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Ion Track Formation and Nanopore Etching in Polyimide:
Possibilities in the MeV Ion Energy Regime

Rajdeep Kaur,* Ghada Eljamal, Tuan Thien Tran, Daniel Primetzhofer, and Petter Ström

Polyimide films of thickness 7.5 μm are irradiated by a wide range of ions (1H
to 197Au) with energies between 1.05 and 48 MeV. Irradiated samples are then
chemically etched in sodium hypochlorite solution to investigate nanopore
formation due to ion track etching. A threshold in terms of electronic stopping
power, Set, needs to be surpassed to preferentially etch the ion tracks. Close to
Set, intermittent tracks are formed where only part of the track is etchable. The
fraction of these etchable parts increases as we move away from Set, toward
higher stopping powers, eventually yielding continuous etchable tracks. Both
intermittent and continuous track formation thresholds are observed to be
velocity-dependent, yielding a decrease of the thresholds in the present work
compared to previously reported thresholds for swift heavy ions. This finding
leads the authors to suggest that electrostatic ion accelerators with terminal
voltages of several MV are applicable for the production of ion track
membranes up to ≈10–20 μm in thickness. Suitable ions for nanopores in
7.5 μm polyimide films include 42 MeV 59Co and 48 MeV 197Au. The growth
mechanism for the pores during etching is discussed, relating it to the
properties of the original ion track.

1. Introduction

Inspired by biological nanoscale pores and channels, solid-
state nanoporous membranes have shown great potential in
a wide range of applications such as gas/ion detection and
separation,[1,2] DNA/RNA detection and sequencing,[3,4] selective
drug delivery,[5] water desalination,[6] and sensors.[7–9] When a
nanoporous membrane is immersed in an electrolyte solution
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and a suitable voltage is applied across the
membrane, an ion current flows through
the pores. Nanopore detection and sequenc-
ing work on the principle of ionic cur-
rent disruption or variation. Several insu-
lating materials, for example, graphene,[6,10]

silicon nitride,[11,12] silicon oxide,[13,14] and
polymer membranes[7,15–17] are being stud-
ied for nanoscale channel and pore fabrica-
tion. Although silicon-based nanopores al-
low improved miniaturization and possible
integration with other electronic devices,
the irregular shape of these pores leads to
large current noises.[18] Among polymers,
pores in polyimide (PI) are reported to have
very stable current signals.[19] Additionally,
PI exhibits strong chemical resistance as
it is insoluble in almost all organic com-
pounds; has heat stability over a wide range
of temperatures ranging from −269 to 400
°C, and has excellent mechanical strength,
making it a very suitable candidate for fabri-
cation of practical nanoporous components.

Many studies have been conducted on the formation of tracks
that may be chemically etched to create nanopores in PI after ir-
radiation with swift heavy ions (SHI), where typical ion energies
have been on the order of a few MeV u−1.[20–23] A threshold in
terms of energy deposited by the ions on the target electronic
system per unit path length (electronic stopping power, Se) is re-
ported as 1.85 keV nm−1 for the formation of intermittent tracks
and 5 keV nm−1 for continuous tracks.[20] However, Yamauchi
et al. reported that the threshold for formation of etchable tracks
in PI is not constant but depends on the ion and it can be related
to the breaking of two adjacent diphenyl ether bonds in the PI
chains.[21] Based on the energy required to break diphenyl ether
bonds, the threshold for the formation of these tracks is inferred
as 2.5 keV nm−1. Sodium hypochlorite (NaOCl) solution prefer-
entially dissolves ion-damaged areas to form pores. The bulk etch
rate (VB) and track etch rate (VT), and thus, the shape of the pores
depends on the conditions such as temperature, active chlorine
content, and pH of NaOCl solution. The VB of PI in NaOCl is
reported to increase exponentially with pH while VT remains al-
most constant with pH, leading to the formation of cylindrical
pores for pH < 11 and conical pores for higher pH.[22,23] The lit-
erature reports a detailed analysis of VB, VT, and pore shape in PI
based on pH and active chlorine content in NaOCl solution.[22,24]

Given the great interest in developing solid-state nanopores
for different applications,[1,3,5–7,9,15] the ability to reproduce
nanopores by lower energy (E < 1 MeV u−1) ion irradiation can
prove helpful in the possible commercialization of nanopore fab-
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Figure 1. Monomer unit of Kapton based on Figure 1 in ref. [23].

rication in the future. The penetration range of such ions is lower
than SHI, but for some applications, for example: single DNA
molecule detection,[3,4] protein biosensors,[8] single porphyrin
molecules detection,[25] and ion separation;[1] a few microme-
ters long pores are sufficient, which can be easily achieved us-
ing ion energies of a few MeV. In the present work, we focus on
investigating the formation of nanopores in polyimide by irradia-
tion with these less-explored and more accessible MeV ions. Self-
supporting PI films were irradiated by ions with a wide range of
mass (1H to 197Au) to investigate the threshold value for ion track
formation. The latent tracks thus created were etched out using
NaOCl to form nanopores. The threshold value for the formation
of intermittent as well as continuous tracks in terms of Se and the
effect of projectile velocity on these threshold values are investi-
gated. Directional effects of the incident ion on the formation of
ion track in PI films are also studied by irradiating stacked films.

2. Experimental Section

2.1. Ion Irradiation

Commercially available Kapton 30EN polyimide films with
a thickness of 7.5 μm, delivered by DuPont, were used in
the present work. The monomer unit of Kapton (poly(4,4′-
oxydiphenylene) pyromellitimide) is shown in Figure 1. The
films of area 4× 4 cm2 were irradiated at room temperature under
normal incidence by 1H, 12C, 16O, 28Si, 59Co, and 197Au ions with

energies ranging from 1.05 to 48 MeV and an initial charge state
between 1+ and 11+. Beam current was measured before and
after irradiation using a Faraday cup placed behind the sample
position. The beam was scanned using ±10 kV deflection voltage
with a frequency of 64 Hz in the horizontal and 517 Hz in the ver-
tical direction to deliver a homogeneous current density of (4 ± 1)
× 10−3 nA cm−2 over the entire film. Low ion fluences of (1.0–5.0)
× 108 ions cm−2 were used for most of the irradiations to avoid
overlapping nanopores. Some of the samples were also irradiated
with a higher fluence of 1.0 × 1010 ions cm−2 to analyze the irra-
diated films that were either unetched or etched for only 15 min.

All the irradiations were performed using a 5 MV pelletron
tandem accelerator at Uppsala University.[26] Table 1 compiles a
complete list of the kinetic energy (EK), specific kinetic energy, Se
at equilibrium charge state (qeq) for initial energy, initial charge
(qin), and range (RP) of the projectiles used to irradiate the poly-
imide films. The electronic stopping power (Se), range (RP), and
energy of the ions transmitted (ET) through the film were calcu-
lated using SRIM-2013,[27] and qeq was calculated using the for-
mula for solid-state targets from the literature.[28] All the projec-
tile ions (except 1H ions) used in this work have qin < qeq. The
charge state equilibration length, d,[29] for the ions used in this
work, is 5 ± 2 nm. Comparing these values with the reported
bulk etching rate of a few tens of nm h−1 in the literature,[23] it
was assumed that surface structures observed after a few hours
of etching would have a minimal effect of the fact that qin was
different from qeq. Thus, the Se calculated at qeq can be used for
the analysis of the threshold for nanostructure formation in this
work.

2.2. Wet Chemical Etching

The irradiated PI films of area 1 × 1 cm2 were symmetrically
etched from both sides in an aqueous NaOCl solution kept at
(50 ± 1) °C. The pH was measured using a digital pH meter
and chlorine content was determined indirectly by a standard

Table 1. List of the projectiles used for irradiating 7.5 μm thick PI films with their kinetic energy (EK), specific kinetic energy, electronic stopping power
(Se) at equilibrium charge state (qeq) for initial energy, initial charge (qin) and range (Rp). Se and Rp were calculated using SRIM-2013.[27]

Ion EK [MeV] Specific EK
[MeV u−1]

Se [keV
nm−1]

qin Range [μm] Ion EK [MeV] Specific EK
[MeV u−1]

Se [keV nm−1] qin Range [μm]

1H 1.05 1.05 0.03 1+ 21.2 11 0.39 2.83 3+ 6.3

2 2 0.02 1+ 58.7 18 0.64 2.99 5+ 8.7
12C 2.75 0.23 1.04 1+ 3.9 59Co 2 0.034 0.88 1+ 2.1

4.5 0.375 1.08 2+ 5.6 4 0.068 1.56 3+ 3.5

7 0.58 1.04 3+ 7.9 5 0.085 1.91 3+ 4.1
16O 2 0.125 1.16 1+ 2.9 9 0.15 3.10 3+ 5.6

3.25 0.2 1.40 1+ 3.9 17 0.29 4.43 3+, 7+, 7.6

6.5 0.41 1.54 3+ 6.1 9+

13 0.81 1.40 3+ 10.4 37 0.63 5.55 9+ 11.5

16 1 1.33 4+ 12.6 42 0.71 5.66 9+ 12.4

24 1.5 1.16 6+ 19.1 197Au 5 0.025 1.96 3+ 1.5
28Si 2 0.07 1.33 1+ 2.3 12 0.061 2.18 4+ 5.5

4 0.14 1.94 2+ 3.5 42 0.21 5.56 9+ 11.2

5 0.18 2.16 3+ 4.0 48 0.24 6.32 11+ 12.2
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Figure 2. SEM images for a) unirradiated and unetched, b) irradiated (42 MeV Au9+) but unetched, and c) unirradiated but etched PI film; films irradiated
with d) 1.05 MeV H+, e) 16 MeV O4+, f) 6.5 MeV O3+, and g) 42 MeV Au9+. All films (except [a and b]) were etched for 4 h. Fluence for all irradiations
(except for [b], which was irradiated with a fluence of [1 ± 0.3] × 1010 ions cm−2) was (5 ± 1.3) × 108 ions cm−2.

iodine/thiosulphate titration method.[30] The pH of the as-
purchased NaOCl solution was ≈12 ± 0.2 and the initial Cl
content was between 7.8% and 9.75% w/v. The pH of the solu-
tion was adjusted to 10 using a 10% v/v hydrochloric acid (HCl)
solution. Under these etching conditions, either cylindrical[23]

through pores or conical partial pores/pits were expected to
be formed in the irradiated PI film. Most of the PI films were
etched for 4 h. It was observed that the pH of the solution slowly
decreased by ≈5% after 4 h of etching and the chlorine content
was reduced by ≈2% on average. The changes were due to the
degradation of the hypochlorite at elevated temperatures.[31] For
longer etching experiments, the PI films were immersed in fresh
NaOCl solution every 4 h. After etching, the films were washed
several times with deionized water to neutralize the surface and
remove the residual salts.

The etching time (TE) was varied from 15 min to 8 h for three
irradiation conditions, viz. films irradiated with 5 MeV Co3+, 17
MeV Co7+, and 37 MeV Co9+. These films were used to study
the dependence of the pore size on TE, and thus, extract the pore
growth rate both radially and in the direction of the latent ion
track.

2.3. Characterization

The thickness of two as-purchased PI films and four unirradiated
films etched for 10, 32, 60, and 77 h, respectively was measured
with proton elastic backscattering spectrometry (EBS), to esti-
mate the material bulk etch rate (VB). The measurements were
performed using a 2 MeV p+ beam with a detector placed at a
backscattering angle of 170°. The experimental EBS spectra were
fitted using SIMNRA 7.03[32] to calculate the film thickness and
subsequently derive the bulk etch rate. The weight and dimen-
sions of each film were also measured before and after the etch-
ing using a laboratory scale of least count 0.1 mg and a meter
scale of least count 0.05 cm respectively.

The surface characterization of the irradiated polyimide films
was done using Zeiss LEO 1550 and Zeiss LEO 1530—scanning

electron microscopy (SEM) at an acceleration voltage of 10 kV,
and PSIA XE150 atomic force microscopy (AFM). To observe the
cross-section of the nanopores, one of the samples was studied
by transmission electron microscopy (TEM). TEM lamellae were
cut out of the film by Zeiss FIB/SEM Crossbeam 550 with Ga
Ion-Sculptor gun and analysis was conducted with a FEI Titan
Themis 200 system at an acceleration voltage of 200 kV. The films
were coated with a thin layer of Au–Pd using a Polaron SC7640
sputter coater to prevent charging of the films during SEM mea-
surements and lamella preparation. An additional layer of Pt, ini-
tially using an electron gun and then with a Ga ion gun, was
coated over the films before cutting out the lamella. This prepa-
ration was done to prevent the region of interest below the Pt
layers from getting damaged during cutting. SEM and TEM im-
age processing was performed using ImageJ[33] and AFM image
processing was performed using Gwyddion.[34]

3. Results and Discussion

Figure 2 shows the SEM images for a) pristine (i.e., unirradi-
ated and unetched), b) irradiated (42 MeV Au9+) but unetched,
c) unirradiated but chemically etched PI film; the films that
were etched after irradiation with d) 1.05 MeV H+, e) 16 MeV
O4+, f ) 6.5 MeV O3+, and g) 42 MeV Au9+. All the films were
etched in NaOCl solution for 4 h at 50 °C after irradiation, if
not specified otherwise. No significant surface modification
or nanostructure formation is observed for the irradiated but
unetched film (Figure 2b), indicating that chemical etching is
an essential step to create observable nanostructures in PI films
in the energy regime studied in this work. This observation is
further corroborated by AFM investigation of the irradiated but
unetched film, indicating no significant surface modification.
The SEM images of the surface of the ion-irradiated and etched
PI films show different amount of damage on the surface
depending on the properties of the projectile ion. In Figure 2d,
the surface is similar to Figure 2c indicating that the 1.05 MeV
H+ ions did not cause any clearly visible damage to the PI film,
whereas nanopits or pores are observed in Figure 2e–g. The pits
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Figure 3. a) Schematic for intermittent or continuous tracks which may
be formed after irradiating PI film with different ions (etchable part of
the tracks is shown with grey lines); b) The qualitative relative size of the
nanopits or pores as expected to appear in SEM image for tracks (1–4)
with increasing etch time; c) Opening diameter distribution for PI films ir-
radiated with 6.5 MeV 16O (Se = 1.5 keV nm−1), 5 MeV 59Co (Se = 1.9 keV
nm−1), and 17 MeV 59Co (Se = 3.1 keV nm−1), and etched for 4 h at 50
°C.

observed in Figure 2e,f have a wide opening size distribution.
The size distribution becomes narrower in Figure 2g where we
also observe nanopores rather than what appear to be shallow
pits (see also Figure 10). The areal number density of etched-out
structures observed in Figure 2e is very low (<30% of fluence of
the incident ions) as compared to those observed in Figure 2f,g.
The ion impacts on the sample surface are stochastically dis-
tributed. As a result, some of the areas have a higher number
of ion impacts compared to other areas on the sample surface.
SEM images for the areas with a higher number of impacts were
chosen to have a better view of the pores formed on the surface.
Thus, some of the SEM images (e.g., Figure 2f) seem to suggest
a fluence much higher than the fluence of incident ions.

We propose that the nanopits (Figure 2e,f) with wide size dis-
tribution observed on the surface are a sign of the formation of
intermittent tracks in the film which can be attributed to the
stochastic nature of damage creation along the trajectory of an
ion.[20] This proposed mechanism is illustrated in Figure 3, where
subfigure (a) shows a few examples of possible tracks formed af-
ter irradiating PI film with different ions. Etchable parts of the
tracks are marked with grey lines. A qualitative sequence of rel-
ative opening sizes of the nanopits or pores as expected to ap-
pear in the SEM image for the tracks is shown in Figure 3b. The
opening diameter depends on the etching time, the length of the
etchable part of the tracks, and the depth of the etchable tracks

from the surface. For example, the etchable part of tracks (2) to
(4) starts on the surface while the etchable part of track (1) starts
at a certain depth inside the film. Thus, for short etching time,
all but track (1) are initially exposed to the etchant, leading to
similar opening diameters corresponding to all but track (1). On
further etching, track (1) is also exposed to etchant leading to a
pore opening while the opening diameter for other tracks grows
depending on the length of their initial etchable parts. Thus, af-
ter intermediate etching time, track (3) does not show any signif-
icant change in opening diameter while the diameter for track
(2) grows, but not as prominently as for track (4). For a long
enough etching time, the opening diameter might be described
as some function of the fraction of the etchable part of the ion
track. Thus, the distribution of opening diameter can be used as
a parameter to classify the tracks formed in the PI film into con-
tinuous and intermittent. PI film irradiated with 6.5 MeV 16O
has an opening diameter ranging from 5 to 50 nm (Figure 2f)
while that irradiated with 42 MeV 197Au has an opening diam-
eter ranging from 45 to 60 nm (Figure 2g), indicating that the
ion tracks formed in the former film have a very large variation
in the fraction of etchable part of the track. The opening diam-
eter distribution curves for 6.5 MeV 16O (Se = 1.5 keV nm−1), 5
MeV 59Co (Se = 1.9 keV nm−1), and 17 MeV 59Co (Se = 3.1 keV
nm−1) in Figure 3c also show that the opening diameter distribu-
tion at lower Se is almost two times larger than at the higher Se.
About 60–80 pores were evaluated for the distribution curve in
Figure 3c.

Based on the opening diameter distribution studied on the sur-
face of the PI film, three different regions of ion damage are
identified and plotted in Figure 4 as a map of the specific en-
ergy and Se of the incoming projectiles used in this work. As the
films were symmetrically etched from both sides, points corre-
sponding to the transmitted ions where the range of the ion is
greater than the thickness of the film, that is, 7.5 μm are also in-
cluded. The transmitted ions have a distribution of energy that
can be attributed to energy-loss straggling and was determined
via SRIM simulation. Thus, for points referring to transmitted
ions, the average of this energy distribution along with the corre-
sponding Se was added to Figure 4. The three regions identified
are: region (I) where no etchable ion tracks are formed; region
(II) where intermittent tracks resulting in etched structures with
a wide opening size distribution are formed (diameter ranging
from 5 to 50 nm as shown for 6.5 MeV 16O in Figure 3c); and re-
gion (III) where continuous tracks with a relatively small distri-
bution in pore opening diameter are formed after etching (diam-
eter ranging from 45 to 65 nm as shown for 5 and 17 MeV 59Co
in Figure 3c). Due to the stochastic nature of damage creation
along an ion trajectory, the borders between the three regions are
not sharp. Thus, region (I) is defined to include points where no
etchable pore is observed in SEM images, and region (III) is de-
fined to include points where the standard deviation in diameter
≤6 nm and areal density of the etched-out structures is within
±30% of the fluence of incident ions. The rest of the points are
included in region (II). In Figure 3c, the distribution curve for 6.5
MeV 16O (diameter = 21.4 ± 9.7 nm) represents a typical open-
ing diameter distribution for ions in region (II) while distribution
curves for 5 and 17 MeV 59Co (diameter = 52 ± 6 and 53 ± 5 nm,
respectively) represent typical opening diameter distributions for
ions in region (III).
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Figure 4. Region (I): crosses indicate projectiles for which no etchable ion tracks are formed (Figure 2d); Region (II): hollow circles indicate projectiles for
which intermittent tracks were formed resulting in etched nanopits with wide opening size distribution (Figure 2e,f); Region (III): solid circles indicate
projectiles for which continuous tracks were formed resulting in etched nanopores with relatively smaller opening diameter distribution (Figure 2g).
Points from the present work are in maroon color while points from the literature for PI films of thickness 25,[20] 50,[20] and 125[21] μm are in green
color. Ref. [21] does not specify whether the tracks were intermittent or continuous and are thus represented by solid rhombi. The orange dashed line is
drawn as a rough line dividing regions (I) and (II).

For projectiles in the region (I), the energy deposited is not
enough to create the damage required for preferential etching of
pores (Figure 2d). Thus, a certain damage threshold in terms of
electronic stopping power, Set, is required to produce an etchable
ion track in PI. Set ≈ 0.5 ± 0.2 keV nm−1 is observed for the ions
with energy ≈0.02 MeV u−1. But for ions with energy 1.5 MeV u−1,
no etched-out structures are observed for Se as high as 1.16 keV
nm−1. Thus, the value of the Set is not constant but increases with
the specific energy of the projectile, which can be attributed to
the “velocity effect,” referring to the dependence of the energy
density deposited in the target on the velocity of the ions.[35] For
the same Se, energy is deposited into a larger radius for higher
velocity ions and consequently, the deposited energy density in
the target is lower and can vary up to one order of magnitude.[36]

Thus, a higher value of Se is required to create the same type of
damage with higher velocity ions. In the ion energy regime em-
ployed for the present work, the velocity effect on the threshold
for nanostructure formation is also observed for other materials,
like CaF2.[37,38] For 7 MeV 12C (Specific energy = 0.58 MeV u−1; Se
= 1.04 keV nm−1) and 16 MeV 16O (Specific energy = 1 MeV u−1;
Se = 1.33 keV nm−1), only a few tens of etched-out structures are
found over the entire irradiated area of 1 × 1 cm2 (fluence of irra-
diation was 5 × 108 ions cm−2), indicating that we are very close
to Set at these points. Additional points from the literature[20,21]

were added to Figure 4 to verify that the trend in Set extends to
higher ion velocities. As observed in Figure 4, the velocity effect
is more dominant for E < 2 MeV u−1 and the effect becomes less
prominent with an increase in ion velocity. The rate of increase in
Set with specific energy is ≈100 times larger for projectiles with
E < 2 MeV u−1 than for projectiles with (30 < E < 70) MeV u−1.
Above Set, in region (II), intermittent tracks are formed and these
tracks feature larger and larger etchable fractions when approach-
ing region (III), in which tracks are considered continuous and
are etched through the entire film. A second threshold in terms

of electronic stopping power, Set
c, is found that divides regions

(II) and (III). Set
c ≈ 1.4 ± 0.1 keV nm−1 is observed for ions with

energy ≈0.07 MeV u−1. But for ions with energy 1.5 MeV u−1 and
Se ≈ 1.4 ± 0.1 keV nm−1, a wide distribution of opening diameter
(indicating intermittent tracks) is observed. This implies that the
velocity effect is also present for Set

c, for projectile ions with E <

2 MeV u−1.
Figure 5 shows SEM images for the a–c) front and d–f) back

side of PI films irradiated with a,d) 5 MeV Co3+, b,e) 17 MeV Co3+,
and c,f) 37 MeV Co9+, and chemically etched for 4 h at 50 °C. No
nanopits or pores are observed in Figure 5d as the range of the
projectile ion, that is, 4.1 μm is shorter than the thickness of the
film. In the case of 17 MeV Co3+ (Figure 5e), although the range
of the ions is 7.6 μm, the average energy of the transmitted ions is
0.4 ± 0.2 MeV with an associated Se (≈0.3 ± 0.1 keV nm−1) below
the Set, and thus, no nanopits are observed in this case either. In
the case of 37 MeV Co9+ (Figure 5f), the transmitted ions have
an average energy of 5 ± 0.3 MeV with an associated Se (≈1.9 ±
0.1 keV nm−1) above the Set. This energy was verified to be within
±20% by direct measurement using a PIPS detector placed be-
hind the membrane. In this case, the average opening diameter
on the front side is larger and the size distribution is narrower
than on the back side of the film. As both sides were subjected
to the same etching conditions at the same time, the bulk etch
rate on both sides is not subjected to any changes. The difference
in the distribution of opening diameter can be attributed to the
fact that the transmitted ions have energy ranging from 1.7 to
5.5 MeV (calculated using SRIM) with corresponding Se ranging
from 0.8 to 2.1 keV nm−1 that spreads these transmitted ions in
the region (II) and (III).

The effect of directionality of projectile ions is studied by irradi-
ating a pair of films stacked together and irradiated with an initial
energy of 24 MeV O6+ and the schematic of the set-up is shown
in Figure 6a. The films were stacked together with no space in
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Figure 5. SEM images for films irradiated with a) 5 MeV Co3+ (Front), b) 17 MeV Co3+ (Front), c) 37 MeV Co9+ (Front), d) 5 MeV Co3+ (Back: No
transmitted ions), e) 17 MeV Co3+ (Back: Energy of transmitted ions ≈ 0.4 ± 0.2 MeV), f) 37 MeV Co9+ (Back: Energy of transmitted ions ≈ 5 ± 0.3
MeV). All films were irradiated with a fluence of (1 ± 0.3) × 108 ions cm−2 and etched in NaOCl for 4 h at 50 °C.

Figure 6. a) Schematic for a pair of films stacked together during irradiation. The films were stacked with no spacing between the layers. The space in
the schematic is shown to illustrate the back side of the layer I and the front side of the layer II separately. SEM images for films irradiated with 24 MeV
16O6+ and etched in NaOCl for 4 h at 50 °C: b) front side of layer I, c) back side of layer I (Energy of transmitted ions ≈ 14.6 ± 0.2 MeV), d) front side of
layer II, and e) back side of layer II (Energy of transmitted ions ≈ 3.5 ± 0.1 MeV).

between but the space in the schematic is shown to illustrate the
back side of the first layer and the front side of the second layer
separately. No nanopits or pores are observed on the front side of
the layer I as Se < Set in this case (Figure 6b). As the ions traverse
the film and slow down, they cross the threshold, Set, and thus,
nanopits are observed on the back side of layer I (Figure 6c). The
nanopits on the back side of layer I (Figure 6c) and the front side
of layer II (Figure 6d) are similar, in size and abundance, indicat-
ing that there is no apparent directionality effect of the projectiles
on either the threshold or opening size distribution. The electron
cascade due to momentum transfer from the incoming ions has
a preferred forward direction that could result in a difference be-
tween the nanostructure formed on the exiting side of layer I and
the entering side of layer II of the film. A thorough analysis of
the comparison between them can be used to study the damage

mechanism involved. But, as most of the top layer of the film con-
taining this information is removed by bulk etching in our case,
such analysis of the damage mechanism is not carried out here.
Further, as the ions traverse the second layer, they move away
from Set, where the etchable fraction of the track increases, and
consequently, a larger number of nanopits are observed on the
back side of layer II (Figure 6e).

The evolution of average pore diameter is studied for three dif-
ferent projectiles in the region (III), viz. 5 MeV Co3+, 17 MeV
Co7+, and 37 MeV Co9+, by analyzing the films etched for a time
ranging from 15 min to 8 h. Figure 7 shows a) a plot for change
in pore diameter for these films as a function of etching time,
where the error bars indicate the standard deviation of pore di-
ameter distribution (based on 60–80 pores for TE ≥ 1.5 h and
10–30 pores for TE < 1.5 h) for each etching time, along with

Macromol. Mater. Eng. 2023, 2300232 2300232 (6 of 9) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 7. a) Change in pore diameter as a function of etching time (slope
= 2VR); SEM images of films irradiated with 37 MeV Co9+and etched for
b) 1 h, c) 3 h, and d) 8 h at 50 °C. The pore diameter increases with etching
time.

Table 2. List of radial etch rates (VR) for different projectiles for TE < 2 h
and TE ≥ 2 h.

Projectile Ion Se
[keV nm−1]

VR for TE < 2 h
[nm h−1]

VR for TE ≥ 2
h [nm h−1]

5 MeV Co3+ 1.91 1.7 ± 1.1 8.7 ± 0.8

(5 ± 0.3) MeV Co* 1.9 ± 0.1 3.9 ± 0.5 6.5 ± 0.8

17 MeV Co7+ 4.43 4.7 ± 0.7 8.1 ± 0.5

37 MeV Co9+ 5.55 6.4 ± 0.6 9.8 ± 0.7

*Average energy for the transmitted ions from 7.5 μm thick PI film, when irradiated
with 37 MeV Co9+, was determined by SRIM simulation.

SEM images of the front side of the films irradiated with 37 MeV
Co9+ and etched for b) 1 h, c) 3 h, and d) 8 h. The average pore
diameter is observed to increase with time. Two notes may be
made about the initial opening phase of the pores based on the
present data. First, extrapolating the observed pore radius to zero
etch time yields a positive value of a few nm, which indicates the
initial ion track radius. Second, the initial decreased pore growth
rate (for TE < 2 h) might be attributable to a less efficient wetting
of the pore by the etchant due to a narrow pore opening at the
beginning of the process. The radial etch rate (VR) is defined as
the rate of increase of pore radius with time and is calculated as
half of the slope of the linearly fitted plots of average diameter
as a function of TE. Table 2 gives VR calculated separately for TE
< 2 h and TE ≥ 2 h. The VR calculated for TE ≥ 2 h for different
irradiation conditions is approximately the same suggesting that
the pores, after the initial opening phase, grow radially at a rate
of VB. To substantiate or deny this claim, the bulk etch rate of the
pristine films exposed to the same etching conditions was calcu-
lated using EBS. The VR for the case of the transmitted ions at
an average energy of 5 MeV is lower than in other cases observed
here. This can be due to the fact that these transmitted ions (for
the incoming ion of 37 MeV Co) have a distribution of energy,
spreading them across the regions (II) and (III). Thus, the open-
ing diameters on the back side can be either due to intermittent
track or continuous track leading to a lower average opening di-
ameter and relatively different VR.

The EBS spectra for two pristine (labeled as Reference 1 and
Reference 2) and four unirradiated but etched films are shown in

Figure 8a, with the magnified image of the trailing edge of the PI
peak in Figure 8b. The thickness of the films was calculated by
fitting the spectra with SIMNRA.[32] All the spectra fit well for the
stoichiometric C22H10N2O5 (note, however, that the H fraction is
not directly measured with this technique). The final thickness
of the film is always calculated from the EBS spectrum while the
initial thickness is calculated to be A) 7.6 ± 0.1 μm by taking an
average of two reference PI films from EBS spectra and B) 7.5
± 0.1 μm by measuring the weight and dimensions of the film
before etching. Figure 9 shows a plot of the thickness of the dis-
solved layer from the film after symmetrical etching as a function
of etching time (slope = 2VB). As the film is etched from both
sides, VB is equal to half of the slope of graphs, and is calculated
to be ≈10.5 ± 0.4 nm h−1 using method (A) and 10.1 ± 0.3 nm
h−1 using method (B). These VB values are comparable to VR ob-
served for different projectiles for TE ≥ 2 h (Table 2) verifying that
after a fast, initial removal of the narrow ion track core (a few nm
wide and not directly resolved in this work), the pores grow by
etching of undamaged PI at a near bulk etch rate. Also, compar-
ing this VB value of 10.3 ± 0.4 nm h−1 and the size of the pore
opening (diameter ≈ 55 ± 10 nm, for 4 h etching) with the charge
state equilibration length (d) of 5 ± 2 nm, further verifies our as-
sumption that effect of qin being different from qeq is minimal in
this work.

A cross-section of the etched-out pores for a film irradiated
with 37 MeV Co9+ and etched for 4 h at 50 °C is also investi-
gated using TEM. Figure 10 shows the TEM cross-section images
while Figure 5c,f contains the SEM images of the front and back
sides respectively of the same film. Figure 10 shows a) ≈4 μm
long continuous cylindrical pore, with an opening toward the ion
beam facing side of the membrane; the magnified images of b) a
nanopore opening at the ion-beam facing side of the membrane,
c) part of the track in the middle of the film, and d) a nanopit
with depth on the order of 100 nm observed on the back side of
the membrane. A VT on the order of 1 μm h−1 can be calculated
by dividing the length of the observed continuous pore (≈4 μm)
by the time for which the film was etched (4 h). However, it can-
not be excluded that the pore was cut across while preparing the
lamella, and thus, only a part of this pore is observed (given that
the range of 37 MeV 59Co ions is ≈11.5 μm). Even if this were to
be the case, VT of ≈1 μm h−1 could be considered as a lower limit
estimate of an average track etch rate.

4. Summary and Concluding Remarks

Nanopore formation in polyimide films was investigated by
chemically etching the ion tracks formed upon irradiation with
MeV energy ions. For the studied Kapton 30EN polyimide films,
two velocity-dependent thresholds in terms of electronic stop-
ping power (Se), viz. Set and Set

c, are observed for the forma-
tion of intermittent and continuous tracks respectively. Incom-
ing ions should have Se above the Set

c (region (III) in Figure 4) to
form continuous tracks that are characterized by a small distribu-
tion in the pore opening diameter upon etching of the ion tracks
(Figure 2g). The lowest observed value for Set

c in the present work
is 1.4 ± 0.1 keV nm−1, for projectile ions with energy ≈0.07 MeV
u−1. Intermittent tracks are formed in the region where Set < Se <

Set
c, leading to a wide distribution in the opening diameter upon

etching of the ion tracks (Figure 2e,f). Below Set, no openings on
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Figure 8. a) EBS spectra for the pristine and etched PI film and b) Magnified EBS spectra for the trailing edge of the PI peak. Experimental spectra are
represented by dots and SIMNRA-fitted spectra are represented by lines.

Figure 9. Thickness of the PI film removed after symmetrical etching
(slope = 2VB) as a function of etching time. The initial thickness of the
films is calculated by: (▾) taking an average of two reference PI films from
EBS spectra (the dominant error in measuring thickness from EBS spec-
trum is from Se used to simulate the spectrum in SIMNRA), and (▴) mea-
suring the weight and dimensions of the films before etching (the error is
calculated from the uncertainty in the measurement of mass and area of
the film).

the surface corresponding to etchable tracks in the films are ob-
served. The lowest observed value for Set, in the present work, is
0.5 ± 0.2 keV nm−1 for projectile ions with energy 0.02 MeV u−1

and increases to 1.2 ± 0.1 keV nm−1 for ions with energy 1.0 MeV
u−1, indicating velocity effect (cf. 1.85 keV nm−1 for high-velocity
ions as reported in reference [20]). As indicated in Figure 4, the
velocity effect becomes less dominant in the Set for SHI irradi-
ation. The velocity effect is also observed in Set

c for low energy
projectile ions (E < 1 MeV u−1), where it increases from (1.4 ±
0.1) to (1.8 ± 0.2) keV nm−1, for the ions with energy ranging
from 0.07 to 0.3 MeV u−1.

The material bulk etch rate, VB, is calculated to be 10.3 ±
0.4 nm h−1 by measuring the change in the film thickness with
etching time (TE) from EBS spectra. A lower limit to the track etch

Figure 10. a) TEM cross-section image of the ≈4 μm long etched
nanopore with the opening on the beam facing/front side of the film. Mag-
nified TEM cross-section images of b) a nanopore at the beginning on the
front side; c) in the middle of the film; and d) ≈100 nm long etched pit
with an opening on the back side of the film. The film was irradiated with
37 MeV Co9+ and etched for 4 h at 50 °C.

rate, VT, was estimated at ≈1 μm h−1 by measuring the length of
a pore etched from a continuous ion track formed by irradiating
the film with projectiles lying in the region (III). The pore cross
section depends on many other parameters. As a matter of fact,
VT needs to be measured by other techniques. In this work, VT
is estimated for one projectile ion (37 MeV 59Co9+) to compare
it to VB. VT, in this case, is ≈100 times higher than VB and the
radial increase of pore size in region (III) is comparable to VB.
For intermittent tracks, the etchable part is dissolved with VT but
the rest of the “track” material is removed with VB leading to an
average etch rate equal to a weighted sum of the VT and VB. The
effective initial ion track radius, measured here by extrapolating
the observed time evolution of pore radii to zero etch time, is es-
timated as 2–4 nm, which is also in agreement with reported re-
sults in the literature.[21,39] The effective ion track core is relatively
rapidly dissolved at a rate characterized by VT at the beginning of
the etching process and then the pores keep on growing with the
bulk etch rate for the rest of the etching time.

We expect that the ability to produce nanopores using ions
in the MeV energy range, which are more accessible than SHI,
will prove helpful in the research and also, in bringing the
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commercialization of solid-state nanoporous devices closer to
practical reality. Thus, we claim that medium-sized ion accel-
erator infrastructures, in particular tandem machines or small
cyclotrons, with the ability to deliver these ions are suitable for
the production of ion track membranes. Out of the ion beams
used in this work, some featured high enough energies (e.g.,
16 MeV 16O, 37 MeV 59Co, and 42 MeV 197Au) to penetrate
through the investigated 7.5 μm thick PI films, whereas others
did not (e.g., 11 MeV 28Si, 9 MeV 59Co, and 12 MeV 197Au). For
applications where pores penetrating through the fabricated
membrane are of interest, the maximal available ion energy
will set an upper limit to the membrane thickness. However,
for certain applications such as ion separation and filtration,
thinner porous membranes are preferred as they are reported to
have better performance.[1] In such cases, a longer range of GeV
ions does not give any advantage over MeV ions. On the other
hand, the accessibility of MeV ions in the industry gives them
an edge over GeV ions. The possibility to produce nanopores in
PI using MeV energy ions and the excellent properties of the
PI films can open up new opportunities for the development of
polyimide-based devices for different possible applications.
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