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ABSTRACT: Conformal coating of ultrahigh-aspect-ratio nano-
structures with functional polymer thin films is highly desirable in
many applications, ranging from biosensing to energy storage.
Nevertheless, achieving uniform surface coverage on nanostruc-
tures is challenging due to the difficulty of controlling molecular
transport and reaction kinetics under nanoconfinement. Here we
demonstrated the conformal coverage of ultrahigh-aspect-ratio
nanopores by polymer nanolayers deposited using initiated
chemical vapor deposition (iCVD) and unraveled the fundamental
mechanisms governing the coating growth kinetics under nano-
confinement. A molecular-collision model was developed by using
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statistical methods and validated by systematic kinetic experiments. The results indicated that nanoconfinement amplified radical—
surface collisions, resulting in higher effective radical concentration. The approach for validating the molecular-collision model can
be broadly adopted to study vapor-based reaction systems without needing extensive nanofabrication or characterization
instruments. Together, the results reported here could improve the control over nanocoating growth during nanostructured
material/device fabrications across industries of manufacturing, healthcare, and sustainability.

1. INTRODUCTION

Nanostructured substrates with ultrahigh aspect ratios
(typically ~10* or greater)' ™ offer unparalleled large surface
areas for a fixed device volume and are thus critical in many
fields, including membranes used in filtration,” (bio)sensors,”
drug delivery,® and energy storage.”” The ability to control
their surface properties (e.g., chemistry, surface energy,
mechanical properties, and morphology) is therefore key to
enabling functions of the aforementioned devices. A common
method to control surface properties is surface modification
using multifunctional polymer coatings.”'® Nevertheless,
coating ultrahigh-aspect-ratio nanostructures with uniform
polymer nanolayers (defined as coatings with thickness <50
nm)”’ remains a challenge due to the difficulty of controlling
transport phenomena and reaction kinetics under nanoconfine-
ment.'" That is particularly limiting for solution-phase coating
methods (e.g,, spin/dip coating, inject printing, and layer-by-
layer assembly), where the undesirable surface tension effect
and the Fickian diffusion mechanism often lead to coating
defects and/or nonuniformity.”

By avoiding the use of solvents during polymer synthesis and
coating process, vapor-based coating techniques, such as
initiated chemical vapor deposition (iCVD), have achieved
uniform coverage of nanostructured substrates. Indeed,
nanopores with aspect ratios as high as 400 and diameters as
small as tens of nanometers have been coated conformally by
using the iCVD technique.” Furthermore, conformal coatings
have been applied in a substrate-independent manner onto
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silicon microtrenches (with aspect ratio <10),"”~"* block
copolymer membranes (with aspect ratio <80),'° self-
assembled anodized aluminum oxide (AAO) membranes
(with aspect ratios of ~250),”'° and track-etched membranes
[with aspect ratios approximately O(10') to 0(10%)].%"
Keeping the system in a reaction-limited regime (as opposed to
a mass-transfer-limited regime) was found crucial in forming
conformal coatings inside nanoporous geometries, eventually
achieving complete filling of pores.® That tight integration of
polymers and inorganic materials has important implications
for properties of the composite materials, including polymer
glass transition temperature,19 polymer crystallinity,20 and
specific capacitance.”

Both conformal coating and complete filling of pores rely on
the arrival of vapor phase reactants to the surface by non-line-
of-sight diffusion, ie., Knudsen diffusion, under modest
vacuum conditions and the limited probability of reaction
upon a single surface collision.'”"” Previous studies”'” have
shown that Knudsen diffusion dominates the mass transport of
initiator radicals inside nanoporous substrates due to the
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micrometer-sized molecular mean free path (1) under vacuum.
Despite that general understanding, the effect of nanoconfine-
ment on the transport of reactants and polymerization kinetics
remains unclear. The lack of understanding hindered the
precise control of coating growth on nanostructured substrates
and thus device fabrication in various applications (e.g.,
biosensing, drug delivery, and energy storage).

Previous studies done on flat substrates have shown that the
rate-determining step in iCVD polymerization is the surface
adsorption of monomers, which follows the Brunauer—
Emmett—Teller (BET) isotherm.”"”* Free radical polymer-
ization occurs on the surface upon initiation by vapor-phase
radicals via the Eley—Rideal mechanism."> Although the
precise amount of free radicals is difficult to measure directly
(due to their reactive nature), radicals are commonly
considered to be in excess; reaction kinetics could otherwise
transition to be initiation-limited when that is not the case.”’
That theory of monomer adsorption-limited kinetics has been
extended to depositions inside microtrenches (~1 um wide
and 6 ym deep).lz’m Coating growth kinetics were shown to
depend on the sticking probability, I" (i.e., the probability of a
free radical initiating a polymerization reaction upon a surface
collision), monomer surface concentration, and aspect ratio of
the underlying susbtrates.'”'” Nevertheless, kinetics of
polymerization under nanoconfinement could differ consid-
erably from that inside microstructures (e.g., the microtrenches
used in the aforementioned studies) because the Knudsen
number (Kn, defined as ratio of mean free path to the length
scale of the confinement) could be several orders of magnitude
greater in nanopores. A detailed understanding is critical for
enabling precise control over functional coating thickness and
conformality on nanostructured substrates.

Here, we unraveled the effect of nanoconfinement on the
deposition rate of polymer coatings and its dependence on the
concentrations of monomer and initiator using a porous
substrate with ultrahigh-aspect-ratio nanopores. AAO mem-
branes with an average pore diameter of ~200 nm and length
of ~55 ym (aspect ratios of ~275) were used as substrates. 2-
Hydroxyethyl methacrylate (HEMA, as monomer) and fert-
butyl peroxide (TBPO, as initiator) were used to deposit
poly(2-hydroxyethyl methacrylate) (pHEMA) via iCVD.
pHEMA was chosen because it is one of the most widely
applied polymethacrylate on nanostructured substrates for
applications ranging from biosens’ing,é’16 to tissue engineer-
ing”* and controlled drug release.”> We systematically studied
the deposition rate dependency on P;/P{* as well as Py/Pgy
under ultrahigh-aspect-ratio nanoconfinement and drew
comparisons with that on nonstructured surfaces. A collision-
based theoretical model was proposed to investigate how
incident angles of initiator free radicals, nanoconfinement
geometries, and sticking probability collectively influence the
trajectories of these free radicals under cylindrical nano-
confinement. Furthermore, the model uncovered how the
distribution of the radical-surface collision sites (predicted
based on those radical trajectories) can alter the effective
concentration of free radicals, and thus the polymer coating
growth kinetics, under nanoconfinement. This work provided
new fundamental insights into the transport of monomers and
initiators and its effect on deposition kinetics under nano-
confinement. These insights could enable the correlation of
obscure local deposition conditions under nanoconfinement
with bulk gas phase parameters that can be monitored in real
time in situ. Altogether, the insights provided here could

improve control over the growth of polymer coatings on
nanostructures with ultrahigh aspect ratios, advancing the
development of miniaturized devices in manufacturing, health-
care, and sustainability.

2. EXPERIMENTAL SECTION

2.A. ICVD Depositions. All iCVD films were deposited in a
custom-built cylindrical vacaum reactor (Sharon Vacuum Co. Inc.,
Brockton, MA). tert-Butyl peroxide (Sigma-Aldrich, 98%) and 2-
hydroxyethyl methacrylate (Sigma-Aldrich, >99%) were used as-
purchased without further purification. iCVD depositions were
performed at five Py/Pyf levels (0.12, 0.23, 0.33, 0.43, and 0.56)
crossing five P;/P{™* (0.002, 0.003, 0.004, 0.005, and 0.007), in total 25
deposition conditions. The chamber pressure was maintained at 350
mTorr and the stage temperature 30 °C. The total flow rate was
maintained at 0.68 sccm; in the case of insufficient flow from HEMA
and TBPO, argon gas was supplied. For each deposition, an anodized
aluminum oxide (AAO) membrane with nominal pore diameter ~200
nm and thickness ~55 um (WhatmanAnodisc inorganic filter
membrane, Maidstone, UK) was placed alongside a Si wafer substrate
(type: P/Boron (100), Purewafer, San Jose, CA) on the reactor stage.
The edges of these samples were affixed to the reactor cooling stage
with Kapton tapes to ensure effective heat conduction. To control
deposition of the 100 nm thick pHEMA film on Si wafers for the
kinetics experiments, in situ monitoring of film growth was performed
on a Si wafer by using interferometry with a HeNe laser source
(wavelength = 633 nm, JDS Uniphase).

2.B. Topographical Characterization of Substrates. The
topography of the top surface of Si wafer and AAO substrate was
characterized by using atomic force microscopy (Asylum MFP-3D,
Goleta, CA) in AC mode, with n*-Si PPP-NCSTR-10 tips (resonance
frequency ~180 kHz; tip height 10—15 pm; Nanosensors, Neuchatel,
Switzerland). Top-view and cross-sectional images of the pristine
AAO and pHEMA-coated AAO were acquired by using scanning
electron microscopy with an electron beam energy 1-3 keV (Zeiss
Gemini 500, Oberkochen, Germany) after coating the samples with
~2 nm iridium to reduce charging. To prepare cross sections of
pHEMA-coated AAO membranes for SEM imaging, these samples
were immersed in liquid nitrogen for 10 min to make the polymer
layer brittle before snapping the AAO membranes. The pore diameter
(D) and areal porosity (¢,) of the AAO membranes were determined
based on the top-view SEM images, and pore length (L) and thickness
of the pHEMA coatings based on the cross-sectional images. All
image analyses were performed in Image] (version 1.52a).%

2.C. Film Thickness Determination. The film thickness on flat
Si wafer substrates was measured postdeposition by a J.A. Woollam
VASE spectroscopic ellipsometer (Lincoln, NE) using 190 wave-
lengths from 315 to 718 nm at three different incidence angles (65°,
70°, and 75°).”” A Cauchy—Urbach model was used for data fitting.
FTIR measurements were performed to characterize the deposited
film on the Si wafer. The average film thickness deposited on the
nanopore walls within the AAO membranes was determined by using
the “weight method”, as described previously.'® Briefly, weight gain
due to the polymer film deposited on an AAO membrane was
measured gravimetrically and converted to the volume change using
the density of pHEMA (1.274 g cm™).”® That volume change was
then divided by the total exposed surface area (Aexp) of the AAO
membrane [~0(10%) cm?] to derive the average film thickness within
nanoconfinement. For the weight method calculations, the membrane
pores were assumed cylindrical. A, was calculated by summing the
total area of the cylindrical pore walls (4,,,) and the nonporous area
of the AAO top surface (Anp) ; the area of the AAO bottom, which was
in close contact with the cooling stage, was excluded from the exposed
area calculation due to limited access to reactive species. See the
Supporting Information for more details about the derivation of A
and the corresponding error propagation analysis.

2.D. Gaussian Process Regression (GPR). To display and
analyze the experimentally acquired deposition kinetics data set in 3D
with low bias, GPR was conducted on DR, by using Py;/Py and
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Figure 1. Ultrathin pHEMA coatings along the nanopores of AAO membranes. (A) SEM image showing the entire cross section of an uncoated
AAO membrane. (B, C) SEM images of greater magnifications, taken at the midpoint (indicated by the red boxes, which were ~27.5 ym from the
top surface) of (B) a pristine AAO membrane and (C) a pHEMA-coated AAO membrane. (D) FTIR spectrum of pHEMA deposited via iCVD.
The functional groups of pHEMA were numbered to label the FTIR peaks with the respective moieties.

Py/P{ as predictor variables (i.e., features). To train the model, we
used a training set that consisted of 40 data points, each comprising
Py/P5Y, P/PY, and DR, values acquired experimentally (via iCVD
depositions at prespecified conditions). The detailed mathematical
formula and algorithms for GPR have been published elsewhere.”®
Briefly, the covariance matrix was computed by using radial basis
function (RBF) kernels, and the hyperparameters of the kernels were
optimized by minimizing the negative log marginal likelihood. The
same GPR procedures were also performed on DR, to produce
interpolated DRPm—PI/Pfat curves in 2D. These curves were used to
numerically recreate the characteristic turning point of DR ,,.,,—P;/P{"
curves as quantitative confirmation of the validity of the collision-
based model. All GPR computation was performed by using the
statistical software R (version 1.2.1335), with the CRAN package
“gptk”.

2.E. Development of the Collision-Based Model. The
collision-based model for free radicals was developed and executed
by using statistical software R (version 1.2.1335).

3. RESULTS AND DISCUSSION

3.A. Nanopores with Ultrahigh Aspect Ratios in AAO
Membranes. The surface topography and pore structures of
commercial AAO membranes were characterized by using
atomic force microscopy (AFM) and scanning electron
microscopy (SEM). A silicon (Si) wafer was characterized in
parallel to highlight the nanostructures of AAO membranes.

Consistent with the reported morphology, the AAO
membranes used here had cylindrical pores perpendicular to
the membrane surface, with measured average pore diameter =
211 =+ 12 nm, pore length = 57.6 + 1.7, and areal porosity = 38
+ 3% (mean + standard deviation; N = 4).”” Based on the
average pore diameter and pore length, the average aspect ratio
of the AAO pores was calculated to be 273 + 18. These
correspond to a total exposed surface area = (2.2 + 0.1) X 10°
cm? per membrane, with a relative uncertainty of ~6% (see the
section “Error propagation analysis on DR,,." in the

Supporting Information for a detailed calculation). The root-
mean-square (RMS) roughness of AAO membranes was 47.20
+ 5.81 nm, which only accounted for the topmost section
(~200 nm thick) of the nanopores accessible by the AFM
cantilever. Nevertheless, that RMS roughness was much
greater than that of Si wafers (Figure SIB,D, 0.25 + 0.10
nm). Despite the minor irregularities in pore size/shape near
the top surface of the AAO membranes (Figure S2, top panel),
the bulk of the nanopores (i.e., deeper than ~300 nm from the
top membrane surface, accounting for >99.5% of the total pore
length) was smooth and straight (Figure S2, bottom panel;
Figure 1), validating the assumption of cylindrical nano-
confinement made during model development later on (see
section 3.D).

3.B. Ultrathin, Qualitatively Conformal pHEMA Coat-
ings. The iCVD technique was used to deposit pHEMA
coatings that uniformly covered the cylindrical nanopores.
During a deposition, an AAO membrane was placed alongside
a Si wafer on a cooled stage inside a custom-built vacuum
reactor. The vaporized monomer (HEMA) and initiator
(TBPO) were metered into the reactor, which was kept at
350 mTorr during all depositions. Filament array suspended
above the cooled stage was heated resistively to 230 °C,
decomposing TBPO molecules into tert-butoxy free radicals.
The stage was cooled to 30 °C to promote the physisorption of
monomer molecules at the material—vapor interface (e.g, the
pore walls and top surfaces), where polymerization was
initiated upon collision of the free radicals with the adsorbed
monomers.

The molecular structure of the iCVD pHEMA thin films was
confirmed by using Fourier-transform infrared spectroscopy
(FTIR, Figure 1D). The absence of unreacted C=C bonds
(1660—1610 cm™) indicated successful polymerization.”* The
iCVD process ensured high retention of the functional
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Figure 2. Effect of P;/P{" and Py,/P§} on the iCVD deposition kinetics on flat and nanostructured substrates. (A) Rate of deposition on flat
substrates, DRy, and (B) rate of deposition inside nanopores, DR, as a function of Py/P5Y at fixed P;/P{* values. (C) DRy, and (D) DR, as a
function of Pi/P}", at fixed Py/P§{ values. The insets in (B) and (D) are the same data set plotted on magnified y-axes. Error bars represent

standard deviation (N = 3).

moieties, as evidenced by the broad O—H stretching (3550—
3200 cm™') and out-of-phase C—C—O stretching (primary
alcohols, 1075—1000 cm™"') of the hydroxyl groups, strong
C=0O0 stretching (1730 cm™') of the carbonyl groups, and
coupled C—O and C—C—O stretching (1270—1240 cm™") of
the ester groups. The peaks were consistent with those
reported for vapor- and solution-polymerized pHEMA.>' ~**
That high retention of functional moieties during iCVD was a
result of the benign nature of this room-temperature
plrocess.g’34

The deposition left a qualitatively conformal'' polymer
coating inside the nanopores of AAO membranes (Figure 1C,
the coating was false colored in brown), meaning that the
entire pore wall was coated with a continuous, ultrathin
polymer film, up to an aspect ratio of at least ~205 (depth ~41
um), though the coating thickness was found to decrease
gradually down the pore (Figure S3). Note that to demonstrate
continuous coverage of the pore walls by the pHEMA coating,
SEM images of the middle segment of the AAO membranes
(~27.5 pym from the top, highlighted in the red box in Figure
1A) were compared before and after the deposition (Figure
1B,C). In the SEM images, crevices were observed on the
pHEMA coating (Figure 1C) but not on the AAO membranes.
That was likely a result of the stress cracking of the conductive
iridium top coating required for SEM imaging, which is known
to occur upon electron radiation due to a mismatch of thermal
expansion (between iridium and pHEMA coatings in this
case)."’s’g'6

To our best knowledge, this was the first direct observation
of conformal ultrathin iCVD coatings on nanopores with
ultrahigh aspect ratios. Although conformal iCVD coatings
have been visualized on microtrenches (with width of ~1 pm
and aspect ratios of ~10),'>"’ the direct observation of
ultrathin coatings on nanoscale pores or on structures with
such high aspect ratios has not been achieved. Instead, the
presence of conformal coatings has been inferred through

compositional changes,” and/or pore size shrinkage at the
topmost surface of membranes,”'” and/or by dissolving the
nanostructured substrates to image the polymer coating alone.’

Here, we demonstrated ultrathin pHEMA coating with
thickness measured to be ~25—30 nm. Notably, that coating
thickness within the pores required extended deposition time,
during which ~1500 nm of pHEMA coating was deposited on
the Si wafer under the identical deposition conditions. That
slower rate of deposition inside nanopores can be ascribed to
the overall effect of multiple factors, including substrate
temperature, diffusion mass transfer, specific surface area,
substrate curvature, and heat of adsorption. We devote the
following discussion to the relative contribution of these
factors to the rate drop observed in nanopores.

First, to assess the temperature effect, we conducted in silico
finite element analysis (FEA) along with direct temperature
measurement on the top surface of AAO membranes (see the
Experimental Section and Supporting Information for details).
Both methods independently showed that the AAO membrane
was ~6 °C higher than the Si wafer under our experimental
conditions (i.e., Ttage = 30 °C, Thament = 230 °C, Pregeror = 350
mTorr, and gas flow rate = 0.68 sccm). That higher substrate
temperature in turn would result in reduced average adsorption
of monomers on the AAO surfaces, thus contributing to the
slower DR,.. Nevertheless, this temperature difference would
only lead to a Pyjg,/Pifaac of 0.63 and consequently a DR,/
DRy, of 0.40 [assuming DR ~ [M]* ~ (P,/P)?],”" which
would still be about 1 order of magnitude higher than the
observed range of DR,/ DRy, (i.e, 0.01—0.06; see DR, in
Figure 3A,B). Therefore, temperature difference, though
confirmed, cannot fully account for the drastic rate drop
observed in nanopores.

Next, we turned to the potential effect caused by diffusion
mass transfer in nanopores. Under the monomer-adsorption-
limited regime (which was the case for deposition on both the
flat and the porous substrates),””' the flux of monomer
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molecules normal to the cooling stage (where AAO
membranes and Si wafers were placed) depends on the
deposition conditions only; i.e., the same monomer flux can be
assumed for AAO membranes and Si wafers. Nevertheless, the
nanoporous AAO membrane had a much larger (~400 times)
specific surface area than that of the flat Si wafer, thus leading
to a much smaller average deposition rate per surface area,
which would be roughly inversely proportional to the specific
surface area. Note, however, combining the effect of mass
transfer with that of the temperature difference leads to a
DR;./DRyg,, about 1 order of magnitude smaller than the
observed range (i.e,, ~0.001 vs 0.01). This further necessitates
consideration of the effect of the pore wall curvature on
monomer adsorption (as described by the Kelvin equation),’”
the difference in the heat of desorption (AHg,) for the
monomers on aluminum oxide vs silicon dioxide,”® and the
effective concentration of initiator radicals under nanoconfine-
ment (discussed in the following sections)—the collective
effect of which increases the predicted deposition rate inside
AAO nanopores. Quantitative analysis of the aforementioned
factors will be an important focus of future studies.

3.C. Decoupled Effects of Monomer and Initiator
Concentrations on Polymer Growth Kinetics. To
decouple the effects of monomer concentration and initiator
concentration, the kinetics of iCVD polymer growth were
investigated in two series of experiments: varying monomer
concentration at fixed initiator concentrations (blue, Figure
2A,B) and varying initiator concentration at fixed monomer
concentrations (orange, Figure 2C,D). See Table 1 for detailed
deposition conditions.

As reported previously, the concentration of surface-
adsorbed monomers was described by Py/P, i.e., the ratio of
monomer partial pressure in the vapor phase to its saturation
pressure at the stage temperature, a first-order approximation
of the BET isotherm. The adsorbed monomers are considered
to form an apparent monolayer at Py/P§y of ~0.39;”" the
range chosen here (0.12—0.56, Table 1) thus represented
surface monomer coverage of <1 monolayer to several
monolayers. A similar parameter, P;/P}", was defined to
quantify the surface concentration of initiators. We also
calculated the concentration of total initiators (i.e., activated
and nonactivated) in the bulk gas phase, using the ideal gas
law, as a secondary parameter, which followed the same trend
as P;/P{* under constant substrate temperature (see Table 1;
Figures 2 and 3, blue labels on top). The P;/P{* range (0.002—
0.007, Table 1) was chosen to account for the variety of
scenarios ranging from initiation-limited to monomer
adsorption-limited reaction kinetics.”***>’

The rate of deposition on Si wafer (i.e., DRy, in Figure 2)
was determined by dividing the final coating thickness
(determined by using an ellipsometer) on Si wafers by the
duration of deposition. The rate of deposition within
nanopores (i.e., DR, in Figure 2) was calculated by using
the postdeposition weight gain of AAO membranes and the
duration of deposition (see the Experimental Section for
details)."> By using that method, it was assumed that coatings
covered the membrane pore walls in a qualitatively conformal
manner (i.e., without pore clogging). To test that assumption,
we examined the AAO membranes coated by using the highest
Py/Pit (ie, 0.56) and P;/P{ (ie, 0.007), the deposition
conditions that gave rise to the most nonconformal coating.”"”
Indeed, no pore clogging was identified by SEM (Figure S4)
under those conditions. Despite the possible variation in

21,22

Table 1. Experimental Conditions for ICVD Polymerization
of pHEMA on Si Wafers and AAO Membranes”

b

monomer initiator” argon
[1] in bulk gas
flow rate, phase flow rate, flow rate,
Py/Piy Fy (sccm)  Py/P§ (mmol m™3) F; (sccm)  Fy, (sccm)

0.12 0.06 0.002 3.70 0.15 0.47
0.003 S.55 0.21 0.41
0.004 7.41 0.27 0.35
0.005 9.26 0.33 0.29
0.007 12.96 0.52 0.10

0.23 0.11 0.002 3.70 0.15 0.42
0.003 S.55 0.21 0.36
0.004 7.41 0.27 0.30
0.005 9.26 0.33 0.24
0.007 12.96 0.52 0.05

0.33 0.16 0.002 3.70 0.15 0.37
0.003 5.55 0.21 0.31
0.004 7.41 0.27 0.25
0.005 9.26 0.33 0.19
0.007 12.96 0.52 0

0.43 0.21 0.002 3.70 0.15 0.32
0.003 5.55 0.21 0.26
0.004 7.41 0.27 0.20
0.005 9.26 0.33 0.14
0.007 12.96 0.52 0

0.56 0.26 0.002 3.70 0.15 0.27
0.003 5.55 0.21 0.21
0.004 7.41 0.27 0.15
0.00S 9.26 0.33 0.09
0.007 12.96 0.52 0

“Tebstrate = 30 °C, Thiament = 230 °C, and P, .o, = 350 mTorr for all
depositions. “Monomer is HEMA; P;/Py{ is the ratio of monomer
partial pressure in the vapor phase to its saturation pressure at the
stage temperature. “Initiator is TBPO; P;/P{"" is the ratio of initiator
partial pressure in the vapor phase to its saturation pressure at the
stage temperature.

thickness of the iCVD coating along the pores,** the
aforementioned method provides a facile and reproducible
way to estimate the average rate of deposition over the entire
AAO surface area, which is dominated by the internal surface
of nanopores (see the section “Validation of the weight
method” in the Supporting Information for further details).
Under identical deposition conditions, the rate of deposition
on flat substrates (Figure 2A,C), DRy, was found to be 17—
80-fold that under nanoconfinement, DR, (Figure 2B,D),
corroborating the disparity in coating thickness observed on
the corresponding substrates. Despite its much smaller values,
DR, followed similar scaling laws as DRy, with respect to the
concentrations of monomer at fixed P;/P{* values (insets of
Figure 2B); i.e., the rate of deposition increased with Py,/P{{
monotonically throughout the tested range. That increasing
trend was consistent with previous reports.m’22 Error
propagation analysis was then performed to confirm the
validity and appropriateness of the weight method employed
here for studying iCVD deposition kinetics on porous
substrates. To this end, the fastest deposition (conducted
under Py/Pyf = 0.56 and P;/P{* = 0.007) was performed in
triplicate to obtain an upper-bound estimate for the variability
in the weight gain of AAO membranes arising from the iCVD
process (see Figure 2B,C, data points with error bars
representing standard deviations). After propagating variations
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Figure 3. Effects of P;/P{* and Py;/P}; on the normalized rate of deposition (DR, ), defined as DR,/ DRy (A) DR, as a function of Py;/P{}
at fixed P;/P}* levels. (B) DR,,, as a function of P/P{* at fixed Py,/P5{ levels. (C) Gaussian process regression (GPR) for DR ., in 3D using P,/
P and Py,/P5} as the predictor variables, with red spheres denoting the experimental observations. (D) Corresponding contour plot of the GPR-
regressed DR ., response surface, with the contour lines denoting deposition conditions that would result in DR, with the indicated values;

DR, values in (C) and (D) are represented using the same color scale. (E) Linear correlation between the DR,

predicted by GPR and the

norm

values measured experimentally; the dashed line represents the diagonal. Error bars represent standard deviations (N = 3).

of the AAO membrane geometric parameters and variations in
the weight gain and deposition time into DR, (see the
Supporting Information for the derivation), the analysis
predicted an upper-bound estimate for 6(DR,,,.) of +0.14
nm min~!, or a relative error [i.e., 6(DRy.)/DRpoy] of 7.6%.
This small error margin affords confidence that the calculated
iCVD deposition kinetics are reasonably accurate.

DRy, and DR, remained constant (at ~1.40 nm min~
and ~0.04 nm min~', respectively) throughout the tested
range of P/P{ when Py/P;{ was fixed at the lowest value
~0.12, indicating polymer chain growth was likely limited by
the surface adsorption of HEMA. With P/P;{ of ~0.23, DRy,
and DR, increased by ~3.48 nm min~' and ~0.097 nm
min~’, respectively upon increasing P;/P{* from 0.002 to
0.004, and plateaued at ~5.46 nm min~! and ~0.14 nm min~*
respectively, at P/P{* > 0.004; similar trends were observed for
the dependence of DRy, and DR,,,,, on P;/Pi* with the Py;/Pyy
value of 0.33. With P,;/Py{ value of 0.43, DRy, increased
monotonically with P;/P{* throughout the tested range of P,/
P (ie., 0.002—0.007), whereas DR, plateaued at ~1.02 nm

1

min~! at P/P{> 0.005. Similarly, with Py;/P§ value of 0.56,
the rate of increase in DRy, (i.e., the slope) remained mostly
unchanged throughout the tested range of P;/P}, whereas
there existed a notable decrease in the slope of DR, starting
at P/Pf* ~ 0.00S. Although this phenomenon was most
obvious with Py/P{f values of 0.43 and 0.56, it was also
present at lower Py;/Py; values—this became evident upon
normalizing DR, with DRy, (see Figure 3B).

To further dissect the effect of nanoconfinement on
deposition kinetics, we normalized DR, by the correspond-
ing DRy, obtained under the same deposition conditions, i.e.,
DR,y = DRyo/DRyg, (Figure 3). This normalization step
allowed us to (i) isolate the difference in trends between DR,
and DRy, from their respective trends and (ii) preclude any
unknown systematic error in our experimental setup from
interfering with data interpretation. Figure 3A shows that
DR, remained largely unchanged as Py/Pyf increased,
confirming the observation that deposition kinetics followed
similar scaling laws with respect to the monomer concen-
tration, regardless of the presence of nanoconfinement. DR,
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Figure 4. Theoretical model for deposition kinetics under nanoconfinement (at fixed pore length L = 55 ym). (A) Number of radical—surface
collisions within a cylindrical nanopore (diameter D = 200 nm), N,,, as a function of radical incident angle, , with the sticking probability, I', of
1073, 107%, 1075 and 1075, (B) Proportion of the free radicals (#7) that end up exiting without reacting among all the radicals that entered the pores
of varying diameters (D = 20, 200, and 2000 nm) as a function of I'. (C) Collision frequency amplification factor, @, as a function of pore diameter
for the aforementioned I values (purple arrows indicate the AAO pores used in this work; inset shows the data on a log—log scale). (D) Effective
relative areal collision frequency for the AAO membranes, f.g as a function of I, with ¢ = 1 achieved at the " value of ~107° (blue dashed lines).

showed an unequivocally consistent correlation with P;/P},

one that persisted throughout the tested range of Py/P}y,
where DR, increased and then decreased with P;/P{* with
an invariable maximum turning point around P;/P} ~ 0.005
(Figure 3B).

The disparate effects of Py/Py; and P;/P} on DR,,,, were
highlighted by mapping the experimental data onto a 3D space
(Figure 3C), with the corresponding contour plot shown in
Figure 3D. To further illustrate the data trends, a DR,
response surface was created by applying to the experimental
data the Gaussian process regression (GPR, a Bayesian
nonparametric regression approach) with radial basis function
(RBF) kernels (ensuring low training bias; see the Exper-
imental Section for further details).”® GPR was chosen because
it has been proven effective in fitting nonlinear data sets
without assuming any parametrized model function.”®
Applying the GPR also enabled high-fidelity interpolation of
the DR, response surface by using all of the experimentally
acquired data with their exact Py;/Py; and P;/Pj* coordinates
(denoted by the red dots in Figure 3C); as such, this
interpolated response surface further facilitated both hypoth-
esis and model validation (see section 3.E for further details).
Indeed, the fidelity of the GPR regression was confirmed by
performing a linear correlation between the experimentally
obtained DR, and the values predicted by GPR (Figure 3E).
The high correlation coefficient (r = 0.91) indicated that GPR
accurately captured the deposition kinetics as a function of
both P,,/P{f and P;/P™.

3.D. A Collision-Based Model for the Deposition
Kinetics under Nanoconfinement. To better understand
the effect of nanoconfinement on deposition kinetics and the

strong dependence of DR,,,,, on P;/P{* revealed in Figure 3, a
collision-based kinetic model was developed. Inspired by the
key observation that concentration of the initiators seems to
have a much greater effect than that of the monomers on
DR, we decided to adopt an initiator-centric perspective,
which is distinct from yet complementary to the monomer-
centric perspective adopted previously.”

To develop the collision-based model, we first assumed that
the concept of radical sticking probability applies to ultrahigh-
aspect-ratio nanoconfinements; ie., tert-butoxy radicals travel
down the nanopores by colliding with pore walls until they
react with the surface adsorbed monomers (i.e., “stick”). That
sticking probability, I', has been estimated to be on the order
of 107°~107%, depending on surface coverage by the
monomers, monomer-initiator reactivity, and aspect ratios of
the confinement.''~"> At a given stage temperature and thus
thermal velocity of gas molecules, nanopores lead to a higher
frequency of radical-surface collision than microtrenches or flat
substrates. The collision-based model developed here provides
further insight, in a quantitative manner, into that effect of
radical—surface collisions on deposition kinetics under nano-
confinement. The theoretical model was based on the
following assumptions: (I) Nanopores are cylindrical with
smooth walls. (I) Radical—surface collisions are purely elastic
with specular reflection. (III) The model considers the
effective concentration of radicals, i.e., only radicals that are
not quenched during collisions are included in the model. (IV)
The radical sticking probability remains constant while
traveling inside nanopores. (V) Only free radicals entering
the nanopores in the radial directions were considered, which
could lead to an underestimation of the collision frequency.
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Nevertheless, radicals entering via off-radial trajectories could
be analyzed by using the same theories elucidated below.
Based on those assumptions, for a radical that entered a
nanopore of diameter D and length L at an incident angle 6, it
would either react with surface-adsorbed monomers (i.e.,
“sticking”) or exit the nanopore through the other end.
Therefore, the average number of collisions the radical
experiences, N, can be expressed as (see the Supporting

p
Information for the derivation)

_ L
P D tan 0

N,.—1
(=DMt 3 al(1 1)
n=1

(1)
where L is pore length, D the pore diameter, 6 the radical
incident angle, I the sticking probability, n the number of
radical—surface collisions before sticking, and N, the

maximum number of collisions a radical can have before
exiting the pore without reacting:

N, Integer[D n 9] +1 2)
Based on eqs 1 and 2, N, as a function of the radical incident
angle, 6, can be calculated (Figure 4A), assuming the nanopore
dimensions of D = 200 nm and L = 55 ym (i.e., matching that
of an average pore in AAO membranes used). A wide range of
I' values (covering previously reported values ranging from
1078 to 1072)"' ™" was used to capture the effect of T" on Npore-
Intuitively, the free radicals that entered nanopores at smaller
incident angles would experience a greater number of wall
collisions than those at larger incident angles (two extreme
scenarios shown in Figure 44, insets). At incident angles close
to 0°) Ny is close to 1/T’, and radicals likely end up reacting
before exiting the pore (Figure 4A, left inset); at incident
angles close to 90°, N, is independent of I because radicals
likely exit pores before reacting (Figure 4A, right inset). At
intermediate incident angles, radicals could react away or exit
pores, depending on the value of I'. As shown in Figure 4A, the
Npoe—0 correlations for I' = 107,107, and 10~* overlap over
the entire range of incident angles except for the very small 6
(<2°), implying that at I" values less than 10™* the majority of
radicals that have entered the nanopores leave without reacting
(ie., nonreacted). This strikingly high proportion of non-
reacted radical population is corroborated by Figure 4B, where
proportion of the nonreacted radicals, #, is shown to
asymptotically approach 100% as I' gets smaller (see the
Supporting Information for the derivation of 77). Figure 4B also
shows that 7 at ' = 10™*(marked by the blue dashed line)
increases with D at fixed L = 55 yum: from = 81.9% for D =
20 nm, to 7 = 98.1% for D = 200 nm, and to # = 99.8% for D =
2000 nm. This positive correlation between # and D can be
attributed to the higher maximum number of radical-surface
collisions (i.e., Ny,,) — thus increased chance of reacting—for
the radicals that have entered a pore of smaller diameters (see
eq 2).

Next, the effect of nanoconfinement on deposition kinetics
was extracted by first averaging the number of collisions at all
incident angles:

_ 2 /2
Npore = ;A Npore do (3)

Equation 3 provides the average number of collisions
experienced by radicals that have entered the nanopores via

radial directions. Assuming the areal density of p for radicals
impinging on a flat surface (i.e., number of radicals impinging
per unit time on a unit area of a flat surface), the average
frequency of collisions experienced by the nanopore can be
calculated as p7(D/2)*N,q (i.e., number of collisions per unit
time). Similarly, the average frequency of collisions experi-
enced by an equivalent flat surface [i.e., a flat surface with the
area of n(D/2)*] is pn(D/2)? assuming a radical does not
impinge on the same area twice given the small cross sections
of the nanopores. The collision frequency amplification factor,
a, as a result of nanoconfinement, is therefore

et pﬂ(g)zﬁpore _

pr(2y @

where Npore is angle-averaged number of collisions per free
radical (see eq 3), p the areal density of radicals impinging on a
flat surface, and D the pore diameter. Figure 4C highlights the
amplification effect of the nanoconfinement on radical—surface
collision frequency: assuming a pore length L of 55 ym (i.e.,
matching that of the AAO membranes used experimentally), «
decreases with increasing pore diameter, achieving values of 80
(atT =107%),707 (at T = 107*), 1509 (at T = 107%), and 2253
(at T =107%) with D = 200 nm (i.e., pore diameter of the AAO
membranes). The model also predicts that pores larger than
500 nm do not have a substantial amplification effect on the
number of collisions, which is corroborated by the often
smaller Kn values under micro- or larger confinement. Also
note Figure 4C only considered D < 2000 nm, which
corresponds to Kn > 20 under the experimental conditions,
to satisfy the assumption of Knudsen diffusion. Quantitatively,
the effect of nanoconfinement strongly depends on the value of
sticking probability, I". The lowest sticking probability, i.e., I =
107%, gives rise to the greatest amplification of radical—surface
collisions by allowing free radicals to impinge on the surface
with low chance of reaction. Compared to a flat surface, an
ultrahigh-aspect-ratio nanopore could amplify the radical—
surface collisions by 2—3 orders of magnitude; as such, the
chance of a radical reacting with the vinyl bond of a monomer
or a growing chain end increases considerably. Consequently,
the nanoconfinement imposed by the nanopores effectively
increased the probability of reaction events for a radical. To
further delineate the effect of the amplified radical—surface
collisions on reaction kinetics, we need to compare the areal
collision frequency under nanoconfinement and that on flat
surfaces.

The relative areal collision frequency, 5, which removes the
effect of the large surface-to-volume ratio associated with
nanopores and thus reflects the effect of the nanoconfinement
itself, can be calculated as

D\ = _
dif pﬂ'(;) NP"re/(ﬂDL) _ DNpore _ %
a D)? p\2| 4L 4L
7| = 7|l =
p(z)/[(z)] (s)
where Npore is the angle-averaged number of collisions per free
radical (see eq 3), p the areal density of radical impinging on a
flat surface, D the pore diameter, and L the pore length.

With D = 200 nm and L = 55 um, f decreases with
increasing I', from f=1.94at'=10"%to f=0.01 at ' = 107>

(Figure S6). Furthermore, upon removal of the amplification
effect caused by the large surface-to-volume ratio of
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nanostructures,  decreases as the diameter of the nanopores
becomes smaller (eq S; Figure S6), which is the opposite of the
trend for a (Figure 4C). This trend of § suggests that as D
decreases, the “dilution” of areal collision frequency by the
extremely high surface area outweighs the amplification of a. It
is also noteworthy that # can drop below unity, meaning that
the average areal collision frequency can be smaller under
nanoconfinement than on a flat surface of identical cross-
section area, even though the corresponding a is much greater
than unity.

Finally, to accurately illustrate the overall effect of a
nanoporous substrate, e.g.,, AAO membranes, the areal porosity
() was used to calculate the effective relative areal collision
frequency:

B S (1=q) +ap ©)

Using properties of the AAO membranes (D = 200 nm, L = 55
um, and @, = 0.40), we plotted f.¢ as a function of [ (Figure
4D). To apply the collision-based theories to the experimental
system, the sticking probability of the tert-butoxy radical on
surface-adsorbed HEMA was estimated to be ~1077, which
was supported by previous theoretical calculations.'" By use of
eq 6, that sticking probability gives the effective relative areal
collision frequency of 1.30. Nevertheless, that greater areal
collision frequency does not translate directly to faster polymer
growth, as (i) the limited transport of monomers inside
nanopores could create a descending monomer concentration
gradient along the pore length,” which is a likely reason for the
slower polymer growth inside nanopores; and (ii) a high value
of B can also lead to primary radical termination,”” inhibiting
the rate of polymer growth. In fact, experimentally, the greater
areal collision frequency under nanoconfinement was evi-
denced by the turning point of the DR, ..—P;/P curves
(Figures 3B and S; see the next section for further details).
3.E. Quantitative Confirmation of the Validity of the
Collision-Based Model. As shown in Figures 2C and 2D, the
rate of deposition increased with P;/P{* and plateaued when
polymerization transitioned to the monomer-adsorption-
limited regime, where the rate of deposition became
independent of P;/P;*. As the collision-based theory indicated,

nanoconfinement led to greater areal collision frequency that
could be viewed as a higher apparent concentration of radicals.
That higher apparent radical concentration inside nanopores in
turn led to the earlier plateau of DR, as a function of P;/Pj™*
(Figure SA) than that of DRy, (Figure SB). The distinct shape
of the DR,,,.,,—Py/P} curves (Figure 3B) hence emerged upon
normalization of DR, by DRy

As a quantitative validation of the collision-based model, the
effective relative areal collision frequency f.;; which was
derived from the model and calculated purely theoretically, was
used to recreate the turning point of DR, as a function of
P/P{* (Figure 3B). Note that the DR,,. values plotted in
Figure 6 were based on the GPR interpolation (see section
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Figure 6. Model validation by recovering the turning point of the
DR, oum—P1/P}" curve (at Py/P§f = 0.23) by using the theoretical f ¢
value (B, = 1.30) calculated via the collision-based model. The
characteristic shape of DR,,, (purple) was reproduced by dividing
the GPR-interpolated DR, (orange curve) by a theory-corrected
curve (black dashed curve), the latter generated by multiplying the
corresponding P;/P* in the orange curve by f.q

3.C) to ensure that the trend was evident even with limited
experimental data points. To recreate the turning point, a
theory-corrected curve was generated by plotting DR, as a
function of [P/P{*].4 the latter obtained by multiplying the
corresponding P;/Pi* values by f.; (dashed black curve in
Figure 6). The f.¢ value of 1.30 was used here (see section
3.D). The collision-based model predicted that the greater
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effective areal collision frequency (f.;) was the reason for the
earlier plateau of DR, compared to DRy, Therefore, by
accounting for that collision amplification effect, the theory-
corrected curve (i.e, DR, as a function of [P;/Pi*].¢) should
reflect the dependence of DRy, on P;/P{*, albeit the different
absolute values for DRy, and DR,,.. Thus, the turning point,
obtained experimentally to be around P,/P{* of ~0.00S (Figure
3B), should be recovered if the curve of DR,,.—P/Pi" is
divided by the DR,.~[P;/Pi*] 4 curve instead of DRg,—~P;/
P, Indeed, that theory-based curve correction yielded an
identical turning point, one around P;/Pi* of ~0.005 (purple
curve in Figure 6), validating the collision amplification
hypothesis. Together, these simulation results lent strong
quantitative support for the collision-based model.

3.F. Limitations of the Model and Future Directions.
The main purpose of the collision-based model proposed here
is to bring to light the intriguing phenomenon—amplification
of the effective radical concentration under nanoconfinement.
To demonstrate this phenomenon effectively, we have
predominantly focused on the average coating thickness,
which reflects the deposition kinetics, instead of local coating
thickness (i.e., conformality). The effect of this amplification
phenomenon on conformality, though important, is beyond
the scope of this work. Nonetheless, the discussion below aims
to address a few key points regarding the local deposition
kinetics for the purpose of further validating the model
assumptions and discussing its limitations.

The model proposed here focuses on the transport of free
radicals down the nanopores and their collisions with the pore
wall along the way. Nevertheless, this model only implicitly
incorporates the influence of monomers via sticking probability
I" (see Figure 4), which was assumed constant along the entire
pore length. We acknowledge that this assumption was made
to derive analytically tractable solutions. In our system, this
assumption can be justified by the observation that DR, ., was
primarily affected by P;/P{* but not Py,/Py; (Figure 3), which
supports the model’s focus on the transport of free radicals.

That, however, may not be the case in systems where the
rate of transport of monomers along a nanopore is
considerably smaller than their maximum rate of consumption,
for example, in the case of 1H,1H,2H,2H-perfluorodecyl
acrylate (PFDA) monomers,” thus leading to an appreciable
descending concentration gradient of monomers down the
pore, or if a monomer-consumption-limited regime is in
effect.'’ Nevertheless, this scenario could be addressed by
combining the effective initiator concentration reported here
with a previously reported reaction—diffusion model.* As such,
a more general expression of local deposition rate as a function
of depth along the pores can be achieved, which may enable
predictions of local coating thickness and ultimately the
conformality under nanoconfinement. Although an in-depth
discussion on coating conformality is beyond the scope of this
paper, we believe insights derived from the model could offer
some interesting implications regarding conformality. For
example, the model predicts that the effective concentration
of free radicals would be subjected to the greatest amplification
within a cylindrical nanopore of a few hundred nanometers
long. One possible outcome of that is the enhanced
termination of chain growth inside shorter nanopores or
possibly near the entrance of a long nanopore, affecting coating
conformality.

Future research will focus on the model development and
validation that could account for local coating thickness. Such a

model will provide insight into how the local amplification of
effective initiator concentration under nanoconfinement,
coupled with local monomer coverage variation, affects kinetics
of initiation and termination, spatial variation of molecular
weight, and coating thickness profiles along the ultrahigh-
aspect-ratio nanopores. Future work may also focus on
improving the molecular collision theories by considering
diffuse reflection of the free radicals upon impinging the pore
walls as well as radicals entering the pores via nonradial
directions. From an experimental viewpoint, more precise
thickness profile determination techniques and localized
molecular weight measurements would be essential for
validating such localized model predictions. Furthermore,
experimental strategies that allow control over the direction
or profile of radical flows could provide further validation to
the collision model and thereby offer novel avenues for
engineering coating thickness profiles. An intriguing question
that arises from this model is how nanoconfinement geo-
metries could influence the trajectory of the incident free
radicals, their local effective concentrations, and the coating
thickness profiles. For example, AAO pores with a closed
bottom instead of an open exit may result in different
deposition kinetics under the same deposition conditions,
considering the flux of returning radicals under low-I'
conditions (see Figure 4B). Comparing kinetics and thickness
profile obtained in nanoconfinement of various shapes (e.g,
conical, spherical, and branched) may offer further insight into
the geometry—trajectory—kinetics relationship. In the case of
nanoconfinement with complex geometries beyond analytical
tractability, in silico simulation methods such as direct Monte
Carlo simulation*' may shed light on the initiator transport
and deposition kinetics.

4. CONCLUSIONS

To bridge the knowledge gap in nanoscale transport and
polymerization kinetics, we performed a systematic exper-
imental and theoretical investigation of polymer thin film
growth under nanoconfinement. Conformal pHEMA thin films
were deposited along the walls of ultrahigh-aspect-ratio
nanopores. Our results showed that despite the slower rate
of deposition inside the nanopores, which could be 94%—99%
lower than that on a flat substrate, the rate followed the similar
scaling laws with regard to P,;/P§{. Nevertheless, the rate of
deposition increased faster with P/P{" under nanoconfine-
ment than on a flat surface, until a plateau was reached. That
distinct rate dependency on P;/P} was attributed to the
amplified radical—surface collisions due to the nanoconfine-
ment, the theory of which was demonstrated by using a
molecular collision model and validated by experimental data
obtained macroscopically. The theoretical framework and
experimental approach developed here could accelerate the
precise surface engineering of nanostructured devices by
offering insights into the reaction kinetics at the nanometer
length scales, benefiting areas ranging from (bio)separation,
(bio)sensing, and tissue engineering to energy harvest and
storage.
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Derivation of DR,,. using the weight method and error
propagation analysis on DR,,,; derivation of Np. (with
illustration) and 7; finite element analysis of AAO
membrane temperature under actual experimental
conditions using COMSOL; validation of the weight
method; validation of that simulation result by direct
temperature measurement under the same conditions;
additional SEM and AFM micrographs detailing the
morphology of AAO membranes and Si wafer and
coating conformality along AAO nanopores; relative
areal collision frequency f as a function of pore diameter
(PDF)
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