact the density of
each component. The mesoporous nature of the annealed films was confirmed by top-down
SEM images; however, the marginally increased density with cycle number as derived from
ellipsometry fitting is difficult to corroborate, Figure 4.11. Figure 4.12 shows cross-sectional
SEM images of the annealed films that further confirm their mesoporous nature and the
approximately linear growth rate modeled through ellipsometry. The range of porosity and
pore sizes possible is the subject of future investigations. Under these processing conditions,
IngO3 is deposited at a rate of 12 nm per SIS cycle for every 100 nm of initial PMMA
thickness.

X-ray photoelectron spectroscopy (XPS) surface analysis of the PMMA /Ins O3

composite (as-grown), as well as annealed films, was performed on the samples described in
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Figure 4.10: Cross-sectional SEM image of a thick (>500 nm) PMMA film after three cycles
of IngO3 SIS. Morphologically, a clear transition between an IngOs-rich top layer and a
plastic-deformed PMMA-rich bottom layer. The backscattered signal supports a diffusion-
limited IngO3 gradient with a decreasing signal deeper into the film. Blue dotted lines at
the film interfaces are included as a visual cue.
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Figure 4.11: SEM images of the top surface of annealed InoOg films grown in PMMA by SIS
with increasing cycle number. The resultant films have an apparent porosity.

Figure 4.12: Cross-sectional SEM images of annealed InpOg3 films for increasing SIS cycle
numbers. A mesoporous morphology with increasing thickness is observed.
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Figure 4.8 to assess the bonding environments of the SIS-grown InsO3 surfaces. The In 3d
and O 1s regions for these materials are shown in Figure 4.13. The as-grown composite of
PMMA and InpOg has two distinct chemical environments as shown in the high-resolution
In 3d and O 1s spectra where the dominant bulk oxide (InpOg) peaks (shaded blue) arise
at binding energies of 444.6 and 530.9 eV for the In 3dj /2 and O 1s subshells, respectively.
These peaks are shifted ~0.5 eV higher than expected, [216] which may be due to PMMA-
induced partial charging that may not be completely compensated by the electron flood
gun. Both the In 3d and O 1s regions also have shoulder peaks (shaded green) of ~533.4
eV that are attributed to the presence of surface OH groups associated with the IngOs,
namely, In(OH)s, as well as overlap with the O 1s contribution of the O-C=0 moiety of
the PMMA. [217,218] Using the two-cycle case as an example, the relative concentration of
In(OH)3 and IngO3 in the as-grown In204(OH)y and PMMA composite is 21%. After the
removal of the PMMA by annealing in air, the relative amount of hydroxylated In(OH)s is
also observed to decrease significantly to ~3%. Similar trends are observed for other samples

(1, 3,5, 7, and 9 SIS cycles).

4.2.5 Water Exposure Effects

Irreversible reactions in the the SIS process may also be monitored through in situ FTIR
of the reaction product gases evolved during exposure mode (closed-gate valve). The ALD
growth of InoOg thin films has previously been reported to occur with alternating exposures
of TMIn and O3; however, growth with HoO at low temperature is surprising. [215] While
ALD growth at much higher temperatures (250 °C) has been reported for TMIn and H5O,
the growth rate is quite slow. [219,220] Still, in analogy to TMA and HoO surface reactions,
the most likely irreversible reaction byproduct during the low-temperature growth of TMIn
and HoO is methane. Methane may evolve upon the reaction of PMMA-TMIn with HoO
to form InOx(OH)y, as well as during TMIn reaction with InOx(OH)y if available. The

InOx(OH)y produced during the first SIS cycle provides functional groups not present in
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Figure 4.14: Absorbance at 3016 cm™ after baseline subtraction, assigned to methane gas,
reveals the irreversible reaction byproduct released during water exposure, as well as during
the second, but not first, TMIn exposure.

pristine PMMA films. Therefore, as expected, the evolution of methane is not observed
during the first SIS half-cycle (during TMIn exposure) as there are no hydroxyls with which
to react, Figure 4.14. However, methane is clearly observed upon water exposure to the
adduct in the first SIS cycle. Methane is also produced, as expected, during both the TMIn
and water dose in the second cycle, as shown by the signature of methane gas as monitored
at 3016 cm™!.

The slow generation of the methane signal over hundreds of seconds of water
exposure in the TMIn case is quite different from the case of TMA in which the “B” reaction
is very rapid. In situ ellipsometry studies suggest that water diffuses through PMMA at
an order-of-magnitude higher rate than TMA. [46] Unlike a TMIn-exposed surface, a TMA-
exposed surface is also sufficiently reactive with water to enable ALD at low temperatures,
even room temperature. [221] To assess the influence of water exposure time on the IngOg SIS
process, a series of samples were prepared in which the water exposure was varied between

5 and 240 s. Each experiment was performed for five total SIS cycles on PMMA spin-coated
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Figure 4.15: Thickness and composition of IngOg SIS film growth for (a) as-deposited film
after five SIS cycles and (b) films post-annealed in air as a function of water exposure, as
determined by spectroscopic ellipsometry.
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to a thickness of 146 nm on Si wafers. The thicknesses of the as-grown films and annealed
Iny O3 films were measured and modeled as previously.

Figure 4.15 reveals that the as-grown hybrid film thickness begins to saturate at
water exposures of >120 s and that the InoOg fraction saturates even more slowly. While
the porosity of the annealed IngO3 films is relatively constant, the total annealed InyOg
film thickness begins to saturate for water exposures of >120 s. A far lower reactivity for
hydrolysis of the second and third alkyl groups of TMX has also been reported in solution
systems. [222,223] Taken together, the notably slow reaction kinetics of adducted TMIn with

H5O implies that the duration of water exposure is an important variable in InoO3 SIS.

4.2.6  Polymer Selectivity

SIS is particularly well suited to transform self-assembly materials like block copolymers
into hybrid inorganic nanostructures. [32,39,52,76,84] SIS works in this context due to the
selectivity of the deposition between polymers. For example, in the ubiquitous PS-6-PMMA
BCP, polystyrene (PS) is inert to the metal precursor adduction, whereas PMMA, with its
Lewis basic ester groups, will adduct some metal precursors, thereby retaining them for much
longer. Figure 4.16 shows a ~30 nm thick symmetric vertical-lamella-forming PS-b-PMMA
BCP thin film. A neutral surface energy copolymer mat was used to promote the vertical
morphology. [224] The inset of this image shows the phase-separated BCP film before SIS.
Five cycles of IngO3 SIS, followed by the thermal removal of polymer, reveal InoO3 nanowires
that have directly templated the PMMA domains. This experiment demonstrates that the
TMIn SIS process shows selectivity analogous to TMA in PS-6-PMMA BCPs.

4.2.7  FElectronic Property Characterization

InyO3, particularly when doped with Sn/Zn, is of technological interest for its good opti-
cal transparency combined with low electronic resistivity. [225] InoO3 has been extensively

studied and grown by various methods including magnetron sputtering, [226] pulsed laser
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Figure 4.16: SEM image of SIS of InoO3 in vertical-lamella-forming PS-6-PMMA BCP
followed by thermal annealing for polymer removal. Indium oxide deposition is restricted to
the PMMA and not in the PS. The inset of the BCP film before processing shows that the
original phase-separated morphology is retained after SIS processing.

deposition, [227] and electron beam evaporation. [228] We briefly examine the electrical
properties of SIS-grown InpOg thin films grown on Si substrates with a 1 um insulating
thermal SiO9. After SIS, PMMA was removed via exposure to UV-ozone and subsequently
annealed at 400 °C in a reducing environment (3% Hs in N) to promote oxygen vacancies
that provide charge carriers in undoped InpOs. [211,229,230]All films, including those that
received only a single SIS cycle, exhibit electrical properties characteristic of undoped InaOg
thin films, Figure 4.17. Effective carrier concentrations are -1 x 1020 em™ and mobilities
are in the range of ~10 cm? V-1s!, as may be expected for the annealed samples, which
show crystallinity by X-ray diffraction (XRD) (see Figure 4.18). Using the Scherrer formula
for spherical nanocrystallites, the domain size of 10 cycles of annealed IngOg was estimated
to be 27 nm. No clear diffraction peaks were observed in XRD measurements of hybrid
PMMA /Iny O3 films prior to annealing. Resistivities of these annealed films, were of the or-
der of 107 Q-cm, independent of the number of SIS cycles, which is comparable to the values
reported for other ALD-grown InoOg films. [220,231,232] Future studies will be required to

103



resistivity
(Q-cm)
= =
o o
Lok
.

=
o
&

=N
v ©
_.'_
-

carrier conc
(1019/cm3)
=
(]
-

40 | .
30|
20 |
10 fe 4 .

mobility
(cm?2/V-s)

2 4 6 8 10 ALD
number of SIS cycles

Figure 4.17: Conductivity, carrier concentration, and mobility of SIS-derived InsO3 thin
films as a function of SIS cycle number after annealing in a reducing environment.
correlate more detailed effects of atomic connectivity, porosity, and oxygen vacancies on the

carrier concentration and Hall mobility of conductive metal oxide films grown by SIS.

4.3 Conclusion

We demonstrate a rational expansion of the primary SIS material library to include two elec-
tronically functional materials, InoOg and GagO3. Infrared spectroscopy of metal-organic
infiltration and association kinetics, supplemented by DFT calculations of TMX-MMA con-
figuration and binding energies, inform SIS-processing conditions, which yield ample deposi-
tion of IngO3. A comparison of TMIn and TMGa to the canonical example of TMA reveals
that the latter reversibly binds more strongly to the carbonyl functional group in PMMA.
Though FTIR evidence suggests that slightly more TMA associates are within a given vol-

ume of PMMA for an equal partial pressure in the long-time limit, a much lower barrier to
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Figure 4.18: XRD spectrum of 10 cycle SIS-derived InsO3 thin films after polymer removal
and post-annealing. Reference peaks (red vertical lines) are from JCPDF InyOg (01-073-
6440). Sharp peaks marked by asterisk (*) originate from 1 pm-thick SiO9 coated Si sub-
strate.

activated diffusion for TMGa and TMIn enables more complete saturation of adduct for-
mation in many short times. Surprisingly, TMIn SIS at a low temperature and with HoO
enables tens-of-nanometers thick IngOg film growth under conditions that would produce no
ALD deposition on flat inorganic substrates after hundreds of cycles. The effects of poly-
mer conformation and composition, along with alternative oxygen sources, [49] may enable

further tunability of the structural and electronic properties of SIS derived materials.

4.4 Materials and Methods

Density functional theory: First-principle density functional theory calculations were per-
formed using the FHI-aims code (fhi-aims.171221_1). [233] We used the “tight” default set-
tings for basis functions, mesh, and angular momentum decomposition. A molecular frag-
ment consisting of five carbon, two oxygen, and eight hydrogen atoms was used for the methyl
methacrylate model. Initial configurations of the MMA-TMX complexes were explored using
rapid minimization in the JMOL package. [234] These configurations were subsequently used
as input for the FHI-aims structural optimizations with the PBE( exchange-correlation (xc)
functional [235] and with maximum forces of 0.001 eV A"l Analogous structural optimiza-
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tions were performed for the TMA, TMIn, and TMGa molecules. Vibrational spectra were
calculated using the aims.vibration wrapper with the PBE xc-functional. Structures were
first optimized with PBE xc-functional [236] until maximum forces were less than 0.0004 eV
A1, The dynamical matrix was subsequently calculated by displacing the atoms +0.001 to
0.0025 Aalong the Cartesian directions and calculating the concomitant change in potential
energy and then diagonalizing the dynamical matrix. We checked that the six null-space
modes had frequencies close to zero and were well below the frequencies of the physical vi-
brational modes. We did a few vibrational calculations using the PBEO xc-functional and
observed no significant differences in vibrational spectra. Emnergy differences between the
bound MMA-TMX compounds and the free MMA fragment/TMX components were calcu-
lated using the PBEO electronic energies, and rotational and vibrational free energies at 300
K from PBE vibrational and rotational spectra. The vibrational frequency (in cm™!) of all
computed eigenmodes was uniformly increased by 1.2% to match the major feature (C=0
stretch) of the PMMA experiment to theory.

Sequential infiltration synthesis: SIS experiments were conducted on a Veeco/
Cambridge Savannah ALD with lid modified to allow the entry and exit of an infrared
beam at an angle of approximately 30° after reflection off an IR-reflective sample. In all
experiments, the temperature of the growth chamber was held at 80 °C. The TMIn precursor
was heated at 50 °C to boost its vapor pressure, while the TMA and TMGa precursors were
unheated. All processes utilized a constant No flow of 5 sccem. PMMA films were held in
the chamber under a No flow and rough vacuum for at least 10 min before beginning SIS
to drive off water. SIS sequences consist of dose, exposure, and pump/purge steps for both
the TMX precursor and water. The dose time describes the duration over which the ALD
valve is opened to allow the desired precursor to fill the growth chamber. Prior to the dose,
the stop valve is closed, isolating the reactor from the vacuum pump. The total exposure
time is the sum of the dose time and exposure wait time, during which the precursor is held

in the sample chamber and N9 continues to flow. Finally, the stop valve is opened end to
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the precursor exposure and begin the pump/purge. After the TMX purge time has elapsed,
the stop valve is again closed, water is dosed, a wait period controls the exposure time, and
finally, the growth chamber is pumped/purged to complete a single SIS cycle. Typical SIS
film growth is performed with a (5-30-5 — 2-60-120) cycle sequence. This nomenclature
refers to a 5 s pulse of TMIn vapor, 30 s of exposure to TMIn with a sealed vacuum valve,
followed by 5 s of pump and purge to vacuum, followed by a 2 s water pulse and 60 s of
water exposure, and followed by a 120 s pump and purge.

Fourier transform infrared (FTIR) spectroscopy: FTIR spectroscopy was per-
formed using the external beam from a Bruker Vertex 70 that was focused by the off-axis
parabolic gold-coated mirror and directed through a thick undoped Si wafer that served as
an infrared window to the growth chamber. After reflection off of the gold-coated sample,
the infrared beam exits through the same long Si window before being focused by a second
off-axis parabolic goal-coated mirror and finally detected with an external LNo-cooled MCT

I resolution with a

A detector. Typical acquisition parameters averaged 4 scans at 4 cm”
scanner velocity of 40 kHz, resulting in a ~1 spectrum/sec. As the FTIR studies focus on
TMX precursor dynamics, a purge time after the completion of exposure (>400 s), which is
much longer than that used for SIS (5 s), was used to study the kinetics of TMX dissociation.

X-ray photoelectron spectroscopy: XPS experiments werecarried out using a Thermo
ScientificK-a+ spectrometer with a microfocused monochromatic Al Ko (1487 eV) X-ray
source with a spot size of 400 um for the surface analysis. Operational pressures were ~7
x 1079 Torr with a dual-beam electron flood gun charge compensation used for all measure-
ments. Regions of interest for In 3d, O 1s, and C 1s HR-XPS measurements were scanned
with a pass energy of 50 eV. HR-XPS spectra shown herein are after a 5 s low-energy Ar+
sputtering (1 kV) treatment to remove surface-bound contaminants, and due to the presence
of the PMMA polymer, HR-XPS spectra were not charge-corrected relative to the C 1s peak

for adventitious carbon at 284.8 eV. Spectral postprocessing and fitting were performed in

Thermo Avantage (version 5.977, Build 06436) software using 30% Lorentz-mixed Gaussian
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line shapes and Smart backgrounds in all cases.

Spectroscopic ellipsometry: Ellipsometric spectra were acquired on a J.A. Woollam
a-SE tool over the 380-900 nm band at 65, 70, and 75° using 10 s normal acquisitions. Data
were acquired and fit using CompleteEase software.

Scanning electroscope microscopy: SEM images were taken on a Carl Zeiss Merlin
microscope at an accelerating voltage of 5.52 kV and a working distance of 3 mm. Cross-
sectional samples were cracked under liquid nitrogen to preserve morphology and mounted on
90° vertical stubs. Standard images were collected using the InLens electron detector, while
backscattered electron images were collected using the energy-selective backscattered electron
detector with the filtering grid set to 500 V to deflect topographic secondary electrons.

Atomic force microscopy Noncontact (intermittent) mode AFM images were ac-
quired in ambient conditions using the Asylum Research MFP-3D microscope and Nanosen-
sors PPP-NCH AFM probes (204-497 kHz resonance frequency range). AFM images were
processed using Gwyddion software.

X-ray diffraction XRD spectra were collected using a Bruker Diffractometer D8
Advance. Cu Ka radiation: 40 mA; 40 kV, KA = 0.154 nm; a scan step size = 0.006° (1 s
per step)

Hall effect measurements The carrier concentration and mobility of IngO3 films de-
posited on Si wafers with thick thermal oxide were evaluated using a Hall effect measurement

system (Ecopia HMS-3000) with a 0.57 T permanent magnet.
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CHAPTER 5
THE CASE FOR ISOPOROUS MEMBRANES: NUMERICAL
ANALYSIS OF SELECTIVITY AND ENERGY EFFICIENCY

5.1 Introduction

Researchers aim to improve membrane performance along two metrics: selectivity and perme-
ability. Though the precise definition of these terms is context-specific, in general, selectivity
refers to how well a membrane performs at separating components and permeability refers to
the throughput of fluid the membrane can process. Membranes are generally recognized to
be limited by a selectivity-permeability tradeoff; the better a membrane is at separating sim-
ilar components, the lower its permeance will be. This principle is most commonly discussed
in the context of diffusion-driven membranes for gas separations and desalination/reverse
osmosis. [237,238] This chapter, in contrast, focuses on the analogous tradeoff in the context
of convection-driven ultrafiltration/nanofiltration membranes used in water purification.
The primary energy expenditure in the context of convection-driven membrane
operation is the supplied transmembrane pressure. To reduce the costs associated with
supplying pressure, the membrane permeance should be maximized. At the same time,
significant research effort has been devoted to highly selective separations in this pore size
regime (10-100 nm), particularly toward the goal of isoporous membranes in which all of the
pores are the same size. In light of the attention in the community to isoporous structures, in
this paper we discuss the relationships between membrane pore-size distribution, membrane
selectivity, and membrane permeance, along with the methods researchers have employed
to achieve isoporosity. We introduce a numerical model that weighs pore-size distribution
and projects under which regimes of fluid flux and size-selectivity it would be appropriate
to pursue extremely narrow pore-size distributions and, conversely, when the costs of these

effort outweigh potential improvements.
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5.1.1 Membranes and Energy

The relationship between a pressure-driven membrane and the energy it takes to operate is
dictated by its permeance — the flux achieved for a given applied transmembrane pressure. [1]
The simplest expression for this relationship is based on the Hagen-Poiseuille (H-P) equation,

which describes laminar flow through a pipe:

4
Tr*AP

— 1
v Sl (5.1)

This equation is valid whenL, the length of the pipe, far exceedsr, the radius of
the pipe. AP is the pressure difference across the pipe, n is the kinematic viscosity of the
fluid, v is the flow rate of the fluid through the pipe in units m3s. Corrections to the H-P
equation in thin and low aspect-ratio membrane selective layers, known as orifice effects,
have lower order dependencies on r, and are thus safely ignored. [239] The H-P equation can

be generalized to a non-tortuous membrane of contstant thickness L consisting of N pores:

N 4
mr:*AP
Vtotal — E 817]L (5’2>
=1

The isoporous membrane is the limiting case in which each pore is identical in
radius. In such a membrane, there is no need to index r in 5.2, and the total flow rate
can be just multiplied through by N. Converting this total flow rate into a flux requires
knowledge of the membrane porosity e, which is the area ratio of pores to total membrane

surface. Considering N pores the flux would be:

€ * Vtotal
F=—7 5.3
Ap (5:3)
where A, is the total pore area for N pores. ¢ varies widely across the various types of mem-

branes, because it maximizes the density of pathways for fluid flow per area of membranes.

Polymeric membranes formed by phase inversion processes exhibit a wide range of € values,
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from as low as 0.4 to 0.9, as a consequence of particular processing details. [240] In such
highly tortuous membranes composed of networks of polymer ligatures, ¢ is often calculated
as the ratio of pore volume to total membrane volume. In track-etched membranes like
polycarbonate, ¢ can range between 5 and 15%. [241] Isoporous membranes, such as those
under development in academic research, have been fabricated with high porosities.

The H-P equation predicts a linear relationship between the applied pressure across
a membrane and the resulting flux. This relationship is usually observed across the normal
operating conditions of the membrane at steady-state, though phenomena such as initial
compaction of the membrane, cake formation, and fouling, lead to a decline in flux over
time. [242,243]

Since the applied transmembrane pressure is the primary recurring energy cost
in membrane operation, it is vital to maximize the permeance of the membrane while still
meeting separations goals. The transmembrane pressure is supplied by pumps, which must
be powered by the operator. Since pressure is the energy density of the fluid, the power
required for a pressure-driven membrane process is inversely proportional to its flux. Given
that the volume flow rate scales by 7%, using the membrane with the biggest possible pores
while still achieving one’s target rejection should be the most energy-efficient approach.

Fluid transport through porous membranes is governed by both convection and
diffusion. The Peclet number is the ratio of these two transport modes, and in under the
pore dimensions considered here, this number is much greater than one, meaning convec-
tion (specifically bulk flow in response to the applied pressure) dominates. [244] When the
hydraulic radius of the solute is on the order of the pore dimension, convection of solutes
through the pore is hindered relative to solvent. Counterintuitively, then, solutes smaller
than pores can be separated by those pores, [245] which can be accounted for by rejection
models. [246] Pore rejection models can also take electrostatics, solute/pore and solute/solute
interactions, and other hydrodynamic effects into account. [247-249]

The distribution of different pore sizes in a membrane thus affects both permeance
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and overall rejection and is a consequence of the membrane fabrication process. Polymeric
membranes formed by phase inversion processes are well described by log-normal distribu-
tions of pore radii. [250-252] This characterization is based on direct imaging of the pore
surface, rejection of standard solutes, [253] and various porosimetry methods. [254-257] Mul-
tiple experimental methods are used in these characterizations as polymeric membranes vary
in pore size, porosity, and tortuosity throughout their thickness. [258]

The log-normal distribution describes a distribution where the logarithm of the

values fall on a normal distribution, such that:
X = etto? (5.4)

Here 1 and o are the mean and variance of the underlying normal variable Z. Typical
phase-inversion ultrafiltration membranes have mean-pore normalized variances of 0.2, when
experimental particle rejection data are fit to the log-normal distribution. [244] The mor-
phology and characteristics of such membranes are detailed in Figure 5.1a. There are other
types of membranes whose pore dimensions are normally distributed (Figure 5.1b). The
most common types are track-etched polymer membranes [259] and anodized aluminium ox-
ide membranes. [260] The rejection profiles of these types of membranes are generally sharper

than membranes with broader log-normally distributed pores.

5.1.2  Isoporous Membrane Fabrication

[soporous membranes are those with pore size and shape distributions approaching a delta
function — an idealized scenario in which each pore has an identical rejection profile. In
this idealized scenario, the isoporous rejection would resemble a step function, with per-
fect rejection above some critical solute size, and complete permission below this solute size
(Figure 5.1c). (This idealized scenario assumes convective hindrance can be ignored.) Moti-

vated by the sharp rejection profiles expected from such membranes, [261] researchers have

112



b {00 n° O
OQOOOO
0 LCH005
52 000
o 0O O

> Wide Narrow ’ Isoporous
= distribution distribution
2
<)
S
a
Pore size Pore size Pore size
c
o
2
1%}
3
)
£ f
Solute size Solute size Solute size

Figure 5.1: Characterizing model membrane pore size distributions. The first row is a
cartoon illustrating the pore surface view of a) log-normal pore distribution, b) a normal
pore distribution, and ¢) an isoporous distribution. The second row shows the shapes of
continuous pore size probability functions for the three membrane types. In the limiting
isoporous case, the probability density function is a delta function. The third row is the
rejection of the various membranes. The transition from solutes passing to being rejected
sharpens as the pore distribution shrinks. In the idealized isoporous case, rejection would
approach a step function, with the caveat that convective hindrance effects are neglected. In
the last row, SEM micrographs show real-world examples of the three distribution classes. A
phase-inversion polyethersulfone membrane, an anodized aluminium oxide membrane, and
a BCP-derived aluminum oxide membrane.
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developed many techniques to achieve membranes approaching isoporosity across a range of
pore scales, each with their own advantages and disadvantages. [262] With few exceptions,
isoporous membrane fabrication techniques suffer from limitations of scalability.

Like many other nanotechnologies, isoporous membrane fabrication strategies can
be characterized as either top-down or bottom-up. Top-down approaches to isoporous mem-
brane fabrication rely on lithographic techniques such as photolithography, electron-beam
lithography, and nanoimprint lithography. [263] Individual nanopores of tunable dimension
have been drilled through ultrathin inorganic materials with techniques such as focused ion
milling, [264] high intensity electron beams, [265] and ion track etching. [266] Hot-embossed
polymer resist layers have been used as masks for the transfer of pores into SigNy. [267] Larger
millimeter-scale arrays of sub-micron pores in ultra-thin ceramics have been demonstrated
via several lithographic techniques. [268,269] Furthermore, pores can be etched directly into
polymer layers via ion beam exposure through lithographically-defined stencils in a process
termed aperture array lithography. [270] Many of these techniques involve expensive and
energy-intensive cleanroom microfabrication processes, which limit their commercial appli-
cability. While these devices may find niche applications in microfluidic biomedical contexts
where minute fluid volumes are processed, [271-273] they lack the mechanical durability [274]
and scalability to address global water challenges.

Bottom-up approaches to isoporous membrane fabrication rely on controlled self-
assembly phenomena to arrange micron or sub-micron features in materials that are either
pore-forming or can be converted into porous materials. Such phenomena rely on engineered
intermolecular interactions to enable high-throughput pattern-generation on the micro- and
nano-scale. Self-assembly for isoporous membranes can also arise in more simple materials
under carefully engineered processing conditions, namely the breath figure method. [275]
Using well-controlled condensation/evaporation, micron-scale isopores can be generated in
commodity polymer membrane materials [276] like cellulose triacetate [277] and polyether-

sulfone. [278] Inverse opal structures derived from carefully dried supramolecular packings
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of nanoparticles are another intriguing possibility — the pores can be made either at the
interstices or at the necks where two removed particles had contacted. [279]

Block copolymers (BCPs) are among the most promising self-assembly systems
being studied for isoporous membranes. [280-282] BCPs are linear chains of two blocks of
different monomers, which self-assemble into nanoscale patterns (spheres, lamellae, cylinders,
etc.) with dimensions dictated by molecular weight and penalty of mixing between blocks.
The BCP hexagonally close-packed cylindrical phase is perhaps the most widely studied,
due to its similarities to the ideal H-P scenario and due to its high €. The state of the art in
block-copolymer isoporous membrane design is the focus of the next chapter.

The motivation underlying virtually all of these studies on isoporous membranes to
date has been the sought-after step function for size selection. However, with the significant
attention paid to developing new routes toward isoporous membranes, it is worth viewing
separations from the perspective of energy efficiency. This view can offer new insights into
when and how isoporosity should be sought as a membrane design goal. Here, we explore
this question using a simplified numerical model. With this model, we project under which
regimes of flux and size-selectivity it would be appropriate to pursue extremely narrow
pore-size distributions and, conversely, when the costs of these effort outweigh potential

improvements.

5.2 Methodology

The model employed here begins with several assumptions of the membrane strucutre. The
membrane consists of perfectly cylindrical pores all of constant length L. Tortuosity in real
systems — to first order — simply scales the H-P equation linearly and is therefore neglected
in this case. The membranes consist of N=5E6 pores that are sampled from the log-normal
distribution in equation 5.4. In the model a constant mean (u=0) was used and o was
sampled from 0.001 to 0.6. A constant mean was chosen to enable direct comparisons across

values of 0. The mean pore size (mps) of each distribution was calculated using the following
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Figure 5.2: Representative log-normal propabability distributions of y=0. The dashed lines
are located at the mean pore size (mps). The inset highlights the diminishing probability
of large outlier pores. Small increases in ¢ lead to order of magnitude increases in P(r) at
larger r values

expression:

mps(o) = etz (5.5)

Note that the mean p of the log-normal distribution is distinct from the mps. Figure 5.2
shows representative probability density functions of log-normally distributed pore radii,
demonstrating the increase of large outliers from the mps with ¢. The H-P model predicts
a linear relationship between the applied pressure across a membrane and the resulting flux,
and this steady-state linear behavior is considered, excluding effects like initial compaction,
fouling, and cake formation. Filtration processes can be operated under conditions of con-
stant transmembrane pressure, constant flux, or in semi-constant modes. When a constant
pressure mode is employed, flux gradually declines as a cake layer forms and fouling proceeds.
We have chosen to analyse membrane pore distributions under a condition of constant flux
so that pressure can be directly calculated as a stand-in for energy. Since pressure is the
energy density of the fluid, by considering membrane process on a unit volume, we directly
relate the pressure to the energy needed to use the membrane for a separation process.

Starting with a condition of constant flux across membranes of varying o, the
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Figure 5.3: Relationship between cumulative pore area normalized by Nm as a function of o
of log normal distribution with pu=0

total flow rate through each membrane was calculated by assuming a global porosity, em
and using the total pore area, A, across all N pores. Figure 5.3 plots A;,/N as a function
of o, showing rapid growth as ¢ increases. The requisite pressure needed to achieve constant
flux across these different distributions was then calculated by combining equations 5.2 and

5.3:

FA,8nL
AP =B (5.6)
ET Zi:]_ T’,L-
Figure 5.4 shows how AP decreases as a function of o. Note that AP is normalized
by its maximum value found solving Equation 5.6. Three representative values of ¢ from

Figure 2 are included for guidance. Using AP as a function of o, the flow rate through each

individual pore, v;, is calculated using equation 5.1.

5.2.1 Membrane Rejection

While the inverse relationship between AP and ¢ shown in Figure 5.4 naively suggests that
an isoporous membrane is the least energy-efficient choice, the rejection performance of the

membrane pores must be considered. To assess the size-selectivity of the membranes across

117



10 [ T T T T T T T T
Pressure(c=0.1)=0.94
i Pressure(c=0.3)=0.58
0.8 Pressure(oc=0.5)=0.22 1
" _ ]
=] L
“ 05}
E -
[a W
0.2 f
ofr 1

0 0.1 0.2 0.3 0.4 05 0.6
o

Figure 5.4: Normalized pressure to achieve a unit flux as a function of o, where the maximum
value is in the isoporous case. The permeance of the membrane scales with 7%, and as share
of larger outlier pores increases, the pressure decreases.

pore-size distributions, we describe a monodisperse solute with hydraulic radius rs, which
is a multiple of the mps for each distribution. rs ranges from 1.005 to 6.0 times mps(o).

This range of solute sizes allows for the comparison of membrane rejection under different

conditions. The common definition of the rejection coefficient R is:

R=1-2 (5.7)
cf

where ¢y is the solute concentration in the feed and ¢f is the solute concentration in the
permeate. In this simplified model for membrane selectivity, we define a binary size-based
rejection rule based solely on size exclusion, which can be termed pure mechanical sieving.
Note that this rejection model does not incorporate convective hindrance as discussed in the
introduction, which is a reasonable simplification in the case of low flow rates. This model
also excludes particle/pore and particle/particle interactions, and assumes that there is no
retention of solute within the membrane pores. These phenomena are certainly important in
membrane separations, but they can be considered separately from the influence of pore-size
distribution, which is the focus of the current analysis.

The binary selection rule that is employed dictates that solute particles only pass
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through pores where the radius r; > rg. A logical matrix, M; is constructed to select pores
that meet the condition for solute flow. The cumulative flow rate through each pore that
meets this condition is considered flow that transmits solute through the membrane, whereas
pores that do not meet this condition are considered to perfectly reject the solute. The

rejection coefficient through the membrane is therefore defined as:

N
R:l_M (5.8)

Vtotal

This expression for membrane rejection coefficient makes the assumption that the solute
particle is homogeneously distributed throughout the fluid, which ignores the effects of con-
centration polarization, solute back diffusion, and cake formation. This expression states
that for pores which reject the particles, pure water flows through at the rate dictated by
the H-P equation. For pores that do permit the solute particle to pass, the fluid is trans-
ported across with solute concentration c¢g. Thus, if ¢f is normalized to unity, the permeate
concentration is simply the fraction of total flow rate through solute-selective pores. Figure
5.ba shows the rejection coefficient R as a function of o for increasing values of rg. Figure
5.5b shows an alternate view of R as a function of rs for increasing o.

With the requisite AP and R computed as a function of o, the energy expenditure
required to meet a target rejection, t,, can be calculated If r > ¢, the membrane meets or
exceeds the target rejection with one batch process. The energy expenditure in this case
is simply proportional to AP — the pressure required to process that volume of fluid at a
normalized flux. However, if R | t,, the fluid would require multiple batch processes to be
adequately treated. In this scenario, we consider ¢j after the filtration to become ¢ of a
subsequent process. Since each membrane operation reduced the solute concentration by a
factor of R, the integer number of passes to reach t¢,, n, can be calculated from a geometric

series to be:
_log(1 —ty)
"= log(1 — R) (5.9)
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Figure 5.5: a) The rejection coefficient for membranes of increasing variance in pore size

distribution for different solute sizes, rg, relative to the mean pore size. b) The rejection
coefficient as a function of rg for membranes with increasing variance in pore size distribution.
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Figure 5.6: Colormaps of energy-expenditure, nAP, as a function of o, the variance of the
membrane pore log-normal distribution, and target rejection of a separation process. Each
subplot is the data computed for a given rs, solute size relative to the mean pore size. The
applied transmembrane pressure AP, is normalized to the case of an isoporous membrane.
n is the number of sequential membrane passes required to achieve a target rejection. The
color map data is plotted logarithmically. The target rejection axis is plotted linearly in
order to focus on moderate target rejection thresholds.

121



energy

intensive
S
S
S
-0.6
S -0.9
energy
efficient
.9 .999 .99999 9 .999 .99999 .9 .999 .99999
Target Rejection Target Rejection Target Rejection

( dvu)3o|

Figure 5.7: Colormaps of energy-expenditure, nAP, as a function of o, the variance of the
membrane pore log-normal distribution, and target rejection of a separation process. Each

subplot is the data computed for a given rs, solute size relative to the mean pore size.

The

applied transmembrane pressure AP, is normalized to the case of an isoporous membrane.

n is the number of sequential membrane passes required to achieve a target rejection.

The

color map data is plotted logarithmically. The target rejection axis is plotted in increasing

nines, to highlight the behavior in the limit of ultrapure target rejection thresholds.
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Here n is rounded up to the nearest integer to capture the batch nature of multiple mem-
brane processes. The total energy expended to bring the fluid to a purity set by ¢, is thus
proportional to nAP.

The base-10 logarithm of nAP is plotted in Figures 5.6 and 5.7 as a function
of ¢ and t,. The logarithm is taken to improve readability given the range of data. The
two figures differ in the scaling of the t, x-axis. The first has a linear scaling across the
range, which emphasizes low target rejections. The second is logarithmically scaled out in
increasing nines, represented by vertical lines, revealing the energy consumption landscape

of increasingly ultra-pure separations.

5.3 Discussion

When considering the energy consumption of membrane processes, there is a fundamental
trade-off between increasing permeance and decreasing size-selectivity. In the constant-
flux scenario in this analysis, a decrease in the requisite pressure represents energy savings.
Figure 5.4 shows the relationship between this quantity and the ¢ of the pore distribution,
revealing two regimes. There is a gradual decrease in pressure between the isoporous case
and o ~0.1. The curve then becomes linear over most of the ¢ range, though an inflection
to sub-linear decrease is apparent at higho values. Typical phase-inversion ultrafiltration
membranes have been shown to fit a log-normal distribution with 0=0.2. [244] In this picture,
such a membrane would therefore require ~20% less energy than an equivalent isoporous
membrane — assuming the rejection target is achieved with a single pass. Figure 5.5 reveals
how increasing the permeance of the membrane compromises its performance as measured by
the rejection coefficient. As the distribution of the membrane’s pore increases, the rejection
drops. The onset of this drop in rejection is delayed to larger values of ¢ as the size of the
solute relative to the mean pore size increases. Viewed another way, membranes with large
values of ¢ are only highly effective if the solute is much larger than the mean pore size.

The analysis thus far captures a well-recognized fundamental trade-off between
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permeability and size-selectivity in membranes. [244] This trade-off in the present case of
convective transport is related to the size of the pore that must behave both as a channel
for fluid flow and as the mechanism for separation. This phenomenon is fundamentally
similar to the upper-limit concept in gas permeation membranes introduced by Robeson.
[283] The trade-off is also a feature of other diffusion-based membranes such as reverse
osmosis membranes used in desalination. [238]

Introducing the quantity nAP as a figure of merit enables the simultaneous con-
sideration of a membrane’s permeability and size-selectivity in overall energy efficiency. In
Figure 5.5a, each curve represents the maximum allowable pore distribution to achieve a cer-
tain rejection with a certain particle size. At any point on these curves, moving directly left
toward isoporosity raises the energy requirement by decreasing the permeability. Consider a
given value for rejection in Figure 5.5a as the target rejection for a separation process. If the
membrane pore-size distribution is to the right of a curve for a given solute size, the fluid
would need two passes through the membrane, which would double the energy expenditure.
The solution to equation 5.9 for n thus captures the increase in energy required to use a
membrane with a wide pore-size distribution even as the permeability increases.

Figures 5.6 and 5.7 highlight the role increasing n has on the total energy expen-
diture of membranes with widening distribution in moderate and challenging target purifi-
cations. In Figure 5.6, starting from the top right plot where r4=1.05, there are horizontal
bands of uniform at the bottom of the plots. These bands, which span the target rejection
range of the figure, increase in height as the solute size increases. These solid regions are
those where the rejection coefficient for the membrane exceeds the target rejection, namely
where n=1. Moving up vertically in these regions, the quantity nA P decreases solely due to
enhanced permeability with higher 0. As o increases further, a sharp jump in nA P is appar-
ent, occurring when n increases. The first jump occurs at lower values of ¢ for each solute
size sampled. Moving vertically upward still, additional jumps associated with increased n

punctuate the underlying trend of decreasing AP.
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Figure 5.8: Linecuts highlighting the change in behavior of nAP vs. ¢ as a function of target
rejection and solute size. Note that nAP is linearly scaled. a) At low target rejections a
substantial drop in pressure with wider pores can be exploited without the influence of n’s
increase. b) At ultrapure rejections, any decrease in AP by moving to wider pores is quickly
outweighed by the cost of successive cycling. In such a context, the isoporous membrane can
be considered the most energy-efficient.
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Figure 5.8a shows a vertical linecut taken from Figure 5.6 at a representative low
target rejection of 50%, at several solute sizes. Note that nAP itself and not the logarithm
of nAP is plotted here. The minimum value of each line is located at the o that is most
energy-efficient for this separation. These minima are located at pore-size distributions
much wider than the isoporous membrane. For applications in which a low target rejection
is acceptable, for example, in the clarification of natural products like dairy and juices,
an isoporous membrane would impose higher energy costs than a wide pore distribution
membrane.

Figure 5.7 expands the same data as Figure 5.6 in the limit of ultra-high target
rejections. The leftmost vertical band ranges from 40% to 90%, the second from 90% to
99%, the third from 99% to 99.9%, and so on in increasing nines. In the top row of plots
in Figure 5.6, it is clear that the onset of n’s growth occurs at values of ¢ approaching
isoporosity. This means that the widest allowable pore size distribution for a membrane
before successive purification cycles are needed occurs is quite narrow. A representative
line-cut of target rejection 99% is displayed in Figure 5.8b. Here, at low solute sizes, the
minimum is extremely close to the isoporous membrane. Due to the shape of the pressure
vs. o curve (Figure 5.4), the difference in energy efficiency between an idealized isoporous
membrane and an extremely narrow log-normal membrane is miniscule.

An alternative strategy to achieving high rejection is to select a membrane with a
mean pore size substantially smaller than the targeted solute (r5>1) but having a wide pore-
size distribution, such that even the small population of larger pores would still be narrow
enough to reject the solute. Since the transmembrane pressure scales with the inverse fourth
power of the pore radius, such a strategy carries a major energy cost.

This analysis makes clear that the choice of membrane structure along the selectivity-
permeability trade-off is highly context-dependent. The relatively slow rate at which per-
meability increases with the variance of pore distribution is not sufficient to justify the

corresponding increase in energy of sequential multiple pass membrane processes. For that
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reason, the minimum energy to achieve a target separation is dictated almost entirely by
the size-selectivity of the membrane. Membranes that have low permeability but high size-

selectivity thus are the most energy-efficient options in achieving high-purity separations.

5.4 Conclusion

The value of isoporous membranes has been a topic of debate in the scientific community for
at least 80 years. [245] The present analysis demonstrates conclusively that the high rejection
characteristics of membranes approaching isoporosity outweigh the minimized permeance of
such membranes when high-purity separations are critical. nAP, the number of membrane
passes required to meet a selectivity threshold multiplied by the transmembrane pressure, is
introduced as a figure of merit in evaluating the total energy expenditure required to pro-
cess a fluid to a targeted level of purity. By viewing this analysis in light of the challenges
facing the water-energy nexus, the potential advantages of isoporous membranes over tra-
ditional materials takes on new significance. Researchers should focus on membranes with
the ultra-narrow rejection curves for targeted separations, such as those exhibited by iso-
porous membranes, without concern for the reduced permeance of these devices relative to
broader pore distribution materials. This simple model of convective bulk-transport mem-
branes has ramifications for the distinctly different thin-film composite or reverse osmosis
membranes [238] in that unrealized gains in size-selectivity can far outweigh permeability

costs from an energy perspective.
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CHAPTER 6
BLOCK COPOLYMER-DERIVED METAL OXIDE
ISOPOROUS MEMBRANES

6.1 Introduction

Block copolymers are increasingly recognized for their potential in creating highly selective
isoporous membranes, and several processing/fabrication approaches to acheive this goal
have been described in the literature. In BCP membranes, the orientation of the pore-
forming phase relative to the membrane surfaces must be controlled to ensure a continuous
channel with minimized tortuosity. Controlled solvent annealing [284-287] and substrate
surface energy neutralization [76, 288, 289] are two popular strategies to control domain
alignment, along with annealing under steep thermal gradients, [290] and electric [291] or
magnetic field-driven methods. [292,293] Copolymers with more than two blocks and other
structural complexities also find use in this area. [294]

BCPs have been implemented in isoporous membrane fabrication in two main
ways. The first shares many similarities to top-down approaches, but with BCPs acting as
a self-assembled template for the transfer of features smaller than what can be accessed by
other lithographic means. For example, micelle-forming BCPs were used to transfer pores
into Si, SigNy, and metals. [295,296] Porous BCP-derived films have also been integrated into
substrates with previous lithographically-dervied pores. [297] In terms of ease of processing
and scalability, such approaches share many of the drawbacks of other lithographic top-down
methods.

In the second implementation, the self-assembled material itself forms the active
layer of the isoporous membrane. Using self-assembly with nonsolvent induced phase sepa-
ration (SNIPS), isopores are generated directly in the top layer of material in both flat sheet
and hollow fiber form factors. [298-302] SNIPS involves involves blade-coating a polymer

solution from a water-immiscible solvent onto a glass plate, allowing the solvent to partially
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evaporate, followed by submersion into a water bath. The solvent gradient in the film due to
partial evaporation, along with the instability of the polymer-solvent-water mixture, yields
a thick spongy support layer with BCP-defined isopores forming an active skin layer.

Scaled roll-to-roll fabrication of isoporous BCP membranes using this method has
been demonstrated and appears poised to move beyond research settings. [303,304] In these
implementations, the polymer forms a selective isoporous skin layer of variable thickness
supported by a spongy tortuous layer.

The pore-forming phase of the BCP can be converted into a pore void by several
different means. A small molecule with selective solubility in the cylinder-forming block, such
as 3-n-pentadecylphenol (PDP) in P4VP, can be incorporated in the polymer solution and
then selectively dissolved after the membrane is cast. [286] Oligimers or short homopolymers
can likewise be added to the cylinder-forming phase and be removed by after casting by a
block-selective solvent. [285,305,306] The reduction in volume in the cylinder-phase leads
the retained block to collapse and form an open pore volume. Pores can be generated by
selectively chemically etching the cylinder-forming block, for example polylactide (PLA)
features can be etched in basic solutions to form isopores. [307,308] Pores can be generated
by selective solvent swelling of the cylinder-forming blocks. When the selective solvent is
evaporated, the polymer chains forming the cylinder can collapse to yield an open pore
volume ringed by an annulus of the cylinder-forming block. [309-312]

BCPs are also useful in that the pore size and surface chemistry can be precisely
engineered. By controlling the extent of swelling via duration, temperature, and solvent,
the generated pores can be manipulated in size. [309,313] The molecular weight of the
pore-forming block represents a direct route to pore-size control during polymer synthe-
sis. [294] Pore-size tuning can even be achieved after pore formation by direct chemistry on
the pore surface. [314] The pore surface chemistry and structure is of key importance in
new membrane design, particularly in anti-fouling, catalytic, selective adsorption, and other

advanced functions. [315] The pore surface is composed of polymer functional groups, which
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can be designed for accessible chemistry for post-pore generation modifications. For exam-
ple, catechol-lined pores have been biomineralized into zirconia-containing pores to enhance
stability and hydrophilicty. [316] Stimuli-responsive pores, such as those with pH-dependent
swelling, [317] can enable active membranes for targeted separations. [318] By incorporating
sol-gel components into BCP-scaffolds, a variety of inorganic isoporous materials have been
demonstrated. [319]

In this chapter, an alternative route combining both top-down and bottom-up
nanofabrication approaches is introduced. Sequential infiltration synthesis (SIS) is used
with cylinder-forming PS-b-PMMA BCP films where the SIS-inert PS domains forms the
cylinders. Because PS lacks Lewis-basic functional groups, during vapor purging, SIS met-
alorganic precursors are retained in the PMMA matrix and not in the cylinders. Upon re-
moval of the polymer, an inorganic metal oxide directly templating the BCP self-assembled
structure is retained. These polymer films are transferred to and processed on porous sup-
porting structures to implement them in membrane configurations. This method enables
simultaneous control of pore size, thickness, and material surface chemistry. SIS and atomic
layer deposition (ALD) are thus poised to offer a wide range of material surfaces with precise

pore tailoring to membranes. [320,321]

6.2 Results and Discussion

6.2.1 Vertical Cylinder Self-Assembly

The metal oxide isoporous membranes fabricated by SIS directly template the continuous
PMMA domain in the PS-6-PMMA BCP, and any defects in the self-assembly of this polymer
film will be reflected in the final structure. The thin film processing of this polymer must
therefore ensure that the PS cylinders orient themselves normally to the substrate surface.
These PS cylinders, in the ideal case, must exist as monoliths that traverse the free surface

of the film (air/BCP interface) to the substrate surface (BCP /substrate interface). Pristine
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Si surfaces are preferentially wet by PMMA over PS. The implications of this fact are that
cylinder-forming PS-6-PMMA BCPs will self-assemble to ensure maximal coverage of the Si
surface by PMMA. The result is PS cylinders lying parallel to the substrate. Therefore, a
surface-energy neutralizing random copolymer mat is employed to remove the driving force
for preferential wetting of the PMMA phase.

A previous study by Zhou et al. [76] determined the random copolymer mat
composition and thermal annealing conditions for the successful self-assembly of vertically
oriented PS cylinders in PS-0-PMMA (Mp= 20.2-5-50.5 kg/mol, center to center spacing
Lp=38.3 nm). Though strategies for vertical assembly of PS-b-PMMA cylinder-forming
systems where the PMMA forms the cylinder had been studied [288,289,322], there had
been limited reports for the PS-cylinder system of interest. [323] Zhou et al. found that
a polystyrene-random-methyl methacrylate-random-glycidyl methacrylate (P(S-r-MMA-7-
GMMA)) copolymer composed of 4 mol% GMMA and 63 mol% styrene monomers yielded
the most optimal vertical assembly. By annealing thin films in a nitrogen glovebox environ-
ment at various temperatures, 270 °C for 3 hours was found to be the temperature and time
that enabled vertical assembly over the largest range of film thicknesses. At this tempera-
ture, the surface energy of PS and PMMA in air are presumed to be equal. In thicker films,
the free surface must be truly surface energy neutral as well, otherwise guidance from the
substrate surface will be insufficient to orient the cylinders vertically.

The same BCP, random mat composition, and annealing conditions were adapted
to this work, and the assembly of the films were verified using scanning electron microscopy.
Films were spin-coated to thicknesses not exceeding 140 nm to ensure that the cylinders were
continuous and monolithic throughout the film. In thicker films, the self-assembly at either
surface is essentially decoupled. While the neutral layer and 270 °C annealing temperature
ensure a vertical orientation at either surface, there will be cylindrical alignment defects at
a plane within the film due to this decoupling. Both the work by Zhou et al. and another

study by Segal-Peretz et al. [57] use transmission electron microscopy (TEM) tomography to

131



reconstruct volumes of this BCP system at this thickness and observe no mid-plane defects,

enabling confidence in this choice of thickness.

6.2.2 Polymer Film Transfer to Porous Support Layers

In order to utilize block copolymer thin films in membrane applications, the substrate must
act as a porous support layer so that fluid can flow through the membrane. The flat,
featureless silicon wafers used to spin coat uniform thin films are unsuitable for this purpose.
For that reason, the transfer of the film from the spin-coated substrate onto a porous support
must be accomplished. This task must be done in a way that does not plastically deform
the thin film, as any tears or mechanically-induced defects would limit the ultra-selective
performance of the layer. However, the 140 nm polymer film is extremely delicate and prone
to wrinkling and folding.

Floating the film onto a liquid bath is one route by which this transfer can be
accomplished. The surface tension of the air water interface can keep the film taut. While
some studies have used hydrofluoric acid to etch away silicon dioxide to release polymer
films, a water soluble undercoat is much safer. An aqueous solution of poly(acrylic acid)
sodium salt (PAA) is a preferable alternative, as it can be spin-coated onto the Si wafer
to form a flat surface for the spin-coating and cross-linking of the random copolymer mat
prior to spin-coating the BCP. PAA does not mix toluene, the solvent used to dissolve the
components of the BCP stack, and therefore the films do not mix and are maintained as a
stack. Furthermore, PAA does not cross-link or otherwise lose its solubility in water under
the conditions of random mat cross-linking or block copolymer annealing. After the film is
assembled, the Si wafer can be lowered into a deionized (DI) water bath. The water dissolves
the PAA undercoat and releases the film onto the surface of the water. This sequence of
operations is detailed in Figure 6.1(1-4).

Once the film is resting on the water surface, it must be transferred onto its fi-

nal porous substrate (Figure 6.15,6). Though this operation can be done by practiced hand,
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Figure 6.1: Process flow for the fabrication of BCP derived isoporous metal oxide membranes
on porous support structures.

inevitably small movements will lead to undue forces on the film and lead to plastic defor-
mation, tearing, and wrinkling of the film as it is lowered into the water bath. It is very
difficult to reproducibly introduce the Si wafer at a constant rate and at a constant angle,
and to withdraw the porous substrate with the polymer filmed positioned properly on it. To
optimize this process and reduce transfer-induced defects, a mechanical means of film release
and transfer was designed. [324]

Figure 6.2 shows a schematic of this apparatus. The clamp (1) and loading arm (2)
can be fixed to a vertical linear rail which allow the silicon substrate to be lowered into the
drain chamber (3) which is filled with water. Once the silicon substrate is submerged into
the water and the film is released the loading arm can be withdrawn. The drain chamber is
composed of two threaded parts to allow for the porous substrate (5) to be exchanged. An
o-ring (4) provides sealing of the top and bottom (6) components of the drain chamber. The
bottom part of the drain chamber consists on a support structure for the porous substrate
and a channel for suction to be applied by a syringe pump, as show in Figure 6.3.

Once the polymer film is released onto the water surface and the syringe pump is
engaged, the water level in the drain chamber gradually lowers. The receding water level

forms a meniscus with the hydrophilic walls of the drain chamber that curves upwards.

133



Drain Chamber
(top part)

Drain Cl
(bottom

Figure 6.2: Schematic detailing the apparatus for transferring BCP films onto porous support
structures in a reproducible manner.
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Figure 6.3: Operating the film transfer apparatus with a syringe pump to apply suction.
Inset shows meniscus centering of BCP film as water level lowers to bring film into contact
with the porous support structure.
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This meniscus automatically centers the film in the receding water column, as shown in the
inset of Figure 6.3. The water is withdrawn through the porous substrate itself, so that
the centered film first touches the porous support at the center. This ensures that the film
remains taut throughout. When withdrawing polymer thin films onto porous supports by
hand, one common issue is that a thin layer of water is retained on the porous support
surface on which the film can slide freely. With the described apparatus, any water between
the film and membrane surface is drained away. After the transfer process is completed,
the new composite membrane can be removed and allowed to dry in air. Conducting this
process under glassware, or ideally in a cleanroom environment, will reduce the likelihood of
dust contamination.

While any flat sheet membrane can be used as the porous support layer, there are
several properties by which to evaluate the best candidate. One consideration is the local
roughness of the membrane surface. If the surface is too rough, asperities in the surface will
place stresses on the film that can cause it to mechanically fail. Failure may occur during
the film transfer process itself, or may be caused by the stresses induced by the subsequent
SIS and etching or annealing processes. For example, PVDF membranes rated as having
200 nm pores were found to yield membranes with significant cracking, as shown in Figure
6.4. However, PES membranes rated as the same size pores did not exhibit cracking. The
microstructure of these two membrane types reveal that PES forms a smooth skin which can
support the BCP film much more evenly than the rough PVDF features.

Anodized aluminum oxide (AAO) is a superior choice of microporous support
because it has a much higher porosity than any common polymeric support. The bottom
panel of Figure 6.4 shows that for AAO membranes with the reported same 200 nm pore
size, a greater share of the BCP film is suspended over open pores, meaning the flux of
the membrane can be greater than in the one suspended on PES. The uniformity of the

underlying AAO pores means that each suspended region of BCP film is similar in size.
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Figure 6.4: AloO3 isoporous layers generated after transfer of BCP films onto PVDF, PES,
and AAO substrates.
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Figure 6.5: Isoporous membrane fabricated by O9 annealing after 3 SIS cycles of AlsO3 on
a Si substrate both from top view and in cross section. A histogram of image thresholded
SEM images shows the narrow distribution of pores.

6.2.3 Isoporosity in BCP-derived SIS membranes

Once the BCP self-assembled structure is annealed, SIS can be conducted identitcally on
either Si substrates or after transferring to AAO. For AloOg grown by SIS, oxygen plasma
etching is a suitable route to remove the BCP template and yield an inorganic system. The
resulting structure shown in Figure 6.5 shows typical BCP film of ~ 140 nm initial thickness
was subjected to 3 SIS cycles at 95 °C followed by oxygen plasma etching. The cross-
section SEM confirms that these cylindrical pores are monolithic, and that the membrane
film thickness is much smaller the initial BCP film thickness. Image thresholding was used
to calculate the pore size distribution of the top surface, presented in the histogram at the
right.

This analysis reveals that the pore radius falls on an extremely tight distribution
with an average pore size of 12.5 nm with a variance of 0.65 nm. While some variance may
be introduced by the image thresholding process, many of the outliers can be attributed
to pores at grain boundaries. Figure 6.6 shows a bigger snapshot of the top surface, show-

ing the prevalence of grain boundaries and the outlier pores at their surfaces. Volumetric
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reconstructions of these materials by TEM tomography reveal that grain boundary defects
typically resolve into single pores within the film into single cylinders or do not traverse the
membrane thickness. [57,76] Therefore, these grain boundary defects are not expected to
substantially effect the filtration performance of the membrane.

Nonetheless, maximizing the grain size in the self-assembly would further reduce
the impact of these deviations from isopores. Strategies like directed self-assembly (DSA)
could eliminate grain boundaries completely, but at the expense of introducing significant
complexity to the fabrication and limiting device areas to the sub-millimeter scale due to
limitations in e-beam pattern writing. There are also defects within grains that look like two
merged pores. These defects emerge when a PS cylinder lies parallel to the free membrane
surface and bridges two adjacent cylinders. These defects can also be discounted, as the
defect only exists at the surface, and the two cylinders are separated by a PMMA /AlyOg3

feature deeper in the membrane.

6.2.4 Dimensional Control of Isopores

The conversion of block copolymer templates into isoporous metal oxide membranes offers
precise control of over pore dimensions and pore thickness. The first route to control dimen-
sions is the BCP molecular weight and volume fraction. Assuming the BCP is kept within
the cylinder-forming phase, the diameter scales as some sub-linear function of molecular
weight of the cylinder-forming block. [294] Thus, changing BCP composition is one route to
control the porosity and pore dimension in these materials.

As the number of SIS cycles is increased, the volume of the hybrid film expands to
accommodate the introduced volume of metal oxide. This leads to a simultaneous decrease
in pore radius and increase in membrane thickness in the final membrane. Figure 6.7 shows
IngO3 membranes grown with 3 and 10 SIS cycles following the procedure described in
chapter 4. The relative roughness of the pore walls relative to the AloO3 case is a consequence

of the two materials’ microstructures and will be discussed in the following section. The rate
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Figure 6.6: Isoporous membrane AloO3 displaying grain boundary defects and in-grain de-
fects.
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Figure 6.7: Top surface and cross-section SEM images of InpO3 isoporous membrane. In-
creasing the number of SIS cycles decreases the pore size and increases the membrane film
thickness.

of pore shrinking and film thickness expansion is sensitive to the SIS processing conditions,
and must be calibrated in designing precise pores.

These membranes can be subjected to further ALD growth after removal of the
organic components of the hybrid film. This approach enables sensitive dialing-in of the pore
size. Since the recovered framework is completely inorganic, ALD growth of new materials
on the pore surfaces is not restricted to the narrow library of SIS materials. For example,
a membrane derived from an initial template of PS-b-PMMA was prepared using 3 cycles
of AlpOs SIS. This structure was then overcoated with TiO9 using alternating pulses of
tetrakis(dimethylamido)titanium (TDMAT) and water at 100 °C. Figure 6.8 shows SEM
images of the top surface of these membranes, with cross-sectional insets, in 25 cycle incre-
ments. Image thresholding of the surface SEM images is used to measure the pore radii.
These are plotted below showing the expected linear decrease of pore radius per ALD cycle.
The slope of this line implies that each ALD cycle shrinks the pore radius by approximately
.043 nm/cycle.

The linear shrink in pore size offered by ALD represents an extremely sensitive
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Figure 6.8: ALD overcoating a AloO3 isoporous membrane with TiO» in 25 cycle increments.
The pore shrinkage is linear, as expected from the conformal nature of ALD.
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Figure 6.9: Schematic detailing pore dimension control in BCP-derived SIS isoporous mem-
branes.

route to pore size adjustment from the initial SIS-derived pore size. It should be noted that
ALD-overcoating also increases the thickness of the membrane by material growth on the
top surface. However, there are some limitations to this approach. The conformal nature
of ALD growth means that any surface roughness of the SIS framework is preserved and
becomes more significant in the high cycle limit. As the pore size is shrunk below ~5 nm,
asperities in the pore walls throughout the membrane thickness may neck and partially or
completely seal the pore. As the pores decrease in size, increasingly long vapor exposures
are required to ensure a saturated chemisorbed surface within the pore interior. The cross-
sections in Figure 6.8 show an increase in pore roughness over time. Roughness inherent
to the deposited material also contributes to deviations from the isoporous structure, in
addition to non-idealities present in the SIS-derived framework.

Figure 6.9 shows how these three steps can be used together to design isoporous

membrane layers of controlled thickness and pore size. The initial polymer cylinder dimen-
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sions can be controlled to an extent limited by the phase diagram for a given BCP. Next,
the processing conditions of SIS can be tuned to determine the infiltration per SIS cycle.
This step impacts both the film thickness and pore size of the inorganic framework. After
removal of the polymer matrix, the pores can be shrunk further with ALD overcoating. This
strategy offers the most sensitive control over the pore size, and cause a slight increase in
the membrane pore thickness. Significantly, ALD overcoating is amenable to a wide range of
ALD materials. This fabrication method thus enables a platform for independent control of

pore size on the nanometer length-scale and the materials chemistry of isoporous surfaces.

6.2.5 Hierarchical Porosity in SIS materials

SIS-derived AlpOg isoporous membranes appear smooth under SEM microscopy, though
TEM tomographic studies reveal a roughness that may be associated with the sharpness of
the BCP interface. IngOg differs significantly from AloOg in this regard, as the polymer
removal process causes crystallization and restructuring of the metal oxide. While the BCP
framework in AlpO3 SIS examples was removed by oxygen plasma etching, indium oxide
behaves as a plasma scavanger, and etch rates of the IngO3/BCP hybrid films are supris-
ing negligible, even at elevated temperature. For that reason, BCP is removed from IngO3
samples by high temperature annealing in air (400 °C, 3 hours). Figure 6.10 shows through
plane TEM images of InpO3 SIS in the same PS-b-PMMA BCP system. Figure 6.10a shows
the as-grown hybrid film show the as-grown hybrid system after 3 SIS cycles (3AG). The
lighter PS cylinders show no incorporation of indium oxide, whereas the continuous PMMA
matrix is decorated with indium oxide clusters. The incorporated metal oxide is amorphous,
as evidenced by the TEM diffractogram in the Figure 6.10b. After annealing, Figure 6.10c
shows strong evidence of recrystallization. The PS cylinders and PMMA matrix have been
removed, and the amorphous clusters have recrystallized into sintered nanoparticles. How-
ever, solid-state diffusion appears insufficient to completely destroy the morphology imposed

on the initial amorphous sturucture by the BCP, and the hexagonally-closed packed pores
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are retained. The inset shows clearly the atomic lattice, and the diffractogram in Figure
6.10d confirms the cubic IngOg morphology of these mesostructured nanoparticles. Figure
6.10e shows the annealed structure of a sample with 10 cycles of InoOg SIS. Here, the pores
imposed by the BCP are smaller, and the contrast is much darker. This is a consequence of
the thicker film that results from more metal oxide loading at high cycle numbers.

The inset of Figure 6.10c reveals that the crystallization does not yield a fully dense
material, and there are apparent pores within the InoOg region that emerge as the volume
of the hybrid phase is reduced during annealing. These smaller pores may be considered
interstitial volume between pseudo-randomly packed IngO3 nanoparticles. The interconnec-
tivty and necking of these IngOg nanoparticles is presently unknown. This material starkly
contrasts with the AlsO3 material which retains an amorphous structure, and yields a dense

material directly templating the BCP.

6.3 Conclusion

Combining SIS with BCP self-assembly enables nanoscale patterned growth of inorganic
metal oxide structures. By using BCP systems such as vertically-oriented cylinders, iso-
porous membranes can be constructed. PS-b-PMMA with a continuous PMMA matrix
yields metal oxide films hexagonally-close packed pores where the SIS-inert PS cylinders had
been before polymer removal. By designing tools to assist in the water-transfer method,
membranes can be produced on porous support layers in a reproducible manner that sup-
presses defects. This approach is a platform for the study of ultra-selective separations phe-
nomena where pore size approaches uniformity and can be tuned with sub-nanometer level
control. Molecular engineering of BCP structure and chemistry, the processing parameters
of SIS, and post-annealing ALD overcoating present routes to control pore dimension and
membrane thickness independently. SIS and ALD material libraries enable these isoporous
surfaces to be functionalized with a range of material surfaces, enabling independent control

of pore dimensions and surface chemical properties. Furthermore, SIS growth of materials
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Figure 6.10: a) TEM image of an SIS InsOg in BCP film in the hybrid state. b) Diffractogram
of this film reveals amorphous nature of hybrid film. ¢) TEM image of the same film after
annealing showing reconstruction into mesostructured nanoparticles. The inset reveals the
atomic lattice spacing consistent with a crystalline material and the development of a smaller
pore structure between the nanoparticles. d) TEM image of 10 cycle growth after annealing.
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like Ing O3, which crystallize during polymer removal, permit the formation of heirarchically

porous frameworks.

6.4 Materials and Methods

6.4.1 BCP Film Preparation

Silicon wafer substrates were prepared by cleaning in piranha solution (3:7 by volume of
concentrated sulfuric acid to 30% HoO9 at 130 °C) for twenty minutes followed by thorough
rinsing with deionized water. The silicon wafers were optionally coated with ~100 nm of
polyacrylic acid (PAA), by spin-coating a solution of 5 wt% PAA in deionized water at 4000
rpm for two minutes. Next, a ~10-nm layer of neutralizing random copolymer mat composed
of 63% styrene, 33% methyl methacrylate, and 4% glycidyl methacrylate is spin-coated from
a 0.5 wt% solution in toluene at 4000 rpm for one minute. These were then cross-linked on
a hot-plate in a nitrogen-filled glovebox at 230 °C for 20 minutes. After cross-linking, the
samples were sonicated in toluene for 5 minutes to remove any excess un-crosslinked random
copolymer. Next, ~80-140 nm of PS-b-PMMA (20.2-b-50.5 kg/mol) purchased from Polymer
Source Inc. was spin-coated from a 2-4 wt%. solution in toluene at 4000 rpm. These samples
were finally annealed in a nitrogen-filled glovebox at 270 °C for three hours to promote the

self-assembly of the polystyrene cylinders in a PMMA matrix.

6.4.2 TEM Aample Preparation and Measurements

An 80 nm BCP films was prepared using the previous protocol. A diamond scribe was then
used to scratch this polymer stack into small squares less than two mm on a side. The
silicon substrate was carefully lowered into a DI water bath at a shallow angle, so that the
water would gradually dissolve the PAA layer and cause the self-assembled block copolymer
layer to release onto the water surface. A thin fiber was used to break the polymer film
into small pieces along the scratched lines. These fragments of the film were carefully col-
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lected by floatation onto TEM support films and dried at room temperature (Figure 6.11).
The support films used were microporous silicon nitride (SigN4) windows purchased from
TEMWindows/SimPore Inc. These TEM supports consist of a 100-um thick Silicon sub-
strate with a 500-pm square 50 nm thick self-supporting SigN4 window in its center. This
window itself is patterned with 2-um circular perforations. Subsequently, these BCP film
covered microporous SigNy support films were placed in the ALD chamber and subjected
to the SIS procedures mentioned above. The experimental analytical electron microscopy
(AEM) data of these as-prepared products were measured using ThermoFisher Tecnai F20
and Talos F20X Field Emission Transmission and Scanning Transmission Electron Micro-
scopes (TEM/ STEM) operating at 200 kV. All data were recorded at room temperature
in low background high visibility Beryllium double tilt specimen holders. TEM image and
diffraction data were collected on the Tecani F20 using a Gatan Ultrascan 4kx4k CCD post
column camera while STEM images were acquired on both the Tecnai F20 and Talos F20X
using bright field (BF) and high angle annular dark field (HAADF) detectors which were
integrated into the respective microscopes. As-needed images and diffraction data were

calibrated using reference specimens of graphite and gold.
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Figure 6.11: TEM images of block copolymer film covered TEM grid before (a, b, ¢) and
after (d, e, f) three cycles of SIS processes.
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