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In situ small angle X-ray scattering (SAXS) measurements of ion track etching in polycarbonate foils are
used to directly monitor the selective dissolution of ion tracks with high precision, including the early
stages of etching. Detailed information about the track etching kinetics and size, shape, and size
distribution of an ensemble of nanopores is obtained. Time resolved measurements as a function of
temperature and etchant concentration show that the pore radius increases almost linearly with time for
all conditions and the etching process can be described by an Arrhenius law. The radial etching shows a
power law dependency on the etchant concentration. An increase in the etch rate with increasing
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temperature or concentration of the etchant reduces the penetration of the etchant into the polymer
but does not affect the pore size distribution. The in situ measurements provide an estimate for the
track etch rate, which is found to be approximately three orders of magnitude higher than the radial
etch rate. The measurement methodology enables new experiments studying membrane fabrication and
performance in liquid environments.

DOI: 10.1039/d1cp02063c

rsc.li/pccp

Published on 11 June 2021. Downloaded by Australian National University on 10/23/2023 8:57:53 PM.

1 Introduction

Membranes containing nano-sized pores have gained relevance
in areas such as ultrafiltration, bio- and medical sensing,
nanofluidics and nano-electronic devices."® Nowadays even
membranes with only one single nanopore can be manufactured.
They are of interest as building blocks for sensors for a variety
of analytes such as single ions, single molecules, biochemicals
or drugs.”™ These applications can greatly benefit from
nanoengineered pores with controlled shapes and uniform
sizes. Nanopore membranes with extremely narrow pore size
distribution and controlled pore density, down to a single pore,
can be fabricated using high-energy ion irradiation and
subsequent chemical etching, which yields so called ’track-
etched membranes’.*>"® This process is used for the commercial
fabrication of nanopore membranes made from various
polymers such as polycarbonate, polyethylene terephthalate
and polyimide. The pore diameter ranges from a few pm down
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to ~20 nm with their length determined by the foil thickness,
typically between 10 and 30 um.'® Depending on the material
and etching conditions, the shape of the etched pores can be
cylindrical, (bi)conical or cigar/bullet like."""**

The concept of using high-energy particle tracks and
chemical etching for the fabrication of nanopores has first
been described by Fleischer et al.">'° The technique is based on
the phenomenon of high-energetic ions/particles leaving
straight, very narrow trails of permanent damage in many
solids, so called ‘ion tracks’. In most materials, the damaged
regions are more susceptible to chemical etching than the bulk
material. In polymers, the chemical etch rate between damaged
and undamaged material differs by several orders of magnitude.
Each individual track is thus converted into a long, narrow
channel extending through the polymer.

Three different etch rates are commonly employed to
describe the chemical etching of a given ion track, the track
etch rate V,, the bulk etch rate V;, and the radial etch rate V,.
The track etch rate denotes the rate at which the heavily
damaged region is dissolved along the ion track. The core of
this damaged region has a diameter between 3 and 10 nm,
depending on the energy loss of the ion projectile.”'”'® The
bulk etch rate V, describes the etch rate of the undamaged
matrix and is isotropic for a homogeneous material. The etching
process proceeds simultaneously along the track and in the
direction perpendicular to the track axis (radial etching). If V,
is significantly higher than V,, the track is converted into an
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open channel. The channel geometry is determined by the ratio
of V, to V;, which depends on factors such as concentration and
temperature of the etchant, and by the energy loss of the ions.
Once the track material is dissolved, the channel is open and
further grows with the radial etch rate V,. In the initial etching
stage, the radial etch rate can slightly differ from V, for several
reasons including the curved surface of the channel, radiolytic
defects in the track halo surrounding the core, or limited supply
of etchant into the channel and the presence of etching
products. In general, the larger the V; to V, ratio, the more
cylindrical the nanopore becomes.' In vitreous SiO,, the track
etch rate is only slightly higher than the bulk etch rate, resulting
in conical pores.'® In contrast, for polymers the track etch rate is
higher by several orders of magnitude and thus the resulting
etched tracks resemble almost cylindrical pores.

The concept of track etching has been described in detail,
and theoretical models explaining the process have been
developed.>'* However, discrepancies between modeling and
experimental observations can arise, as several parameters
influence the track etching process. This includes, but is not
limited to, the manufacturing process of the polymer, the
etching conditions as well as the irradiation parameters
(ion species and energy) and post-irradiation treatment using
UV exposure. Aging effects on etching of nanopores in polymers
and the influence of exposure to oxygen have also been
reported.”®

In the past, track-etched nanopore membranes were studied
by a variety of techniques. Microscopy techniques such as
atomic force microscopy or scanning electron microscopy have
been used to characterize individual nanopores and provide the
dimension and size distribution of the nanopores but the
information is limited to the membrane surface.”"*> Monitoring
the pore etching is feasible with conductometric measurements,
where the ionic current of an electrolyte across the membrane is
measured.”* > This allows to determine the time to pore break-
through, and subsequently the growth of the pores by relating
the current to their size. However, there is no direct information
about the shape of the channels in the bulk of the membrane.
Detailed information is typically obtained for membranes
containing one single channel.”® Furthermore, the electrical
potential may affect the pore formation process.>””*®

Here we present an alternative approach by monitoring the
etching process in situ using small-angle X-ray scattering
(SAXS). As demonstrated previously, SAXS provides a powerful
tool to analyze track-etched nanopore membranes.**" SAXS
measures the entire pore volume and can provide reliable and
accurate statistical information about the shape, size, and size
distribution.**>* Due to the high number of measured scattering
objects (>10°), it yields excellent statistics. The high degree of
monodispersity and parallelism of the track-etched nanopores
allows precise determination of the pore geometry. The high
brilliance inherent to a synchrotron source allows fast in situ
data acquisition, ideal to resolve kinetic processes. In contrast
to ex situ measurements, where multiple samples are needed,
in situ SAXS measurements require only one sample warranting
the same experimental condition for a measurement series.
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The drying process prior to any measurement may cause
further uncertainties of ex situ measurements. Here, we present
novel in situ SAXS experiments to accurately describe the
nanopore etching process in polycarbonate from the early
stages to fully etched tracks, using a custom-built etching cell.
We demonstrate that this approach enables the detailed study
of the track etching kinetics.

2 Methods

2.1 Ion irradiation

Commercially available polycarbonate ((C;¢H1403),) foils (Makrofol
N, Bayer Material Science AG) with 30 pm thickness and a
density of 1.21(1) g cm ™ were used for the etching experiments.
The polymer foils were irradiated with 2.2 GeV '*’Au ions at the
Universal Linear Accelerator UNILAC (GSI Helmholtz Centre
for Heavy Ion Research Darmstadt, Germany) at a fluence of
10° ions cm 2. This fluence is low enough that the maximum pore
overlap is 14.2% at a maximum pore size of 100 nm, which is
sufficient to yield high quality SAXS data, as interpore effects are
minimized.>>*® According to calculations with the SRIM-2010
code,”” the energy loss of the Au ions in polycarbonate is
approximately 13 keV nm ™" and varies by less than 5% throughout
the polymer foil. Hence, the ion energy is sufficient to generate
nearly uniform cylindrical damage regions along the ion paths.

2.2 Polymer etching

The irradiated polymer foils were etched in aqueous sodium
hydroxide (NaOH) solutions (1 to 6 M, 38.3 to 56.2 °C).
The etching was conducted in a custom-built etching cell,
which enables in situ SAXS measurements of the pore evolution
during the etching. The etching cell is shown in Fig. 1 and
consists of an aluminum housing that contains a thermistor
and two ceramic heaters. The thermistor and the heaters are
connected to a PID controller to keep the temperature of the
housing constant. In the center of the aluminum housing a
Teflon cell is located, which consists of two halves. The two
halves are separated by two thin Teflon sheets, in between
which the irradiated polymer film is sandwiched. The Teflon
cells and the sheets contain an aperture of 5 mm diameter for
X-ray transmission through the cell (inset of Fig. 1). Each side
of the cell is sealed with a 20 um thick mica window.

Two Teflon tubes are guided through the aluminum housing
and into the Teflon cell. During the path through the heated
aluminum block, the etchant is pre-heated close to the desired
temperature. As the PID controller controls the temperature of
the heating block and not of the etchant directly, there is a
difference between the regulated temperature of the block and
the temperature of the etchant inside the cell. The temperature
in the Teflon cell was calibrated prior to the etching experiment
by measuring the temperature of the etchant at the sample
position. This calibration enables precise knowledge of the
temperature within +0.5 °C during the etching process.
In the cell, the etchant flows across the membrane before
leaving the etching cell. A constant flow of 1 ml min~" on each
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Fig. 1 Custom-built etching cell for in situ SAXS measurements. Inset: Teflon cell with a polymer membrane sandwiched in between the Teflon sample
holder. ® Cold etchant enters the heating block. @ Heated etchant leaves the heating block. ® Etchant enters the etching cell. ® Polymer membrane
immersed in etchant with a constant flow past it. ® Etchant exits the etching cell. ® Thermistor. ® Ceramic heaters. ® The two halves of the Teflon cell. ®
Polymer membrane sandwiched in between two thin Teflon sheets. The membrane sits in between the two halves of the Teflon cell.

side of the cell is achieved by two individually operating syringe
pumps. The flow ensures a constant supply of etchant to
prevent etchant depletion and facilitates removal of etching
products. The setup also allows etching from one side, with
different molarities on each side, and the use of variable
flow rates.

Ex situ etching was conducted on a hotplate in a glass beaker
with a temperature precision of +0.2 °C. However, these poly-
carbonate foils are from a different production and ion irradiation
batch, and have a different age compared to the foils used in the
in situ experiments. Ex situ etching was conducted with 3 M
NaOH at the same temperatures as the in situ experiments
between 38.3 and 56.2 °C.

2.3 SAXS measurements

SAXS measurements were carried out at the SAXS/WAXS beam-
line at the Australian Synchrotron (Melbourne, Australia) with
an X-ray energy of 12 keV. Fig. 2 shows the experimental setup
at the SAXS/WAXS beamline. The sample cell was mounted on a
three-axis goniometer, enabling positioning and tilting the
sample with respect to the X-ray beam. The distance between

This journal is © the Owner Societies 2021

the sample and the Pilatus photon counting detector by Dectris
was calibrated using silver behenate (AgC,,H430,) and was
approximately 7.2 m. In a typical in situ SAXS experiment, the
total acquisition time is 6.8 s for each measurement, during
which the scattering intensity for the increasing radius is
averaged over this time. This is sufficient to yield high quality
data and a good time resolution to resolve the track etching
process.

The maximum change in pore size during the acquisition of
SAXS images is approximately 1 nm and is considered negligible.
To verify this, we assumed a constant change of the radius
over the acquisition time of 6.8 s. Modeling shown in the ESI,{
Fig. S1, shows that this has no significant influence on the data.

2.4 Data acquisition and analysis

Fig. 3 shows typical 2D SAXS patterns of a polycarbonate foil
inside the etching cell at different stages of the track etching
process. Fig. 3a corresponds to the membrane after swift heavy
ion irradiation but prior to etching while mounted in the etching
cell. Fig. 3b—d are the 2D SAXS patterns of the irradiated polymer
while being immersed in etchant (3 M NaOH, 45.5 °C) at
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Fig. 2 The experimental setup of in situ measurements at the SAXS/WAXS beamline at the Australian Synchrotron. The X-rays exit the vacuum on the
right, enter the etching cell and scatter on the sample. The scattered X-rays then re-enter into the vacuum and are detected.

un-etched

Fig. 3 SAXS detector images inside the etching cell. (a) un-etched and (b—d) during the etching after (b) 8.7 min, (c) 14.6 min and (d) 23.1 min.

different stages of the etching process. Due to X-ray absorption
of the etchant, the measured scattering intensity is significantly
reduced compared to the measurements in air. The images were
recorded with the membrane, and accordingly the tracks and
pores, tilted by approximately 10° with respect to the X-ray beam.
Due to the tilt between the parallel, cylindrical channels and the
X-ray beam, the scattering patterns resemble narrow oscillating
streaks.*®*°

To analyze the data, the scattering intensity along the
anisotropic streak is extracted and after background subtraction
plotted as a 1D scattering intensity as a function of g. q is the

. . ) o An
magnitude of the scattering vector defined as ¢ = |§] = —sin 0,
A

where 1 is the wavelength of the incoming X-ray beam and 20 is
the scattering angle as recorded by the detector. The background
is obtained by extracting the scattering intensity in an area
adjacent to the anisotropic streak.’"**> The resulting intensity
data contains information about the radial density variation of
the scattering objects.

14234 | Phys. Chem. Chem. Phys., 2021, 23,14231-14241

Fig. 4 shows the extracted 1D scattering intensities I(g) as a
function of the scattering vector g for a polycarbonate
membrane from a typical in situ experiment. Fig. 4a shows
the development of the scattering intensity over time clearly
revealing oscillations with maxima that shift towards smaller g
with increasing etching time, indicating an increase in the pore
radius R. The total scattering intensity increases with etching
time as it is proportional to the square of the total scattering
volume, i.e. I(q) oc R*. Fig. 4b shows the 1D scattering patterns
for selected etching times.

The scattering intensity can be modeled by approximating
the nanopores as cylindrical objects with constant electron
density difference Ap, between the un-etched polymer and
the nanopores filled with etchant.****** Indicated by the
narrow streaks and our prior knowledge about etched tracks
in polycarbonate, we assume a cylindrical channel
geometry,’*** where the cylinder lies on the z-axis of the
coordinate system.*> For a cylindrical object with radius R
and length L, the scattering amplitude (form factor) F(¢,R)

This journal is © the Owner Societies 2021
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Fig. 4 In situ SAXS measurements. (a) Log-log plot of scattering intensities as a function of the scattering vector g and time (linear). (b) Scattering
intensities and fits (lines) of etched nanopores recorded for different times during the etching process. Note that the different data sets are offset on the

y-axis for better illustration.

along the anisotropic streak (g, = 0) has the form

. L
sin (qz—)
2) Ji(g-R
F(q7 R) = 2TCR2LA,06—LLR), (1)
qu ar

where J;(q.R) is the Bessel function of the first order.*®
The scattering vector ¢ consists of a radial component g, and
a z-component g:

qr = |q|cos() g- = |g|sin(w). (2)

Due to slight bending of the polymer membrane during
both ion irradiation and SAXS measurement, the nanopores are
not completely parallel. To account for this, a narrow angular
distribution with the width Q (typically <0.2°) around the
normal of the surface of the membrane is used to calculate
the scattering intensity I,(q,R,) of an ensemble of nanopores:

J20|F(d, R)sin(w)de

I?Qsin(w)dw

14(q,R,Q) = I 3)

with the forward scattering intensity I, = I(g= 0). The angle »
describes the tilt of the nanopores to the normal of the surface
of the membrane.

To account for small deviations from perfectly cylindrical,
monodisperse pores with a smooth surface, a Gaussian
distribution with the standard deviation ¢ around the mean R

. . . . o
is also introduced.** The relative standard deviation og =R

describes the standard deviation as a percentage of the radius.
This convolution of the intensity considers radial variations
between different tracks, i.e. the pore size distribution, as well

This journal is © the Owner Societies 2021

as deviations from a perfect cylinder. The standard deviation
also models non-discrete or soft boundaries between the polymer
matrix and the etchant during the etching experiments.
Depending on the context, we will either refer to the absolute ¢
or relative o standard deviation (SD).

Two different contributions to the scattering background are
considered, a constant background I, that is a correction to the
data at high g at which the background subtraction is inaccurate
due to polarization effects that affect the intensity at the edge of
the detector, and a g-dependent background I, that approximates
multiple scattering events of the nanopores, which is significant
at low g-values.*® Multiple scattering becomes important
when the scatterers’ volume becomes large. We observe a
relevant contribution of multiple scattering at pore radii
above 60 nm.

The total scattering intensity I(q,R,2,05) = I(q) can then be
calculated as a function of the scattering vector g:

I(q) =1(¢, R, Q,0) 5
o exp (%) L4(q, R)dR

2
- Jo exp (—(%—zr)z) dR

This model was used to perform non-linear least squares
fitting of the scattering intensities of cylindrical nanopores
typically between g-values of 0.03 and 1 nm '. The fitted
parameters are the forward scattering intensity I, the radius
R, the standard deviation ¢, the angular distribution €, and the
two background contributions I, and I,. Examples of the fits are
shown as solid lines in Fig. 4b and they reproduce the data
very well.

1,
+ I +q—i. (4)
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Consecutive scattering patters from the in situ experiment
only vary slightly from each other as apparent from Fig. 4. This
enables the use of a batch fit method, where the data set is
fitted with the parameters of the previous fit as the initial
parameters. This is essential, as up to 600 SAXS images are
acquired in a single in situ experiment, depending on the
etching conditions. We started the batch fit at the last image,
i.e. at large radii where the scattering pattern is well defined.
The batch fit then moves backwards in time, towards smaller
radii. At very small radii (<30 nm), the scattering images were
fitted manually.

3 Results and discussion
3.1 Temperature dependence of the nanopore etching process

To determine the temperature dependence of the radial etch rate
of the nanopores, polycarbonate foils were etched (3 M NaOH,
38.3, 45.5, 49 and 52.6 °C). Fig. 5a shows the pore radii as a
function of the etching time. Nanopores can be observed from
the early stages of the etching process with a radius of down to
about 10 nm, which is close to the size of the ion track. The
experiments were run until the nanopores reached radii of about
100nm. During the entire etching process, the radius increases
mostly linearly. From the linear fits (solid lines in Fig. 5a), we
deduced the radial etch rates which are listed in Table 1.

As expected, we observe an Arrhenius dependence of the
radial etch rates on the temperature (Fig. 5b). From the linear
behavior we can deduce an activation energy for the etching
process of E, = (0.95 £ 0.05) eV.

Some in situ measurements were repeated after four months
to assess the reproducibility of the experiments (ESI,t Fig. S2).
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The same polycarbonate foil was etched at 45.5 °C, which
showed a radial etch rate of V, = (2.07 £ 0.11) nm min .
This is within the error of the previous measurement under the
same conditions. At a temperature of 47.6 °C the radial etch
rate increased to V, = (2.82 & 0.15) nm min . In Fig. 5b, these
two etch rates are added to the Arrhenius plot (Run 2).
The values align very well with the previous results and show
that the experiments are reproducible. The radial etch rates
are of the same order of magnitude as values reported for poly-
carbonate in the literature.>****” However, in those experiments,
ion irradiation was performed with different ions and at different
ion energies, and etched with an etchant of different concentration
and at different temperatures, so that a direct comparison is not
feasible.

Fig. 6a shows the relative SDs of the nanopores as a function
of the pore radius during the in situ etching experiments. For
pore radii below 40 nm, the SD was fixed for the fits to the
scattering data to achieve stable results for the radius. At pore
radii above 60 nm, multiple scattering events have a significant
influence on the fitted SD. Multiple scattering was accounted
for by including a g-dependent background in the fit. Hence, we
calculated the average relative SD of the nanopores only for
pore radii between 40 and 60 nm (Fig. 6b and Table 1). As the
relative SD is approximately constant in the size range during
etching, the SD increases at the same rate as the radius.
At 52.6 °C, we accidentally etched two polymer foils that were
tightly stuck together. This caused two slightly overlapping
streaks to appear in the 2D SAXS detector image, one from
each foil. We expect the radius values and hence the etch rate
to not be influenced by this. However, we cannot reliably
deduce the SD from this measurement and hence it is not
shown here.

Etch rate, In(V,) [nm min'1]

I 1 I 1 ] 1 I
3.08 3.12 3.16 3.20

Temperature, 1 oI [K'1]

Fig. 5 (a) Pore radii of nanopores as a function of time during etching at 38.3 °C (grey), 45.5 °C (green), 49 °C (blue) and 52.6 °C (red). (b) Arrhenius plot
of the radial etch rates deduced from (a) (red circles) and corresponding fit (blue line). The black squares show results from a different run at 45.5 °C and

47.6 °C (ESI,t Fig. S2).
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Table 1 Radial etch rates V, and relative SDs o at different temperatures T
Temperature, T [°C] 38.3 45.5 49 52.6
Etch rate, V, [nm minfl] 0.99 + 0.06 2.13 + 0.12 3.26 + 0.17 4.61 + 0.24
Relative SD, o [%] 11.3 £ 1.3 9.9 +1.1 74 +1.1 —
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(a) Relative SDs of nanopores as a function of pore radius during etching at 38.3 °C (grey), 45.5 °C (green) and 49 °C (blue). (b) Average relative SDs

of the nanopores with radii between 40 and 60 nm as a function of temperature T.

From Fig. 6 it is apparent that the relative SD decreases with
increasing temperature in the in situ experiments. The question
is if this change in relative SD can be attributed to the
differences in homogeneity of the nanopore size distribution
or is related to the etching process. To answer this question, we
conducted ex situ etching experiments, in which we etched
polycarbonate foils in a beaker on a hot plate. The foils
were etched with the same concentration NaOH at the same
temperatures as in the in situ experiment (and at 50 °C).
For each temperature, three to four membranes were etched
to pore sizes between 20 and 150 nm.

After the ex situ samples were cleaned with water and dried,
all samples showed a similar SD of ¢ = (3.8 £ 0.9) nm,
independent of pore size or temperature (ESL{ Fig. S4 and
Table S1). We then immersed those samples in water, and the
SD remained unchanged from the dried state. Three observations
were made: (i) the SD is different during etching than in the dry
state, but the same when being immersed in water and in the dry
state. This effect can be attributed to the etching process, and is
independent of the liquid. (ii) The SD in the dry/water state is
independent of the etching conditions (ESLt Fig. S5). (iii) The
relative SD during etching decreases with increasing temperature.

We conclude that the SD in the dry/water state to be strongly
related to the size distribution of the nanopores, as any surface
effects on the pore walls would change between being dry and
immersed in water. It also indicates that the size variations are

This journal is © the Owner Societies 2021

not related to the etching conditions, but most likely to the
polymer properties and ion irradiation conditions. However,
during etching, the relative SD changes with temperature,
which indicates that this effect is related to the etching process
itself. We associate the relative SD observed during the in situ
experiments not only with a narrow distribution of the pore
radii, but also with the penetration of etchant into the polymer.
Fink et al. showed that etchant penetrates into the pore walls
due to nanocapillary forces.*®*® This causes swelling of the
pores, and the formation of a gel layer at the liquid-polymer
interface. In the SAXS measurements, this effect can manifest
itself as an increased SD. Fink et al. were also able to show that
during the initial exposure to the etchant, the amount of
absorbed liquid increases rapidly. As etching at higher
temperatures is faster, the surface layer is removed at a higher
rate and less net penetration occurs compared to lower
temperatures. This could result in a lower SD at higher
temperatures as observed in our in situ SAXS measurements.
From the etching time and the pore radius of the ex situ
samples, the etch rates were calculated (ESI,} Fig. S3 and
Table S1). Interestingly, the ex situ etch rates are higher, but
the activation energy is E, = (0.89 £ 0.04) eV, the same (within
the uncertainty) as the activation energy obtained by the in situ
experiments. We can safely rule out temperature as a cause, as
both experiments were conducted under well controlled conditions.
This indicates that the difference in etching might be caused by the

Phys. Chem. Chem. Phys., 2021, 23,14231-14241 | 14237
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different etching setup, and hence the transport of etchant to the
pores, as well as the removal of etching products from the pores.
To confirm this assumption, we have conducted etching (3 M
NaOH, 50 °C) in a beaker on a hotplate, and inside the etching cell
with a constant flow of etchant of 1 ml min~" per side, and without
flow (ESLT Fig. S6). We observe radial etch rates of 7.0. 4.9 and
3.9 nm min ", respectively. This indeed confirms the assumption
that in an open space like a beaker transport of etchant and etching
products is enhanced compared to etching in a confined space like
the etching cell, and using a constant flow promotes the transport
compared to stationary etching. These results indicate that the
etching setup can have a significant influence on the etching
process.

3.2 Concentration dependence of the track etching process

To investigate the relationship between the molarity of the
etchant and the radial etch rates, polycarbonate foils were
etched (1, 3 and 6 M NaOH, 45.5 °C). The pore radii as a
function of the etching time are shown in Fig. 7a. The etching at
6 M is limited to an etching time above 10 min (corresponding to
pore radii above 100 nm), as an air bubble on the membrane
blocked the etching and we had to move the X-ray beam to a
different sample position. The radial etch rates and relative SDs
are listed in Table 2.

In Fig. 7b, log(V,) is plotted against log(c). This shows a
power law dependence of the etch rate on the etchant molarity
that can be described by

v, =ad, (5)

where a is a constant and 7 is the exponent of the power law.
In a log-log plot, this monomial appears as a straight line where
the slope n equals the exponent of the power law. The linear fit
results in an exponent of the power law of n = 1.38 £ 0.09. Fig. 8

(@)
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Table 2 Radial etch rates V, and relative SDs op at different molarities ¢

Molarity, ¢ [M] 1 3 6
Etch rate, V, [nm min’l] 0.70 & 0.01 2.82 £+ 0.01 8.46 £ 0.02
Relative SD, o [%] 15.7 £ 4.7 11.5 £ 2.1 44 +£1.3

shows the relative SD of the nanopores during the etching
experiment. It is apparent that an increase in etchant molarity
reduces the relative SD of the nanopores. This observation
is consistent with the assumption in the last section that
the relative SD during the etching is related to the etchant
penetration into the polymer. Similar to the temperature effect,
a higher molarity, i.e. a higher etch rate reduces the amount of
absorbed liquid in the track and hence the observed relative SD.

When comparing the etching of polycarbonate under the
same conditions (see Fig. 5a and 7a) in the temperature series
and the molarity series (45.5 °C and 3 M), the radial etch rates
differ by around 30%. These two etching experiments were
conducted with polymer foils that were from different production
and ion irradiation batches. This highlights that other factors,
such as the polymer membrane and aging of the polymer can
have a significant influence on the etching process. We note that
using samples from the same batch (as outlined in the previous
section) yields reproducible results with our technique.

3.3 Axial track etching

In situ SAXS measurements enable us to estimate the track etch
rate V, at the beginning of the etching process. For the analysis
we applied the Guinier approximation for the scattering intensity
at small scattering vectors:*°

1
lim I(g) = Iyexp (f— g2q2> + Iy, (6)
q—0 3

P
(=)
~

Etch rate, log(V,) [nm min'1]

1 I 1 I 1 l 1
0.0 0.2 0.4 0.6
Molarity, log(c) [M]

Fig. 7 (a) Pore radii of nanopores as a function of time during etching with 1 M (grey), 3 M (green) and 6 M (red) NaOH. (b) Log—-log plot of the radial etch

rates as a function of etchant molarity.
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Fig. 8 (a) Relative SDs of nanopores as a function of the pore radius during etching with 1 M (grey), 3 M (green) and 6 M (red) NaOH. (b) Average relative

SDs of the nanopores as a function of etchant molarity.

with the forward scattering intensity I,, the radius of gyration R,
and a scattering background I,. The forward scattering intensity
is given by the electron density contrast Ap, between the
nanopore and the polymer matrix and the scattering volume V:

Io = (Ap)*V>. (7)
Fig. 9a shows the Guinier plot of an example fit for the one-

sided in situ etching (3 M NaOH and H,O, 45.5 °C) of the
polycarbonate sample after just 80 s of etching, i.e. before the

—
[
-~

Scattering intensity, In(/) [arb. units]

e}
- O —
11 o) o

le)
] | ] | ] | ]
0.00 0.05 010 0.15 0.20 0.25 0.30
. 2 2
Scattering vector, ¢ [nm ]

pores were etched through. For small values of the scattering
vector g, the Guinier approximation describes the scattering
pattern very well.

Fig. 9b shows the time development of the forward scattering
intensity I, that is obtained using the Guinier approximation
versus time for one-sided and double-sided etching of a poly-
carbonate foil (3 M NaOH, 45.5 °C, same conditions as in Fig. 4).
It is apparent that I, is constant or decreases in the first few
minutes of etching before it increases rapidly. We attribute this
short period to the time dominated by the etching process along

—~
o
~

Forward scattering intensity, I, [arb. units]

t ® One sided etching
® Double sided etching
0H 1 ] 1 ] 1 | 1 ] 1 -+
0 1 2 3 4 5

Etching time [min]

Fig. 9 In situ etching to estimate the track etch rate V.. (a) Guinier plot of the scattering intensity after 80 s of one-sided etching (red). Black line: Guinier
approximation of the scattering intensity. (b) Time development of the forward scattering intensity lo during the early stages of one-sided etching (red)

and of double-sided etching (black).
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the track axis. During this period, the damaged polymer is
dissolved forming an open channel, while radial etching is
rather small. Once the track is etched through the polymer film,
radial etching speeds up significantly as the transport of etchant
is greatly enhanced. This causes a rapid increase in I, indicating
the breakthrough moment of the channel. With the knowledge
of the membrane thickness and the time until I, increases
rapidly, ie pore breakthrough, we can estimate the track
etch rate.

For one-sided etching, it takes around 3.8 min to etch
through. With a membrane thickness of 30 min, this results
in a track etch rate of V, = (8.0 + 0.4) um min~". Etching from
both sides takes around 1.8 m, which yields a track etch rate of
V;=(8.2 4+ 0.9) um min~". The good agreement of the etch rates
indicates that this method is viable for determining the track
etch rate. The radial etch rate for this specific process is V, =
(2.13 + 0.12) nm min~" as reported above, which results in a
ratio of V,/V, = 3850 + 223. This aligns well with the value
reported by Cornelius et al., who determined a ratio of V,/V, =
2988 + 1513 for Markrofol N irradiated with 2.7 GeV U ions and
etched with 6 M NaOH at 50 °C."” As the track etch rate is
higher by three orders of magnitude than the radial etch rate, it
also confirms the assumption that the nanopores are nearly
cylindrical. This demonstrates that this method can be applied
to accurately investigate V;, which can be the focus of future
research.

4 Conclusion

We present novel in situ SAXS experiments of ion track etching
in polycarbonate. Our measurement technique enables
time resolved observation of the growth of nanopores.
The measurements were performed under various etching
conditions and deliver accurate and detailed results of the
etching process of nanopores in polymers. The initial stage of
the etching, which is characterized by rapid etching of the
highly damaged track core along the ion trajectory, is described
by the Guinier approximation. This enables the determination
of the track etch rate with higher accuracy than previous
methods.

Following pore breakthrough, SAXS patterns were fitted
using a simple cylinder model, which assumes a constant
electron density difference between a cylindrical pore and the
host matrix. This provides accurate information such as the
pore radius and standard deviation and their time development
during etching. The radial etching was largely linear over time
and showed a high sensitivity to the etching conditions.
Etching was performed as a function of temperature, which
allowed us to deduce the activation energy of the etching
processes. The radial etch rate as a function of the etchant
molarity shows a power law dependence. The relative SD
observed in situ is attributed to the penetration of etchant into
the polymer. With increasing etch rate, i.e. increasing etching
temperature or molarity, the etchant penetration into the pore
surface is reduced due to a shorter penetration time. Thus this
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effect has less influence on the overall process and the relative
SD decreases. This was confirmed using ex situ measurements
that showed that the etching conditions or a liquid environment
do not affect the size distribution of the nanopores.

With future measurements, we will extend our knowledge
about the etching kinetics in nanopore membranes. This will
allow us to optimize the controlled fabrication of highly
monodisperse nanopore membrane systems.
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