Journal of Membrane Science 638 (2021) 119681

Contents lists available at ScienceDirect

Journal of
Membrane
Science

e o

Journal of Membrane Science

FI. SEVIER

journal homepage: www.elsevier.com/locate/memsci

Check for
updates

Shape of nanopores in track-etched polycarbonate membranes

Shankar Dutt®", Pavel Apel”, Nikolay Lizunov ", Christian Notthoff*, Qi Wen?,
Christina Trautmann “, Pablo Mota-Santiago ¢, Nigel Kirby ¢, Patrick Kluth®

@ Department of Electronic Materials Engineering, Research School of Physics, Australian National University, Canberra ACT 2601, Australia
b Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research, 141980, Dubna, Moscow region, Russia

¢ GSI Helmholtzzentrum fiir Schwerionenforschung, Planckstr. 1, 64291, Darmstadt, Germary

4 Technische Universtat Darmstadt, 64289, Darmtadt, Germany

€ ANSTO-Australian Synchrotron, Melbourne, Australia

ARTICLE INFO ABSTRACT

Keywords:

Track-etched membranes
Nanopore shape
Polycarbonate

Small angle X-ray scattering
Ton track halo

High aspect-ratio nanopores of nearly cylindrical geometry were fabricated by irradiation of 20 pm thick pol-
ycarbonate (PC) foils with Pb ions followed by UV sensitization and etching in 5 M NaOH at 60 °C. Synchrotron-
based small-angle X-ray scattering (SAXS) was used to study the morphology and size variation of the nanopores
as a function of the etching time and ion fluence. The shape of the nanopores was found to be consistent with
cylindrical pores with ends tapering off towards the two polymer surfaces in the last ~1.6 pm. The tapered
structure of the nanopores in track-etched PC membranes was first observed more than 40 years ago followed by
many other studies suggesting that the shape of nanopores in PC membranes deviates from a perfect cylinder and
nanopores narrow towards both membrane surfaces. It was also reported that the transport properties of the
nanopore membranes are influenced by the tapered structure. However, quantification of the shape of nanopores
has remained elusive due to inherent difficulties in imaging the pores using microscopy techniques. The present
manuscript reports on the quantitative measurement of the tapered structure of nanopores using SAXS. Deter-
mination of this structure was enabled by obtaining high quality SAXS data and the development of appropriate
fitting models. The etch rates for both the radius at the polymer surface and the radius of the pore in bulk were
calculated. Both etch rates decrease slightly with increasing fluence. This behavior is ascribed to the overlap of
track halos which are characterized by cross-linking of the polymer chains. The halo radius was estimated to be
approximately 120 nm. The influence of the observed nanopore shape on the pore transport properties was
estimated and found to have a significant influence on the water flow rates compared to cylindrical pores. The
results enable a better understanding of track-etched membranes and facilitate improved pore design for many
applications.

after [2]. Since the 1970s, track-etched membranes have become an
indispensable tool for several applications, including laboratory filtra-
tion, water filtration, cell culture growth, and environmental studies [2,
3]. In the 1980s, advances in heavy-ion accelerator technology resulted

1. Introduction

When a material is irradiated with heavy ions in the MeV-GeV range,
the ions can create a narrow damage trail along their path governed by

the interaction with the materials’ electrons. In particular, in polymers,
these so-called ‘ion tracks’ are significantly more susceptible to chemical
etching than the undamaged material and can thus be used to fabricate
nanopores. By selecting suitable irradiation and etching conditions, the
size and to some extent the shape of the pores can be controlled. The first
track-etched membrane was fabricated from a polycarbonate film in
1963 [1], and production of such membranes, using fission fragments as
bombarding particles, under the trademark “Nuclepore®” began soon
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in the replacement of the fission-fragments with high-energy charged
ions [4,5]. Nowadays, several facilities provide ion beams for the com-
mercial production of ion-track membranes. The tracks and conse-
quently the pores are aligned parallel and are randomly distributed over
the irradiation surface. The track density is easily adjusted between a
single ion per sample and up to 10'° ions cm™ or more by adjusting the
ion fluence. Under suitable etching conditions, the tracks are converted
into uniform nanopores with an extremely narrow size distribution.
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These properties make the membranes interesting for specific filtration
applications and for the transport of liquids, gases, particles, solutes, and
electrolytes. Also, research on electromagnetic waves in restricted vol-
umes and selective interaction processes of molecules and ions with the
chemically or physically modified nanopore surface has attracted great
interest due to emerging applications in life science and nanotechnology
(see examples of historical and recent reviews [2-12] and some land-
mark original papers [13-22]).

The ion track technology is usually applied to few polymers,
including polyethylene terephthalate (PET), polycarbonate (PC), and
polyimide [5]. One of the most versatile and intensively studied mate-
rials for nanopore fabrication is polycarbonate because of its excellent
mechanical and chemical properties and because the pores are well
defined and have a very small size distribution [23-25].

It is generally assumed that nanopores created through the track-etch
technology in PC membranes are cylindrical; however, this is only a
crude approximation of the actual pore structure. In the past [14,
26-311], it has been reported that the structure of the pores is tapered
towards the surface. D. Cannell and F. Rondelez [14] were the first to
report this feature for PC nanopore membranes. They measured the
diffusion of polystyrenes dissolved in ethyl acetate through nanopore
membranes. To characterize the nanopores, the authors measured the
flow of water and ethyl acetate through the nanopores and calculated
the pore size using Poiseuille’s equation. They concluded that the pores
have ‘small lips’ at the surface with an opening smaller in diameter than
the inner pore. A. Hernandez et al. [26] investigated the porosity of
several Nuclepore® polycarbonate membranes employing a pycno-
metric method (utilizing the mass difference between a membrane in-
side the pycnometer with pure water and a dry membrane). They found
that the porosity calculated from microscopy images was different and
implied that the pores are not cylindrical but have a ‘barrel-like’ ge-
ometry. The shape of the nanopores can also be inferred by using the
membranes as templates for growing nanowires. This technique deliv-
ered similar results. C. Schonenberger et al. [27] observed that the
nanowires grown are not cylindrical but are tapered towards the ends
and suggested that the pores have a ‘cigar-like’ structure. E. Ferain and
R. Legras [28] obtained similar results using nanopores in PC to grow
cobalt nanowires describing the shape as ‘toothpick’ like observing that
the grown nanowires are tapered towards the ends. J. Duchet et al. [29]
synthesized polypyrrole (PPy) in the pores of PC. They also found that
the PPy tubules have a <“cigar-like” shape resulting from the
non-cylindrical shape of the nanopores in the PC membrane. Cornelius
et al. [32] compared SAXS data with SEM data and found systematic
smaller pore radii for SEM measurements. However, no quantitative
measurements of this structure of the pores and how it evolves with
etching time and ion fluence have been reported to date.

In this paper, we report the characterization of the nanopore shape
and size in PC membranes as a function of the irradiation fluence with
high precision using synchrotron-based small-angle X-ray scattering
(SAXS) complemented by scanning electron microscopy (SEM). SAXS is
based on the elastic scattering of monochromatic X-rays that result from
density fluctuations on the nanometer to micrometer scale [33-36]. Ion
tracks or track-etched nanopores embedded in the polymer matrix act as
scattering objects of reduced density. SAXS allows the accurate deter-
mination of their size and shape in a non-destructive manner in partic-
ular for parallel and monodisperse structures [37-40]. SAXS can provide
accurate and statistically reliable information because the measured
scattering intensity results from hundreds of thousands of pores. To
derive the nanopore morphology from the scattering curves, detailed
modelling of various contributions to the scattering intensity needs to be
done, and a suitable real space model assumption is used to develop the
fitting model. The quality of the scattering data also determines the
complexity of the model that can be resolved. Several previous studies
that utilize SAXS to study nanopores in PC considered the pores to be
cylindrical and have employed a cylinder model for the analysis [32,
40-42]. We demonstrate here that the data obtained from our SAXS
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experiments showing particularly well-defined oscillations at high
scattering vectors q, allows us to reliably determine the more complex
structure of the pores and distinguish it from a simple cylinder. We have
developed a form-factor model that describes the cylindrical nanopores
with tapered ends towards the membrane surfaces as observed earlier
[14,26-31] and consistent with SEM analysis.

Reliably determining the pore structure is essential for the exploi-
tation of track-etched membranes in advanced applications. Track-
etched polycarbonate membranes are widely available as commercial
products. They are used for size-selective filtration and separation in
medical and biochemical applications [43-49], biological and chemical
sensors [50-64], electrophoresis [65], optical sensors [66], and tem-
plates for the growth of hydrogels and nanowires of metals, semi-
conductors, and insulators [27,67-75]. Most of these applications are
linked to the transport properties of various particles (ions, molecules,
cells, etc.) through the pores. Hence the quantification of the tapered
structure presented in this study will directly influence future studies
involving track-etched polycarbonate membranes. P. Ramirez et al. [76]
have shown, using theoretical models employing a continuum approach
based on Nernst-Plank equations, that the transport properties such as
conductance, I-V characteristics, rectification ratio, and ion/molecular
selectivity through the nanopores are mainly dictated by the shape of the
opening of the nanopore. The pore shape, size and size distribution in-
fluences the ionic current rectification, electroosmotic flow rectification
and the permeability properties of the membrane [49,76-79] and also
impact the fluid flow through the pores [80]. Our results quantify the
dimensions of the nanopore opening, which is consistent with a trun-
cated cone, and estimate the influence on the transport properties of
water in comparison to cylindrical pores. Our results also allow for a
better fabrication of single nanopore membranes through careful choice
of etching conditions, which are readily utilized for advanced applica-
tions, including bio-molecular sensing, DNA sequencing, and water
desalination [50,51,56]. Thus, the pore shape quantified in the present
study plays a vital role in assessing the properties of and designing new
functionalities for track-etched PC membranes.

2. Experimental

2.1. Fabrication of nanopores in PC membranes and SEM
characterization

Commercially available polycarbonate POKALON® (LOFO High
Tech Films GmbH) films of thickness 20 pm, density 1.2 g em™, in the
form of circular disks of diameter 50 mm, were irradiated at normal
incidence with 2.3 GeV Pb ions at the UNILAC accelerator facility (GSI,
Darmstadt, Germany). The average electronic energy loss S, was
calculated using the SRIM2008 code [81] and was found to be 13.7
keV/nm, exhibiting a change of less than 3% across the film thickness
(AS, < 3%). The ion fluences ranged from 1 x 108 to 3 x 10'° cm™. The
ion-irradiated samples were exposed to ultraviolet radiation (UV) in air
with maximum emission at a wavelength of 315 nm for 1 h from both
sides to improve the track to bulk etch ratio. After the UV-sensitization,
the samples were etched in 5 M NaOH at 60 °C. Etching times ranged
from 60 to 270 s, with an uncertainty of ~1 s. After etching, the samples
were rinsed in deionized water and air-dried.

Scanning electron microscopy imaging was performed using a
FESEM instrument (Hitachi SU8020, Japan). Before observation, the
samples were sputter-coated with an approximately 10 nm thick Au-Pd
layer. The specimens were imaged at magnifications that allowed
measurement of the pore dimensions. For cross-section imaging, the
fracturing technique was used. This involves extensive exposure to ul-
traviolet light until the specimen becomes sufficiently brittle to break
without ductile strain [31]. This procedure made it possible to image the
inner structure of the fabricated membranes. However, the long UV
exposure of polycarbonate causes ablation (evaporation) of a thin
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surface layer. This effect, even being small, can alter the geometry of the
nanopores near the foil surface when visualized by SEM. We note that
due to the flexible nature of the polymer, this procedure is necessary to
achieve meaningful cross-sectional SEM images. To make the membrane
brittle and at the same time prevent much alteration of the pore ge-
ometry, the UV exposure was performed through 5 pm thick protective
PC. The samples used for small angle X-ray scattering, however, did not
undergo extensive exposure to ultraviolet light and hence the geometry
was not at all affected.

2.2. Small angle X-ray scattering experiments

Transmission SAXS measurements were performed at the SAXS/
WAXS beamline at the Australian Synchrotron, using X-rays of energy
12 keV corresponding to a wavelength of 1.03 A. The distance between
the sample and the detector was 7638 mm. Samples were mounted on a
three-axis goniometer to enable the alignment of etched tracks with
respect to the X-ray beam. Fig. 1(a) and (b) show schematics of the SAXS
experimental setup. Data acquisition was performed by first aligning the
nanopore axis with the incoming X-ray beam and then taking mea-
surements with the sample tilted by approximately 5° and 10° off the
normal. The images produced by the detector correspond to a two-
dimensional cut of the pores in reciprocal space [33-36]. When the
axis of the pores is almost aligned with the incoming X-ray beam, the
SAXS image shows a near-circular-symmetric pattern. An example for a
membrane irradiated with a fluence of 1 x 10° ions cm? and etched for
60 s is shown in Fig. 2(a).

Fig. 2 (b) and (c) show the scattering patterns observed for samples
tilted by an angle of 10° for the case of membranes irradiated with a
fluence of 1 x 10%ons cm™ and etched for 60 s (b) and irradiated with a
fluence of 1x 10%ions cm™? and etched for 270 s (c). The two-
dimensional scattering image exhibits a highly anisotropic pattern
resembling narrow curved streaks that result from the high aspect ratio
of the pores. The streaks clearly show an oscillating intensity, which
contains information about the shape and size of the pore. For analysis,
we reduce the two-dimensional scattering image to a one-dimensional
scattering intensity by performing an azimuthal integration along the
streak using a narrow mask followed by background subtraction using
an area away from the streak [82]. Following data reduction, a theo-
retical model is used to fit the 1D scattering data.

2.3. SAXS modelling

Generally, the SAXS intensity can be divided into two factors. The
first factor results from the geometric shape of the scatterers (nanopores)
and is called the form factor f(q) where the scattering vector ¢ rep-
resents the momentum transfer between the incoming and outgoing

— —
waves, with wave vectors, k; and k, respectively,

47 sin 6
:E—Z with |q]= 7T sin

1 (€8]

where 1 is the wavelength of the incoming X-ray beam. The angle be-
tween the wavevectors of the incoming and scattered beams is 20. The
second factor results from inter-particle scattering and is called the
structure factor S(q). The net scattering intensity can be written as [33,
34],

() =C[f(q)’S(q)+(q) —£(T)’] 2

The term f2(q¢) — f(¢)?* is called Laue scattering and is the contri-
bution from time-dependent systems. In our case, the scattering is in-
dependent of time, and thus this term can be neglected. The prefactor C
contains the information about the number density of the scatterers and
intensity calibration and is considered as a scaling factor in the fitting
process. Due to the stochastic nature of the ion irradiation, the
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nanopores are randomly distributed within the sample with average
distances far greater than the track diameter. Hence, the inter-pore
scattering is negligible, which leads to the reduction of the structure
factor to 1, and the scattering intensity for randomly distributed nano-
pores can thus be written as

1(q)=Clf(q) )]

The scattering form factor f(q
transform of the scattering object:

= ///A;;(?’)e*?ﬂﬁ? 4
v

where Ap(7) is the function describing the electron density change from
the scatterer to the matrix and is defined by the shape, size and density
of the scatterer. The nanopores are parallel to each other and are rota-
tionally symmetric around the pore axis. To model the pore, we assume
translational symmetry along the pore axis, leading to Ap(T") = Ap(r).
While the translational symmetry is not strictly true for tapered pores,
we describe the tapered part of the pores by a radial density variation (as
outlined below). The scattering vector q and the position vector 7 can
conveniently be expressed in cylindrical coordinates (considering the z-

) is obtained by performing a Fourier

axis along the axis of the nanopore) for the given geometry: q =
gr cos 91+ qr sin :9]A'+ qzi and 7 =rcos ¢i +rsin ¢]A'+ zk such that qr =
W@+ q§. The scattering form factor can then be written as,

f(7)_7 / / Ap(M)e T T rdrdgds ®)
0 0

L
2

where L denotes the length of the nanopores given by the thickness of
the membrane. By solving the first two integrals, this can be reduced to:

Zﬂ% / rap(r)olq,r)dr ©

0

f(q)=

where Jj is the Bessel function of zero-order. For simplicity, g, and g, can
be expressed in terms of ¢ = |q’|, using the geometry displayed in Fig. 1

(o)

2
. qA
= 0=~1"=
q: q Sm ar
2
gr=qcosf=q 17<%> ()
Considering the half-length of the nanopore I = L/2, Eq. (6) reduces
to,
N sin q sin(0)!) y
f(q)= 02 rAp(r)Jo(g cos(0)r)dr (8)

0

To model the scattering from cylindrical pores with tapered ends
towards the surfaces as suggested by earlier studies, we developed a new
form factor that we will refer to as the “Core Taper Model.” Fig. 3 il-
lustrates the relation between the pore geometry and the electron den-
sity distribution for the Core Taper Model. The respective parameters
representing the inner radius of the pore (R.), the length of the taper
region (L,) and the conical openings at both pore ends are also shown.
The core region of the nanopore (R.) is hollow and represented by a
constant electron density change p.. The taper region of the nanopore
(T;) is modelled by a region of increasing electron density denoted as the
transition region, where the electron density increases linearly from p,
to p,. The parameter p, defines the cutoff value of the density change of
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Figure 1. (a) Side view and (b) top view
showing the setup for the small-angle X-ray
scattering experiment. The sample is moun-
ted on a three-axis goniometer. The

=
incoming X-ray beam with wave vector k; is
scattered from nanopores placed at an arbi-

trary position 7 and the scattered X-rays

with wave vector K and scattering vector q
is detected. For our experiments, the sample
is tilted at an angle a of approximately 5°
and 10° with respect to the incoming X-ray
beam. Figure (c) showing the relationship
between qz, qr and q.

(a)

(b)

(c)

Fig. 2. Detector images (2D scattering patterns) of PC membranes with parallel oriented nanopores: pore axis aligned to X-ray beam (a), and samples titled by an
angle of 10° with respect to the X-ray beam for a membrane irradiated with a fluence of 1 x 10° ions cm and etched for 60 s (b) and a membrane irradiated with a
fluence of 1 x 108 ions cm™ and etched for 270 s (c). The central part of the detector is protected against the primary beam by a beam stop.
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the transition region.

The core region defines the surface radius of the pore, while the
transition region with the density change varying from p, to p, defines
the tapered section. The transition region is modelled by a linear density
increase (using a straight line, see Fig. 3). The slope of the line (m) and y-
intercept (c) are given by:

_p—pTs

d =p —mR. =2-"<~
and ¢ =p,—mR ="t ©

PP
Ts 7Rc

The density profile for the Core Taper Model can then be written as:

sin(ad) (p, — )

f(?) =2 qz/z qﬁ(T: — R[)

1
( - quEJl (q-R:) + qu.;zjl (¢.Ty) JrE”‘]ch(HO(‘]rRt‘)Jl (g-Rc) — Hi(q:R:)Jo(q:R.))
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Pe 0<r<R.
Ps =P PR —p.T;
Ap(r) = s e s < R <T, 10
o) =3 (o )ra PR Ro<r<T a0
0 T, <r

Solving Eq. (8) using values from Eq. (10), we get

where J; is the Bessel function of first-order and H,(z) is the Struve
function defined as:

1
- iﬂ-q:‘Ts (HO(qu:)JI (qus)

—H, (q,T:)JO(quJ))> q;-(Rc — Ts)

Core region Transition
or the surface region

Ta rf:
op Surface radius (R.) (T,

J%

Length of
taper region
Ly v

Actual geometry
of the pore

Ap

o O v v e

Density distribution 0 >T
of the Core Taper Model

Ps

Pe

Fig. 3. Graphical representation showing the relation between the radial
electron density profile for the Core Taper Model (bottom) and the actual ge-
ometry of the pore (top). Only the top half of the pore is shown for easy
visualisation.

_ (pch' — chs)(Rch (quc) - T,J (qus)) + pcRc‘ll (quc)

11
qr

(k)

Iﬂ&):(%a' ;;r<k+9r(k+v+z)

The constant density change of the core (p.) can be set to —1, such
that the fitting parameter p, will be normalised to p,. This is done to
eliminate one fitting parameter and thus reduce the complexity of the fit
function. This leads to:

sin (qzl) 1 1

qz/l 2¢* R. — T,
- R(‘HO (quc)Jl (qu(‘) + RCHI (quc)JO(qur) + T:HO (qu:)Jl (qus)
- Tle (q»T:)JO(qus)) + szqule (qu:) (12)

In practice, not all pores have exactly the same radius. We take this
into account by implementing a narrow Schulz-Zimm distribution [41,
82]. which is very similar to a Gaussian distribution for small values of
the dispersity. It has the advantage that non-physical negative radii
cannot contribute to the average. The standard deviation or the width of
the distribution defines the dispersity in the radius values. With this
modification, the scattering intensity can be written as,

f(q)=2x z(ps + 1)(

1(q)=C / P(Ro, RYRIf (T, R, L) a3

with,

&+¢y“(R)?QL:Ejj£y§Q

1
Ro,R) = =
P(Ro, R) N Ry RC(z+1)

orm

Norm is the normalization factor. The variable z defines the width of
the distribution:

where o is the dispersity parameter used in the fitting model given by:

=S

where X is the mean of the distribution (in our case X is the radius) and p
is the root mean square deviation from Xx. The size distribution of the
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transition region T; with a mean value of ts is fixed by scaling the dis-
tribution applied on R, to t;/Rg. While deriving the scattering form-
factor (Eq. (12)), we have considered that all the nanopores are paral-
lel to each other, but in reality, this is not the case. This deviation is due
to the small ion-beam divergence during irradiation and because the
membranes may not be entirely flat during the SAXS measurements. To
account for this, we implement a small box angular distribution, with @
being used as a fit parameter:

1 () = Lal (@ein0dd a4
J?, sinbdo
Here I' () defines the scattering intensity resulting from angularly
distributed scatterers, with small angular dispersion o. In summary, the
scattering intensity from the nanopores defined using our Core Taper
Model is given as:

/ C

[0} (o3
1(q)=——— / / IF(@)’P(Re, Ro)dR, sinBd® + Iy @s)
o sin6doO
0o 0

where the term I, is included to account for a constant background.

3. Results and discussion

The fitting of the 1D SAXS data obtained after data reduction was
performed using a Python and C-based code implementing a non-linear
least-square fitting algorithm [83]. After reducing the data, well-defined
oscillations are observed for all samples. For samples exposed to the
same etching time, the oscillations start to smear out with increasing
fluence. This effect directly points towards a broadening of the size
distribution of the pores. Also, the oscillations shift to higher q values
with increasing fluence indicating a small change of the pore di-
mensions. Fig. 4 shows the SAXS scattering intensities for samples
irradiated with different fluences and etched for 60 s. The arrow in the
figure indicates the shift of the oscillations. The smearing of the oscil-
lations is also clearly apparent in Fig. 4. The results indicate that with
increasing fluence, the radius of the pores decreases slightly, and the
dispersity increases. This effect is also confirmed by the fitting results.

Fig. 5 shows fits to the scattering intensity for a PC membrane irra-
diated with 1 x 108 jons cm™ and etched for 270 s using both, the Core
Taper Model and the simple Hard Cylinder Model. The Hard Cylinder

°

0 %0%0%0594940,

eooaeea

ODO0O0poog 9000000 Increasing Fluence

eee ae@gse@@Q@s@

® oawwom
PR

Intensity [a.u.]

Etching Time: 60 s
® 1x10°cm?
9 2

® 3x10" cm
O 1x10em?
2

o 3x10°cm’

vl vl 3ol 3ol

i 5 6 ) 2 3 4 5 6 7
0.01

Scattering vector (q) [A’I]

Fig. 4. Integrated SAXS scattering intensities for PC samples irradiated with
different fluences and etched for 60 s (5 M NaOH at 60 °C). The shift in the
oscillations of the scattering intensities is due to a decrease in pore radius with
increasing fluence. The smearing out of the oscillations indicates increasing
dispersity for higher fluences. The patterns are stacked for better visibility.
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@ 270s - 1x10°cm”
—— Core Taper Model
—— Hard Cylinder Model]

Intensity [a.u.]

3 4 5 6 7 8 9 2 3 4 5 6 7
0.01

Fig. 5. Integrated SAXS scattering intensities for a PC membrane irradiated
with 1 x 108 ions cm™ and etched for 270 s. The solid lines represent the nu-
merical fit using the Core Taper Model (black) and the Hard Cylinder Model
(red). The scattering oscillations at higher q values fit significantly better using
the Core Taper Model compared to the Hard Cylinder Model. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Model assumes the nanopores to be cylindrical in shape and is defined
by a step like electron density change [41,42,84]. As is evident from the
figure, the Core Taper Model gives a much better fit to the data than the
Hard Cylinder Model, in particular for high q-values. A small chirp in the
oscillations is observed in the experimental data when compared to the
Hard Cylinder fit with increasing g-values. In contrast, the Core Taper
Model reproduces the data extremely well over the entire g-range. Only
high-quality scattering data with many oscillations allows to distinguish
between the two models and yields more detailed information about the
shape and size of the pores. The Hard-Cylinder model generally gives a
very good approximation to the pore size, yet details of the structure
may not be resolved.

The reduced scattering intensities obtained for membranes etched
for different times, along with their numerical fit curves using the Core
Taper Model, are shown in Fig. 6. The fits reproduce the data with great
accuracy. The information on the track morphology for all the samples is
summarized in Table 1. The surface radius values obtained from the

® 270s - 1x10°cm’
o 180s- 1x10°cm”
@ 90s-3x10’cm”
"

60s - 1x10° cm”
—— Theoretical Fit

Intensity [a.u.]

- T T
0.01 1
Scattering vector (q) [A™]

T T T T T T
2 3 4 5 6 : 4

Fig. 6. Integrated SAXS scattering intensities for samples etched for different
times. The solid red lines represent the numerical fits obtained using the Core
Taper Model. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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SAXS fits will give the radius of the pore as measured from the plan-view
SEM images. The transition region value defines the width of the taper
part, and the length of the taper part is deduced from the values of p,.
The sum of the surface radius and transition region represents the radius
of the inner cylindrical part of the pore. The overlap is considered as the
percentage of the pores overlapping per transformed area during the
ion-irradiation with fluence F and has been calculated using an overlap
model A =1 — exp( — 7 R?F), as explained in C. Riedel et al. [85].

Fig. 7 shows a graphical representation of the evolution of the pores
with increasing etch time. Once the taper structure of the nanopores is
formed, the width and length of the taper region remain almost un-
changed, indicating the origin of the structure to be related to the early
evolution of the pore. SEM images of PC membranes irradiated with
different fluences and etched for different times are shown in Fig. 8.
Fig. 8(a), (b) and (c) shows the plan-view SEM images of PC membranes
irradiated with 1 x 10 jons em™, 1 x 10° ions cm™, and 3x 108 ions
cm? and etched for 90 s, 180 s and 270 s respectively. Fig. 8(d) and (e)
show the cross-section SEM images of PC membranes irradiated 3x 108
ions cm™ and etched for 210 s towards the top surface and bottom
surface of the membrane respectively. The taper region is clearly visible
in the cross-section images and in good agreement with the dimensions
obtained from SAXS measurements. We measured the radii from the
plan-view SEM images of selected membranes. Within the uncertainties,
all SEM values (except the one etched for 270s with a fluence of 3 x 10%)
agree well with the surface radius values from fit results. The discrep-
ancy may be caused by the metal coating done for SEM imaging. The
values obtained from the SEM and SAXS measurements are compared in
Table 2.

The influence of the pore shape can be estimated by calculating the

Table 1
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flow of viscous liquid through a cylindrical nanopore and a tapered
nanopore. Let us consider a tapered nanopore with total length L, surface
radius R, inner radius R;, and length of the taper region L, as shown in
Fig. 3. The flow of a liquid with dynamic viscosity y through the cylin-
drical part of the pore is described by the Poiseuille law [86]:

8u(L —2L,)Q

P =
“‘ 7R}

(16)
where P,y is the pressure drop, L — 2L, is the length of the cylindrical
part of the pore with radius R; and Q is the volumetric flow rate. The
pressure drop Py, across the tapered region of the nanopore at the same
volumetric flow rate is given by [87]:

CBuLQ (R | (RN (R’
Py = 3J'CR‘:_ ((E) + <E) + (E) ) a7)

This equation is valid for small cone angles which is applicable for
our case as the length of the taper region is significantly larger than the
surface radius (L, >R,). The pressure drop across the whole pore channel
is then P = P,y + 2Py, Using this, the volumetric flow rate through the
nanopore with tapered ends can be calculated as:

P
Q=—F+
gu( 2f 4 L-2L
H{ 3x! + R

2 3
where f = <&> + (%g) + (&) . It should be noted that equations

18

R; R;

(16)—(18) do not take into account the end effects, i.e., the losses for
viscous friction outside the pore channel at the entrance and the exit. In

Fitting parameters from SAXS measurements for different samples using the Core Taper Model: R, (Surface radius), T (Transition region), R; (Inner radius =R, + T),
L, (length of taper region). The term p, defines the cutoff value of the density change of the transition region and is normalised to the core density change p . The
absolute dispersity and relative dispersity normalised to R. has been given. The overlap has been calculated using an overlap model explained in Ref. [85].

Sample Information Morphology of the track

Etching time Fluence (ions Surface radius R, Transition Inner Ps Length of taper Dispersity Overlap

(s) cm™?) (nm) Region Radius region (%)

T;(nm) R;(nm) L(pm)
nm percentage

60 1 x 10° 9.1+0.3 8.1+ 04 17.2 + —0.84 + 1.6 £ 0.1 0.5 £+ 5.7% + 0.2% 0.1%
0.7 0.03 0.01

60 3 x 10° 84 +0.3 7.9 £ 0.5 16.3 + -0.83 = 1.7 £ 0.1 0.5 + 6.1% + 0.3%  0.4%
0.8 0.03 0.03

60 1 x 10 8.0 +0.3 7.6 +0.7 15.6 &+ -0.83 + 1.7+ 0.1 0.8 + 9.1% + 0.4% 1.3%
1.0 0.03 0.03

60 3 x 10'° 7.6 £0.7 7.3+ 0.9 149 + —-0.82 + 1.8 £0.1 1.5+ 19.2% + 2.4%
1.6 0.03 0.03 0.4%

90 3 x 10° 14.1 £ 0.2 8.3+ 0.4 22.4 + —0.84 + 1.6 £ 0.1 0.8 + 5.3% +0.1%  0.9%
0.6 0.03 0.01

90 1 x 10%° 13.8 + 0.4 7.9 +£ 0.5 21.7 + -0.83 + 1.7+ 0.1 1.4 + 10.1% + 3.1%
0.9 0.04 0.04 0.3%

90 3 x 10'° 13.4 £ 0.5 7.4 + 0.6 20.8 + -0.83 + 1.7 £0.1 2.6 + 18.9% + 9.5%
1.1 0.04 0.08 0.6%

180 1x 108 33.6 + 0.3 8.3+ 0.4 419 + -0.85 + 1.5+ 0.1 1.3 + 4.0% + 0.2%  0.2%
0.7 0.03 0.06

180 3 x 108 33.5+0.4 83+0.7 41.8 £ —0.85 + 1.5+ 0.1 1.3+ 3.9% £+ 0.1% 0.5%
1.1 0.03 0.03

180 1 x10° 33.2+ 0.5 8.2 + 0.4 41.4 + —0.85 + 1.5+ 0.1 1.4 + 4.1% + 0.2% 1.7%
0.9 0.02 0.07

180 3 x 10° 32.3+ 0.5 8.1+ 0.5 40.4 + -0.84 + 1.6 £ 0.1 1.9 + 5.9% + 0.4%  5.2%
1.0 0.03 0.13

180 1 x 10 31.7 £ 0.6 7.7 £ 0.7 39.4 + —0.84 + 1.6 £ 0.1 3.0+ 9.5% =+ 0.3% 18.1%
1.3 0.04 0.11

270 1x 108 52.5 + 0.3 8.5+ 0.3 61.0 + —0.86 + 1.4+ 0.1 22+0.1 42%+0.2% 0.5%
0.6 0.03

270 3 x 108 524+ 0.4 8.6 £ 0.2 61.0 £ —0.85 + 1.5+ 0.1 2.1+0.1 4.1% + 0.2% 1.3%
0.6 0.02

270 1 x10° 52.5 + 0.4 8.4 +0.3 61.0 + —0.85 + 1.5+ 0.1 22+01 41%+02% 4.5%
0.7 0.04
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Fig. 7. Graphical representation (length and width are drawn on different
scales for easy visualisation) of the evolution of the pores with increasing
etch time.

our case the end effects are negligible because Lo>>R.. We are also not
considering the overlap of nanopores and the effects of surface charge on
the flow of ions/molecules through the nanopores for these calculations.

The deviation of the nanopore shape from an ideal cylinder should be
taken into account when track-etched polycarbonate membranes are
used in high precision electrokinetic or nanofluidic experiments. Using
equation (18), we calculate the water flow rates through the tapered
pore channels with different R;, R., L, values as determined from SAXS in
the present study. For comparison, we have calculated the water flow
rates for cylindrical nanopores as well where the nanopore radius was
chosen as the surface pore radius, which can be determined by plan-view
SEM. The water flow rates for both the cases are listed in Table 3. From
the data as shown in Table 3, it is apparent, that there is a significant
difference between the two flow rates, which increases with decreasing
pore size. An experimentalist who determines the transport character-
istics of membranes in a liquid will need to take into account the full
geometry to match their results with appropriate calculation. Such sit-
uations were described in references [14,26,27]. The difference will
become even greater for membranes with a smaller thickness where the
difference between L and L, is not large [31]. Accounting for the real
geometry of pore channels allows resolving the contradiction between
the different methods of membrane characterization. It should be noted
that the effect of non-cylindrical pore shape is particularly important
when PC membranes with small nanopores are used for filtration of
liquids. In the case of gases, the pressure-driven flow through

Journal of Membrane Science 638 (2021) 119681

nanochannels is proportional to the 3rd power of the pore radius (the
Knudsen flow [88]), and therefore the effect of pore geometry is not as
strong as in the case of the Poiseuille flow.

Fig. 9 (a) shows the surface radius derived from SAXS and measured
from the plan-view SEM images as a function of fluence. The surface
radius remains almost constant up to a fluence of 1 x 10° ions/cm?, after
which it decreases slightly. This fluence effect was discussed earlier and
is consistent with the change of the position of the oscillations observed
in the one-dimensional scattering data (Fig. 4). Fig. 9 (b) shows the inner
radius derived from SAXS with increasing fluence, which shows similar
behavior to the surface radius. Also, with increasing fluence, the dis-
persity significantly increases, in particular when the fluence exceeds
1 x 10° ions/cm?. This behavior is shown in Fig. 10. The increase in
dispersity can be explained by the combined effect of the increasing
overlap of the halo region (explained below) and increasing overlap of
the etched region with increasing fluence. The relative dispersity nor-
malised to the core radius as a function of etching time, however, re-
mains almost the same, which indicates that the size distribution in the
pores is either caused by variations from track to track or originates from
variations in the early stages of etching and once the structure of the
nanopores is well formed, it remains constant.

Fig. 11 shows the surface radius (a) and the inner radius (b) as a
function of etching time for different fluences. The pore size increases
linearly with the etching time. The linear fits to the data give us the
radial etch rate for each fluence (Table 4). The radial etch-rates deduced
from our measurements agree very well with the radial etch rate of 12
nm/min obtained by G. Pépy et al. [40] in PC membranes irradiated
with 1.4 GeV Xe ions (fluence = 3 x 108,5 x 108, and 1 x 10° ions cm™?)
and etched under the same conditions, i.e. using 5 M NaOH solution at
60 °C.

The highest etch rates for surface and inner radius is found to be
12.6 +0.3 nm/min and 12.8 + 0.6 nm/min, respectively, for mem-
branes irradiated with 1 x 108 ions cm™ which reduces to 11.6 +1.5
nm/min and 11.8 + 2.1 nm/min, respectively, for membranes irradi-
ated with 3 x 10'° ions cm2. This slight decrease in the etch rates is also
confirmed by the fact that both surface and inner radii consistently
decrease for membranes irradiated with fluences higher than 1 x 10°
ions cm™ (Table 4). N. Sertova et al. [89] investigated the track etching
behavior of PC foils irradiated with Pb and Ca ions and also found that
the radial etch rate decreases with increasing fluence.

Based on the experimental results available so far [89-93], this
change in etch rate is probably caused by the track halo around the track
core. Tracks in polymers are typically described by two regions, the
track core and the track halo. In the track core, the material is severely
damaged and characterized by bond breaking and outgassing of volatile
degradation products. The halo region around the core is ascribed
mainly to the electron cascade initiated by the projectile ion. The dose
deposition in this radial halo region is less than in the core and decreases
radially. By conductometric measurements, a reduced radial etch rate
was observed in the halo region of some polymers, and this higher
resistance to chemical etching as compared to the matrix was ascribed to
cross-linking [90-92]. With increasing fluence, the average distance
between neighbouring halos becomes smaller and smaller. When two
neighbouring halos overlap, an increase in the amount of cross-linking is
expected. This may affect the etching process and explain our observa-
tion that at fluences above 1 x 10° ions cm?, the etching rate decreases
slightly. The increase in dispersity above the fluence of 1 x 10° ions cm™
is independent of the etching time. This indicates that pore overlap
cannot be the sole reason for observed decrease in etching rate. We have
previously observed that the small-angle scattering from tracks and
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Taper region

(L)

Cylindrical
region

(d)

(e)

Fig. 8. SEM images of nanopores fabricated in PC membranes irradiated with different fluences and etched for different times in 5 M NaOH at 60 °C (a) plan-view with a
fluence of 1 x 10! jons cm-2 and etched for 90 s. (b) plan-view with a fluence of 1 x 10° ions cm-2 and etched for 180 s. (c) plan-view with a fluence of 3x 108 ions cm-2
and etched for 270 s. Cross-section SEM towards top surface (d) and bottom surface (e) of the membrane irradiated with a fluence of 3 x 10 and etched for 210 s. Taper

region and cylindrical region are indicated in (d).

pores is affected when the track/pore overlap exceeds approximately
20% [94,95]. If we assume that the radial etch rate decreases when
~20% overlap of the halos is reached, the radius of the relevant halo
region is estimated to be about 120 nm. This estimate agrees well with
earlier estimated values e.g., by D. Fink [93] who reported the radial
extent of the halo region exceeding 100 nm depending on the electronic
stopping power of the incoming ion.

4. Conclusions

In this study, we have utilized SAXS measurements in conjunction
with SEM to characterize nanopores in PC fabricated by the track-etch
technology. We determined the size and shape details of the nano-
pores as a function of the etching time and irradiation fluence. By
implementing a new form-factor model (Core Taper Model) for the fit
process of the SAXS data, we suggest a cylindrical interior of the pore
that tapers to smaller radii at the polymer surfaces. The surface radius is

typically ~8 nm smaller than the radius in the bulk of the polymer foil.
This finding is important because the pore size of ion track membranes is
generally determined by SEM assuming that the surface and bulk radius
is identical. Calculations of the flow rate show that a tapered pore orifice
should have a significant impact on the transport, filtration and sensing
properties of the membranes. This special surface geometry needs to be

Table 2
Comparison of radii measured by plan-view SEM and surface radius values
deduced by fitting SAXS data.

Etching Fluence (ions Radius values from Surface radius values
time(s) cm?) plan-view SEM (nm) from SAXS (nm)
90 1 x 10 129 £ 2.1 13.8 £ 0.4
90 3 x 10%° 12.7 £ 2.4 13.4 £ 0.5
180 1 x10° 29.6 + 3.2 33.2£0.5
180 3 x 10° 30.2 £ 2.2 32.3+0.5
270 3 x 108 41.3 £ 3.5 52.4 £ 0.4
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Table 3
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Comparison of water flow rates in membranes with tapered and cylindrical nanopores.

Etching time Pore density (ions  Surface pore radius Inner pore radius

Length of taper region

Water flow rate at P = 1 bar, Ratio of the flow rates (tapered/

(s) cm? R. (nm) R; (nm) L; (pm) em® em min™? cylindrical)
60 3 x 100 7.6 14.9 1.8 0.1073 9.17
3 x 100 Cylinders 7.6 nm in radius 0.0117
920 3 x 10%° 13.4 20.8 1.7 0.5215 4.59
3 x 100 Cylinders 13.4 nm in radius 0.1137
180 3 x10° 32.3 40.4 1.6 0.8588 2.24
3 x 10° Cylinders 32.3 nm in radius 0.3841
270 1 x 10° 52.5 61.0 1.5 1.5451 1.73
1x10° Cylinders 52.5 nm in radius 0.8936

considered when using track-etched PC membranes for different
applications.

The exact reason for the specific tapered pore shape in PC is still not
fully understood. In the case of commercial membranes, the use of
surfactants during etching contributes to the effect of pore taper at both
ends. However, the factors such as etchant-induced heterogeneity and
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Fig. 9. Pore radii as a function of fluence (a) radii measured from plan-view
SEM and core radii deduced from fits to the SAXS data. (b) Inner pore radii
from fitted data using the Core Taper Model. Both surface radii and inner radii
remain almost constant up to a fluence of 1 x 10° ions/cm2, and then slightly
decrease with increasing fluence.
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the impact of a non-uniform matrix on the nanopore structure may also
play an important role [31]. Combining those with the study of the early
evolution of pore formation using SAXS can reveal more details about
the origin of the observed pore shape.

Our measurements also demonstrate clear effects of the ion fluence.
The size distribution of the pores increases, and the pore dimension
slightly decreases when the fluence exceeds 1 x 10° ions cm2. The latter
effect is attributed to a halo around the track core which exhibits cross-
linking of polymer chains. With increasing fluence, the halo regions
overlap, and the increased cross-linking in the overlap areas leads to a
reduction in the radial etch rate. The size of the halo region has been
approximately determined to be 120 nm.
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Table 4
Radial etch rates for different fluences obtained from linear fits to the pore radii
as a function of etching time (Fig. 11).

Fluence (ions Radial Etch Rate of Surface Radial Etch Rate of Inner

cm?) radius (nm min ") Radius (nm min 1)
1 x 108 12.6 £ 0.3 12.8 + 0.6
3 x10° 12.6 + 0.4 12.8 £ 0.8
1 x10° 12.4 + 0.2 12.5+ 0.3
3 x 10° 12.0 £ 0.3 12.0 + 0.6
1 x 10'° 11.8 £ 0.4 11.9+0.8
3 x 10'° 1.6 £ 1.5 11.8 +£ 2.1
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