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Scanning transmission X-ray microscopy (STXM) was used to study chemical changes to perfluorosulfonic acid
(PFSA) spun cast thin films as a function of dose imparted by exposure of a 200 kV electron beam in a
Transmission Electron Microscope (TEM). The relationship between electron beam fluence and absorbed dose
was calibrated using a modified version of a protocol based on the positive to negative lithography transition in
PMMA [Leontowich et al, J. Synchrotron Rad. 19 (2012) 976]. STXM was used to characterize and quantify the
chemical changes caused by electron irradiation of PFSA under several different conditions. The critical dose for
CF2-CF2 amorphization was used to explore the effects of the sample environment on electron beam damage. Use
of a silicon nitride substrate was found to increase the CF2-CF2 amorphization critical dose by ∼x2 from that for
free-standing PFSA films. Freestanding PFSA and PMMA films were damaged by 200 kV electrons at ∼100 K and
then the damage was measured by STXM at 300 K (RT). The lithography cross-over dose for PMMA was found to
be ∼2x higher when the PMMA thin film was electron irradiated at 120 K rather than at 300 K. The critical dose
for CF2-CF2 amorphization in PFSA irradiated at 120 K followed by warming and delayed measurement by STXM
at 300 K was found to be ∼2x larger than at 300 K. To place these results in the context of the use of electron
microscopy to study PFSA ionomer in fuel cell systems, an exposure of 300 e−/nm2 at 300 K (which corresponds
to an absorbed dose of ∼20 MGy) amorphizes ∼10% of the CF2-CF2 bonds in PFSA. At this dose level, the spatial
resolution for TEM imaging of PFSA is limited to 3.5 nm by radiation damage, if one is using a direct electron
detector with DQE = 1. This work recommends caution about 2D and 3D morphological information of PFSA
materials based on TEM studies which use fluences higher than 300 e−/nm2.

1. Introduction
Optimization of spatial distributions of perfluorosulfonic acid
(PFSA) is a key target to improve performance and minimize costs in
polymer electrolyte membrane fuel cells (PEMFC). Understanding the
structure of the hydrophilic channels in hydrated PFSA can help model
the transport of protons in the membrane. Quantitative mapping of
PFSA in the cathode (where it is usually called ionomer) is needed to
improve efficiency by optimizing the spatial distribution of ionomer in
the cathode, allowing a reduction in amount of catalyst and thus cost.
X-ray scattering techniques have given considerable insight into the
nanoscale morphology of PFSA (Kusoglu and Weber, 2017). However,
several different models can explain the scattering data equally well,
leading to ambiguity. Direct visualization of the nanostructure of dry
and hydrated PFSA with sub-nm spatial resolution has been attempted
several times using (scanning) transmission electron microscopy,
(S)TEM (Allen et al., 2015; Peron et al., 2010; Wang et al., 2013).

⁎

However, a major concern for electron microscopy when applied to
radiation sensitive materials such as PFSA is that radiation damage
limits the achievable spatial resolution (Egerton, 2012; Egerton et al.,
2012) and can result in damage artifacts such as mass loss and/or
chemical changes (Yakovlev et al., 2013). Recently, Yakovlev et al.,
2013 claimed that “morphologies that have been observed (in the literature) are, in many cases, artifacts caused by (radiation) damage.”
The objective of this work is to study and quantify the chemical
changes caused by electron beam irradiation in PFSA in order to address the following questions: How does PFSA damage as a function of
electron exposure (dose)? By how much does the use of cryo temperature
influence the damage of PFSA? Is it possible to acquire high resolution TEM
images to map the morphology of the phase-segregated hydrophilic and hydrophobic channels without distortion by radiation damage? Here, we assume that the highest quality quantitative analysis of PFSA is done with
minimal (ideally, no) modification to its chemical or physical structure.
Imaging of heavily damaged material can be useful in some
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circumstances, but this is not the situation addressed in this paper.
Scanning Transmission X-ray Microscopy using near edge X-ray
absorption (NEXAFS) contrast is analogous to (S)TEM combined with
Electron Energy Loss Spectroscopy (EELS). The main advantage of
STXM-NEXAFS for the analysis of soft materials like PFSA is that the
dose needed to obtain a given amount of analytical information is much
smaller than that needed in TEM-EELS (Braun et al., 2005; Hitchcock
et al., 2008; Rightor et al., 1997; Wang et al., 2009a). STXM has been
used to study the radiation damage chemistry of several soft materials,
including: polystyrene damaged by soft X-rays (Coffey et al., 2002;
Wang et al., 2009b) and ultraviolet radiation (Klein et al., 2008); poly
(methyl methacrylate, PMMA) damaged by soft X-rays (Beetz and
Jacobsen, 2003; Leontowich, 2012; Leontowich et al., 2012; Wang
et al., 2009b; Zhang et al., 1995); polyethylene terephthalate damaged
by soft X-rays and electrons (Rightor et al., 1997; Wang et al., 2009a);
biological materials damaged by soft X-rays (Bedolla et al., 2018; Cody
et al., 2009; Gianoncelli et al., 2015; Wang et al., 2009b; Zubavichus
et al., 2004); as well as several other polymers damaged by soft X-rays
(Coffey et al., 2002; Leontowich, 2013; Leontowich et al., 2016; Wang,
2008) and ion beams (Bassim et al., 2012; Bernard et al., 2009; Melo
et al., 2016). A summary of the species studied, critical doses and other
aspects of radiation damage studied by STXM is given in the supplemental information, Table S-1.
Ultra-low exposure imaging is considered 800 e−/nm2 in electron
tomography for a complete tilt series acquisition (Migunov et al., 2015),
or 500 e−/nm2 in atomic resolution imaging of biological materials
using direct electron detectors (Rodriguez et al., 2017) and 160 e−/nm2
for liquid sample imaging (Kammeyer et al., 2017). Much larger exposures / doses are required for analytical measurements by TEM-EELS
or energy dispersive spectroscopy (TEM-EDS) (Cullen et al., 2014; Melo
et al., 2017). An exposure of ∼30,000 e−/nm2 at 300 K (room temperature, RT) is needed for quantifying fluorine in PFSA films with
adequate signal to noise ratio using a high efficiency solid state X-ray
detector (FEI Super X). At this exposure, there is extensive mass loss and
chemical damage to PFSA (Melo et al., 2017). The exposure needed for
adequate signal to noise is lower in TEM-EDS systems with larger area
detectors but radiation damage is still a major limitation (Ovsyanko
et al., 2018). Exposure (also called fluence) is commonly used in the
TEM community as a measure of dose since it is proportional to the dose
(energy deposited per mass of sample) except for thick specimens.
However, there is a difference between exposure (also called fluence),
which is the time- integrated areal density of electrons incident on the
surface of a sample) and dose, which is the energy absorbed per unit
mass of the sample. In this work, we have used dose rather than exposure since it is the correct measure of the radiation damage inducing
agent.
This work reports STXM characterization of the damage chemistry
and measurement of critical doses for radiation damage to PFSA by
200 kV electron irradiation in a TEM. First, the relationship of the
electron beam exposure (fluence in e−/nm2) to the delivered dose (in
MGy) was calibrated by exposing PMMA under controlled conditions,
chemically developing the films, and calibrating the dose with the positive to negative lithography cross-over. This method was developed
and documented previously, and used to determine the efficiency of Xray microscope detectors (Leontowich et al., 2012). A modification of
the method was used, as outlined in the experimental section. Then,
spun cast PFSA films were damaged with 200 kV electrons in a TEM
under a range of doses and post-damage analysis was done with roomtemperature STXM. The effect of sample temperature on damage kinetics was studied by electron beam irradiation with the sample both at
ambient temperature (RT, 300 K) and under cryo conditions (100 or
120 K) using a cryogenic sample mount. Critical doses were evaluated
for changes to specific spectroscopic features and to the extent of elemental loss. The critical dose values for samples mounted on Cu grids
without any substrate were compared to those for samples mounted on
a silicon nitride (SiNx) membrane substrate. The chemical changes and

critical doses for damage by 200 kV electrons and soft X-rays are
compared. Both electrons and X-rays result in similar damage chemistry, which is dominated by -(CF2-CF2)- amorphization (structural
disorder) and fluorine loss. Our post-damage STXM analysis indicates
that the critical doses for both mass loss and CF2-CF2 amorphization of
PFSA by 200 kV electrons are ∼2x larger when the sample is damaged
at 100 K rather than at RT. Some of these results have been presented
previously as a conference proceeding (Melo and Hitchcook, 2018a).
2. Experimental methods
2.1. Sample preparation
Dupont-D521 5 wt% alcohol-based dispersed ionomer solutions
with equivalent weight1 of 1100 (Ion Power Inc.) were diluted to 2 and
4 wt% solutions with isopropanol (99.5%, Caledon Laboratory Chemicals) to achieve the desired film thickness. 1.5% w/w solutions of
PMMA (molecular weight of 120000, Polymer source, GPC MKBB7676)
were prepared in toluene 99.9% (Chromasolv). Ultrasonication was
used to ensure the solutions were dispersed (5 min. for each). The solutions were spin coated (6708D, Specialty Coating Systems) on cleaved
mica surfaces (Ted Pella) using 4500 rpm for 30 s at ambient temperature and pressure. A clean razor blade was used to gently cut ∼1
mm2 squares on the top surface of the film. The spun cast films were
transferred to a TEM grid or silicon nitride (SiNx) window by first
floating the film on to the surface of distilled water by inserting each
individual mica piece at ∼45° angle. Prior to floating, the water surface
was cleaned of particulates by passing a lens paper over it. The film was
then transferred from the water surface to TEM SiNx windows (100 or
500 μm square windows of 20, 50 or 100 nm thick silicon nitride
membranes, in 3 mm diameter, 100 and 200 μm thick Si frames, from
Silson Ltd (SiRN-TEM-200-0.5-100) and SiMPore SiNx TEM grids or
TEM Cu finder grids (200 mesh) (Electron Microscopy Sciences,
G200F2-Cu). The transfer was performed under an optical microscope
using an eye-lash waxed to a wooden stick to orient the films on the
interface of the water surface prior to pick-up onto the window or grid.
Multiple films of the same sample were deposited on each SiNx
window. One sample was prepared at a time, and the water bath was
changed after each sample. The films were always deposited on the grid
or windows with empty areas nearby, in order to have suitable areas for
incident flux (Io) determination in subsequent STXM measurements.
The PMMA films spun cast from 1.5 wt% solutions are 46 ± 4 nm thick
as measured with STXM and Ultraviolet Spectral Reflectance (Melo,
2018; Melo et al., 2018).
2.2. TEM damage
Prior to electron beam exposure, transmission and reflection mode
optical microscopy images of all samples were recorded using 5x (numerical apertures, NA, = 0.15) or 20x (NA = 0.30) objective lenses.
Areas of interest were identified beforehand to avoid unnecessary damage from navigation in the TEM. All electron beam exposures were
done using full field transmission mode in a JEOL model 2010 F microscope with a field emission electron gun (FEG) operated at 200 kV in
the Canadian Centre for Electron Microscopy at McMaster University. A
Gatan model 4-950-90 cryo-holder was used, and a temperature of
120 K was used for the PMMA study while a temperature of 100 K was
used for the PFSA study.
Several specimens of PFSA and PMMA materials were damaged for a
range of controlled doses. The orientation of the grid/window and the
areas of interest were identified using low magnification. When changing magnification, there is potential confusion from rotation of the
1
Equivalent weight is defined as the weight of the dry material in acid form
per mole of sulfonic acid group (Mauritz and Moore, 2004).
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Table 1
Parameters used for 200 kV electron irradiation of PMMA and PFSA films using transmission mode in a JEOL-2010 F.
Sample

Temperature (K)

Current (pA)a

Exposure time (s)

Electron Fluence (e−/nm2)

Fluence rate (e−/nm2/s)

PMMA/SiNx
PMMA/SiNx
PFSA
PFSA
PFSA /SiNx

RT
120
100
RT
RT

50–60
120–150
53–55
54
50–56

2–120
5–70
2–60
2–16
2–180

125–8000
700–12000
200–6300
200–1800
200–50000

60, 63 & 147
63 & 168
105, 109, 313 & 573
107–429
100–445

a

The current indicated in this column is 10x the value reported by the instrument, based on a direct calibration using a Faraday cup.

image which results in additional exposure. This was minimized by
working at the edge of a Cu grid square or beside the frame of the SiNx
window.
Table 1 summarizes all electron irradiation conditions used in this
work. The beam energy was 200 kV while the HT dark current and
emission currents of the FEG gun were 114 μA and 172 μA, respectively.
Table 1 also indicates the fluence rate, which may play a role in determining the extent of damage. We used only a small range of fluence
rates, and did not examine its effect systematically, and thus leave the
issue of a possible damage rate effect to a future study.
Damage spots were made by restricting the beam so that only the
2 cm diameter fluorescent screen, which measures current, was illuminated. The beam size was adjusted so that it just illuminated the 2 cm
diameter screen - see the schematic shown in Figure S-1. The exposure
area on the sample (As) observed in the post-damage STXM images are
related to the magnification by an inverse square relationship according
to:

As =

2r
107 M

taken of all damaged areas to identify the positive to negative crossover. The chemical development removes the non-cross-linked, low
dose irradiated material to a greater extent than the unexposed
polymer, resulting in less material in the areas that were exposed to the
ionizing beam after development (positive mode). The areas that were
exposed to high doses are cross-linked and insoluble irradiated material
(negative mode).
In the original work which developed the lithography positive to
negative mode transition as a tool to quantify dose, the cross-over
transition was reported to occur at 90 ± 4 MGy (Leontowich et al.,
2012). We have recently published a first principles approach for determining the absorbed dose in X-ray absorption (Berejnov et al., 2018).
The absorbed dose depends on the material and the type of radiation
damage that occurs. In materials which suffer mass loss, which is the
case for both PMMA and PFSA, it was demonstrated that the decrease of
mass with increasing dose can be disregarded for the calculation of the
absorbed dose (Berejnov et al., 2018) since the change in absorption
(and thus deposited energy) and the change in the mass present in the
irradiated area decrease proportionately, such that the dose (energy/
mass) is independent of the extent of mass loss, to first approximation.
In the derivation of the lithography cross-over dose for PMMA in
Leontowich et al. (2012) an incorrect expression for dose in the case of
mass loss, which was first reported in Wang et al., 2009b, was used
which underestimated the X-ray absorbed dose (see Berejnov et al.,
2018 for details). The dose for the lithography transition of PMMA
based on the correct treatment, which ignores mass loss, is 104 ± 4
MGy. After the chemical development, pads that received a dose larger
than 104 MGy are thicker than the rest of the film (negative mode).
Pads that receive a dose less than 104 MGy are dissolved and are
thinner than the surrounding material (or in this case, completely dissolved; positive mode). The visible pad that had the least dose identifies
the lowest exposure above 104 MGy, while the pad at the next lower
dose is that below the lithography transition. We calibrated the exposure–dose relationship by assigning the exposure half way between
the exposures for these two pads to 104 MGy.

2

(1)

where M is the magnification used during damage of the JEOL microscope, r is the radius of the small fluorescent screen (1.0 cm) and As is
given in nm2. The current reported by the microscope was low by ×10,
as verified with current measurements using a Faraday cup. Exposure
times were varied from 2 s to 2 min. The exposure time was controlled
by manually clicking a button that inserts or removes the shutter. Two
seconds is the lowest practical controlled exposure time due to delays
while opening and closing the shutter. The fluence (F) in e−/nm2 was
calculated by:

F=

i· t
1.6·10 19·A s

(2)

where i is the current of the incident electrons (units in A, only illuminating the 2 cm screen), t is the exposure time (s) and As is in nm2.
After the cryo-TEM sessions were completed, the cooled samples
were warmed up to RT. The damaged regions of all samples were imaged optically in reflection mode using 50x (NA = 0.75) or 100x
(NA = 1.25) objective lens. The PFSA samples were taken to STXM
microscopes for detailed analysis, usually after several days or a week
delay. All samples used in this work, and the conditions of irradiation
are listed in Table 2.

2.4. PMMA development and electron dose determination - experimental
Fig. 1 shows an example of how the fluence - dose calibration was
performed using the positive to negative cross-over in PMMA. Optical
images (reflection, 50x objective, reflection mode) of a damage series in
PMMA deposited on a SiNx window (sample set A, Table 2) are shown
before (Fig. 1a) and after development (Fig. 1b). Line profiles of the
damage series in Fig. 1a and b are shown in Fig. 1c. Areas that received
doses < 50 MGy are not visible with optical microscopy either before or
after development. Areas that received doses from 50 to 100 MGy are
visible before development, but are barely visible after development.
Only areas that received doses higher than ∼104 MGy, where the
PMMA is highly cross-linked and thus has much lower solubility than
the surrounding undamaged PMMA, are visible after development
(Fig. 1b). The change from positive to negative mode occurred between
spot 5 and spot 6 (1250 e−/nm2 and 1880 e−/nm2, respectively). This
measurement was repeated in 10 areas in 4 different PMMA specimens
made from the same solution. The fluence and calculated dose for the
spots just before and just after the cross-over dose are listed in Table 3.

2.3. PMMA development and electron dose determination - method
Depending on the dose applied, PMMA can act as either a positive
and negative resist (Zailer et al., 1996). After electron irradiation, the
exposed PMMA films (still on its SiNx or TEM grid support) were held in
locking tweezers and developed by gently swirling in a glass vial containing a 3:1 v/v solution of isopropanol (IPA) and 4-methyl-2-pentanone (MIBK) for 4 s at room temperature. The films were then washed
for 4 s in a separate IPA solution. These development and washing times
are much shorter than those reported previously (Leontowich et al.,
2012) probably because the molecular weight of the PMMA used in this
work was much lower (120 kD compared to 315 kD). After development, the films were air-dried and optical microscopy images were
10
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Based on the measured fluences before and after cross-over, the fluence
corresponding to the dose of 104 MGy for the positive to negative
crossover transition is 1.32 ± 0.18 × 103 e−/nm2 (uncertainty is the
standard deviation).
Freestanding PMMA films were also intentionally damaged at RT.
However, the areas could not sustain more than 650 e−/nm2, which
corresponds to 50 MGy, before completely burning a hole. Figure S-2
(sample set A1, Table 2) shows a damage series in freestanding PMMA
before development, where all areas result in the formation of holes in
the films. The freestanding PMMA films did not survive development.
One droplet of the development solution deposited on a grid held at 90°
angle was sufficient to completely dissolve the film.
The fluences calculated using Eq. (2) were converted to dose using
an average calibration factor of 0.079 MGy/(e−/nm2) derived from the
average of the fluences for the pads just before and after the lithography
cross-over measured from several damage series of several different
PMMA samples. Table 3 summarizes results of the pre- and post-crossover pad dose for 2 samples and 8 damage experiments at RT, and 1
sample in 2 areas at 120 K. The average dose for all positive and negative crossover at RT for the calibrated dose was 104 ± 14 MGy. The
uncertainty is the standard deviation based on all Table 3 values and
does not exclude outliers.

Optical
Optical
Optical
Optical
C, O, F stacks
C, O, F stacks
C, F images
C, F images
C, F images
C, F images
C, F images
C, F images
TEM
TEM
Cryo-TEM
TEM
Cryo-TEM
–
TEM
TEM
TEM
STXM, He
STXM, He
Cryo-TEM

Fig. 1; Table 3
Fig. S2
Fig. 2; Table 3
Table 3
Fig. 3–9, S3 ‘Cryo-TEM pristine’
Fig. S3; ‘X-ray pristine’
Fig. 7–9
Fig. 7–9
Fig. 7–9
Fig. 8,9; STXM damage at 320 eV
Fig. 8,9; STXM damage at 320 eV
Fig. 9
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Damage, enviroa

Comment
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RT
RT
120
RT
100
–
RT
RT
RT
RT
RT
120

Analysis of the electron beam exposed PFSA samples was carried out
using STXMs at both the Advanced Light Source, beamline 5.3.2.2
(Warwick et al., 1998) and the ambient STXM on the Canadian Light
Source beamline 10IDI (Kaznatcheev et al., 2007). Instrumentation
(Kilcoyne et al., 2003) and data analysis (Hitchcock et al., 2012) have
been described previously. Briefly, monochromated X-rays in the energy range of interest are focused onto the sample using a Fresnel zone
plate (Centre for X-ray Optics, Berkeley, CA). The sample is rasterscanned perpendicular to the X-ray beam direction while detecting the
transmitted X-ray intensity using a phosphor to down convert soft Xrays to visible light, which is then detected in single event counting
mode using a photomultiplier tube. The position of the sample relative
to the X-ray beam is actively controlled with few nm precision using
differential interferometry (Kilcoyne et al., 2003). All samples were
attached to standard trapezoidal aluminum support plates using epoxy
or tape, loaded in the STXM chamber, which was then backfilled with
He.
The transmitted intensity is converted to absorption (optical density, OD) through the Beer-Lambert law: OD = ln(Io /I), where Io and I
are the transmitted signals without and with the sample, respectively.
The OD at each pixel is directly related to the sample properties through
OD(E) = μ(E)·ρ· h, where μ(E) is the photon energy dependent massabsorption coefficient, ρ is the density and h is the thickness of the
material. All studies were performed using low dose STXM procedures
in which the incident photon flux was decreased and the spot size was
increased, with identical step and spot size (Melo, 2018). Images and
image sequences (also called stacks (Jacobsen et al., 2000)) were acquired at the C 1s, O 1s and F 1s edges. In order to minimize additional
radiation damage from the STXM stack measurements, the 30 nm full
focus beam was intentionally defocused to 200 nm and a pixel spacing
of 200 nm was used. Images were acquired at 280, 292.4, 320, 680,
690, and 710 eV, using 100 nm defocused beam and 100 nm pixel size.
At each edge, the pre-edge images (i.e. 280 and 680 eV) were subtracted from the corresponding above-edge images in order to quantify
radiation damage induced changes in the integrity of the C-F local
environment. The intense 1 s → σ* C-F peaks at 292.4 and 690 eV (Yan
et al., 2018) decrease in intensity as the local structure changes due to
radiation damage. In addition, after subtracting an extrapolation of the
pre-edge signal from the full stacks, the NEXAFS spectra of each pad
were integrated from 320 – 280 eV (carbon) and 710 – 680 eV (fluorine)
to evaluate elemental changes. Typical doses imparted for single images

a

All samples damaged in the TEM were under similar vacum conditions, 10−5 Pa.

SiNx (20)
none
SiNx (20)
SiNx (20)
None
SiNx (70)
None
SiNx (100)
SiNx (100)+ Pt (5)
SiNx (70)
none
none
50
50
50
50
70-110
70-110
45-60
95-110
50-80
80-100
120
160-230
–
–
–
–
CLS-08/17
CLS-08/17
CLS-08/17
CLS-08/17
CLS-08/17
CLS-03/18
ALS-06/16
ALS-06/16
PMMA 1.5%
PMMA 1.5%
PMMA 1.5%
PMMA 1.5%
PFSA 2%
PFSA 2%
PFSA 2%
PFSA 2%
PFSA 2%
PFSA 3%
PFSA 4%
PFSA 4%
A
A1
A2
A3
B
C
D
E
F
G
H
I

LM066
LM062
LM070
LM068
LM126
LM130
LM133
LM129
LM132
LM163
LM030b
LM058g

Polymer Thickness (nm)
Run
Code
Sample (weight %)
Set

Table 2
Summary of data sets for STXM measurements of radiation damage in TEM and STXM.

Substrate (Thickness, nm)

T (K)

2.5. STXM analysis

11

Micron 121 (2019) 8–20

L.G.A. Melo and A.P. Hitchcock

Fig. 1. Reflection mode bright-field optical microscopy
images of a 50 nm thick polymethylmethacrylate
(PMMA) film (sample set A, deposited on a 20 nm SiNx
window, Table 2) damaged at RT with 200 kV electrons
(a) before and (b) after lithographic development
using a 5x objective lenses. (c) Line profiles of the thick
(before; green in electronic version) and thin (after
development, red in electronic version) areas used to
calibrate the dose using the crossover from positive to
negative mode. The thickness in the area of the undamaged sample was 50 nm (the value determined by
STXM) and then a linear conversion of thickness to
gray scale was assumed. The fluence for spots 1–10 are:
130, 310, 630, 940, 1250, 1880, (630), 2820, 3760,
7520 e−/nm2 corresponding to doses of 10, 24, 50, 74,
99, 149, (50), 223, 297, 594 MGy, using the conversion
calibration 0.079 MGy/(e−/nm2). Spot 0 was a
strongly damaged spot to provide an Io for STXM
measurements. Spot 7 was not correctly dosed. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article).

Table 3
Dose calculated from the measured fluence and the PMMA lithography cross-over calibration.
PMMA SAMPLE

A
A
A
A3
A3
A3
A3
A3
Average (std. dev.)
A2c
A2c

Pad pre cross-link

Pad post cross-link

Fluence (×103 e−/nm2)

Calibrated dose (MGy)a

Fluence (×103 e−/nm2)

Calibrated Dose (MGy)a

1.25
0.94
0.87
1.28
1.28
0.73
1.19
0.99
1.07 (0.21)
1.68
2.05

96
72
67
99
99
56
92
76
82 (16)
129
158

1.88
1.76
1.63
1.60
1.91
1.47
1.48
1.32
1.63 (0.21)
3.36
2.73

145
136
126
123
147
113
114
102
126 (16)
259
210

Cross-over calibrated
dose (MGy)b
121
104
96
111
123
85
103
89
104 (14)
194
184

a

Dose (MGy) = 0.079 ± 0.01 * Fluence (e−/nm2).
Calculated from the dose for the pre and post-cross link areas, evaluated from the PMMA dose-fluence calibration (at RT).
c
The relationship Dose (MGy) = 0.079 * fluence (e−/nm2) was used to convert the fluences for pre- and post-cross-over pads to dose for the cryo irradiated PMMA
samples. This assumes that the fluence- dose relationship is independent of sample temperature and material, which is a reasonable assumtion since the radiation
damage is generated by a wide range of inelastic scattering (20–500 eV) causing dissociative electronic excitation and ionization.
b

were less than 1 MGy while full stacks (images at > 100 energies) at
multiple edges deposited less than 5 MGy (Melo, 2018).
X-ray damage (Melo, 2018; Melo and Hitchcook, 2018b) was studied using PFSA samples prepared on SiNx windows (5 x 5 mm, 200 μm
frame, 1 x 1 mm 50 nm thick window, Norcada). X-ray damage was
created in the STXM using an incident photon energy of 320 eV. This
continuum energy was selected since all carbon atoms in the sample
absorb at this energy, and since the spectral response of all species at
this energy is broad and thus small errors in the energy scale calibration
are not important. Patterns in a 3 × 3, 9 pad square array were irradiated with each pad having 10 × 10 exposure points and pixel spacings of 60, 120 or 180 nm. The X-ray beam was defocused by changing
the distance between the ZP and sample so that the spot size was the
same as the pixel spacing, and thus the full area of the pad was illuminated without overlap (Melo, 2018).

3. Results
3.1. PMMA exposure and cross-over dose at cryo temperatures
A PMMA film on SiNx mounted in a cryo-holder was damaged with
200 kV electrons while cooled to 120 K (Sample set A2, Table 2). Optical
images of this sample before and after development are shown in Fig. 2.
At 120 K, the ∼50 nm thick PMMA film could sustain exposures of up to a
fluence of 1.18 × 104 e−/nm2 corresponding to a dose of 910 MGy, with
no signs of forming a hole. At 120 K the crossover transition occurred at a
fluence between 2.05 ± 0.3 × 103 and 2.79 ± 0.4 × 103 e−/nm2. This
is roughly double the fluence that caused the cross-over at RT (see
Table 3) and corresponds to a dose of 184 MGy (based on the RT calibration of 0.079 MGy/(e−/nm2)). A second, independent evaluation
placed the PMMA cross-over transition at 194 MGy. A doubling of the
cross over exposure implies that at 120 K the sample must absorb twice
12
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Fig. 2. Images of a 50 nm PMMA film deposited on a 20 nm SiNx substrate and
damaged at cryo temperature (120 K). Optical images (a) before and (b) after
development. The electron fluence (e−/nm2) for the spots numbered 1–9 was
840, 1680, 3360, 5040, 6710, 8400, 10100, 11800 and 4200. The black material at the left of the image of the undeveloped film is adventitious material
that disappeared after the chemical development.

the energy to create the same degree of cross-linking damage (after
sample warming) as at RT. An interpretation of this surprising result and
comparison to related results from the literature is given in the Discussion.
3.2. NEXAFS spectra of undamaged versus electron damaged PFSA in cryo
temperature
An area of a ∼100 nm thick perfluorosulfonic acid (PFSA) film
(Sample set B, Table 2) was damaged using 200 kV electrons with the

Fig. 4. NEXAFS spectra of a PFSA film (sample set B) recorded in STXM. (a) C
1s, (b) O 1s and (c) F 1s edges of a pristine area (green in electronic version,
thick in print version), dose of 26 MGy (blue in electronic version, dashed in
print version) and dose of 259 MGy (red in electronic version, thin in print
version), damaged by 200 kV electrons in a TEM. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

sample cooled to 100 K. Fig. 3 shows post-damage images using optical
microscopy (Fig. 3a, b) and a STXM OD image measured at 690 eV
(Fig. 3c). All damaged regions are clearly visible in the optical microscopy image. As the dose increases, the OD in each damage spot decreases due to reduction in the intensity of the 690 eV feature (corresponding to amorphization of the –CF2-CF2- structures) and sample
thinning due to radiation damage by the incident electron beam.
The C 1s, O 1s and F 1s NEXAFS spectra of two of the spots of
damaged PFSA (spot #1 with 26 MGy and spot #9 with 259 MGy dose,
Fig. 3b) are shown in Fig. 4, in comparison to the spectra of an area
without intentional exposure. The C 1s and F 1s spectra of the undamaged PFSA are dominated by peaks at 292.4, 296, 690 and 694 eV
related to excitations of C1s and F 1s core electrons to ground-stateunoccupied σ* C-F (⊥) and σ* C-F (//) transitions (Yan et al., 2018). The
O 1s signal is dominated by a broad feature between 535–545 eV related to O 1s → σ*C-O and O 1s → σ*S-O transitions (Urquhart et al.,
1995; Yan et al., 2018). There are small peaks at 289 and 532 eV, which
have been attributed to C 1s → π*C=O and O 1s → π*C=O transitions at
carboxylic/carboxylate groups terminating the PFSA chains (Yan et al.,
2018).
Electron beam damage to PFSA results in extensive chemical
changes and fluorine mass loss. At the C 1s edge (Fig. 4a), there is
significant reduction in the intensity of the 292.4 eV and 296.2 eV

Fig. 3. Images of a 110 nm thick perfluorosulfonic acid (PFSA) film (sample set
B, Table 2) free-standing on a Cu TEM grid, after damage with 200 kV electrons
at 100 K. (a) Optical microscopy (5x magnification, reflection mode). The bright
Cu grid areas have been masked out. (b) Optical microscopy (50x magnification,
reflection mode) of the area indicated by the white rectangle in (a). (c) STXM OD
image recorded at 690 eV. Scale bar is 5 μm. Spots numbered from 1 to 10 in (b),
correspond to fluences of 330, 550, 770, 1100, 220, 550, 1100, 1530, 2200, 3280
e−/nm2, and electron beam doses: 26, 43, 61, 87, 17, 43, 87, 121, 174, 259
(MGy), using the conversion calibration 0.079 MGy/(e−/nm2). The dark black
damaged spot was used to help locate the damaged region.
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peaks. After 259 MGy, the 294–302 eV region of the C 1s spectrum of
PFSA converts to a broad peak centered at 296 eV and the broad feature
at 308 eV, attributed to C 1s → σ*C-C transitions (Yan et al., 2018),
disappears. New peaks associated with C 1s → π*C=C and C 1s → π*C=O
transitions (Urquhart and Ade, 2002) are visible at 285.1 and 286.8 eV.
There is a significant decay of the intensity in the pre-edge region of the
C 1s spectra, which is dominated by the fluorine valence ionization
continuum. This pre-edge decrease indicates extensive fluorine mass
loss. The significant post-edge decay indicates carbon loss. At the O 1s
edge (Fig. 4b), there is extensive decay in intensity over the full spectrum, including the pre-O1s edge. There is no significant evidence for
oxygen mass loss since the pre-edge signal and post-edge O 1s signals
change by similar amounts. Changes at the F 1s edge (Fig. 4c) are similar to those occurring at the C 1s edge with the F 1s → σ* C-F (⊥) and
F 1s → σ* C-F (//) transitions at 690 and 694 eV decreasing as the dose
increases. By a dose of 259 MGy, the peak at 690 eV has nearly disappeared and the double peaked structure has changed to a broad peak
with a low energy shoulder. This damage is consistent with disordering,
or amorphization, of the CF2-CF2 structure. The radiation damage
transforms the distinct σ* C-F (⊥) and σ* C-F (//) electronic states into a
broad band. The decrease in the F 1s continuum signal indicates
fluorine mass loss.
Electron irradiation to a dose of only 26 MGy (exposure of 330 e-/
nm2) also results in enough damage to cause visible chemical changes
and fluorine mass loss to the PFSA. One can argue that PFSA will always
be damaged in TEM due to an inevitable dose from low magnification
navigation. Supplemental Figure S-3 compares the OD spectra at the C
1s, F 1s and O 1s edge of ‘pristine’ PFSA, where ‘pristine’ designates an
area not intentionally dosed. The spectra presented in Fig. S-3 were
measured in STXM under very low damage conditions (less than 5
MGy). The ‘X-ray pristine’ sample (set C, green) was never examined by
TEM. The ‘cryo TEM pristine’ sample (set B, red) was from a region not
intentionally exposed by the TEM at cryo temperature. Since the two
samples were of different thickness, the ‘X-ray pristine’ spectra were
scaled to match intensities of the ‘cryo TEM pristine’ in the far continuum. The C 1s and F 1s spectra for the ‘X-ray pristine’ and ‘cryo-TEM
pristine’ samples are nearly identical, while the O 1s signal of the ‘cryoTEM pristine’ sample is slightly more intense than that of the ‘X-ray
pristine’ sample. It is possible that, as the sample was warmed to RT, it
adsorbed residual oxygenated contaminants from the TEM sample
chamber. Since the C 1s and F 1s spectra of the cryo TEM pristine region
and the X-ray pristine sample are nearly identical, we conclude that any
low magnification viewing did not result in chemical changes.

Fig. 5. Quantitative analysis of the changes in relative elemental amounts of F,
C and O as a function of dose, derived from the F 1s, C 1s and O 1s STXMNEXAFS spectra for PFSA (sample set B) under cryo conditions from the damage
area shown in Fig. 4. The solid curves for the F-loss data, and for O-loss data
below 50 MGy are fits to Eq. (3). That for C-loss is a linear fit.

presented in Table 4. Second, the elemental loss (or gain) amounts were
obtained by background subtraction and integration of the C 1s, F 1s
and O 1s spectra. The damage versus dose curves for the elemental
changes are plotted in Fig. 5. Where possible, each radiation damage
(dose) curve was fit to an exponential function which assumes the damage follows first order kinetics (Beetz and Jacobsen, 2003; Coffey
et al., 2002; Leontowich et al., 2012; Wang et al., 2009b):

OD= OD + b. exp

(3)

D/a c

where OD∞, b and ac are fitting parameters, D is dose, and ac is the
critical dose. Recent investigations indicate that radiation damage
(dose) curves like these can be fit with similar precision by several
different mathematical models (Berejnov et al., 2018).
The ac for fluorine loss for the cryo-TEM damaged PFSA derived
from a fit of the data in Fig. 5 to Eq. (3) was 97 ± 17 MGy, with an
OD∞ = 0.3, which is the absorption for the remaining, radiation hardened, fluorine-depleted material. The carbon loss data could not be fit
with an exponential decay model. Rather, it is fit by a linear decay,
indicating zero-order kinetics. Initially the oxygen content decays rapidly. After 26 MGy, no further oxygen loss was observed. The ac for
oxygen loss derived from fitting the data from 0 to 50 MGy to Eq. (3)
was 15 ± 3 MGy, with an OD∞ = 0.6.
In order to understand the spectroscopic changes in terms of damage mechanisms and pathways, it is useful to examine how the intensities of specific transitions change as a function of increasing dose.
STXM OD images of the same PFSA sample but electron irradiated areas
different from those depicted in Fig. 3 (sample set B) were measured at
specific transitions (285.1, 286.8, 292.4, 320 eV; 690.0, 710 eV) and in
the C 1s (280 eV) and F 1s (684 eV) pre-edge region. Fig. 6(a–f) present
differential STXM images (peak minus pre-edge), which isolates the

3.3. Quantitative analysis of electron damaged PFSA
The changes caused by electron irradiation were quantified in several ways. First the net OD decay at chemically specific energies
(OD292.4 eV – OD280 eV, and OD690 eV – OD684 eV) was evaluated as a
function of dose. The critical doses derived from these signals are

Table 4
Critical doses (MGy) for different damage processes in PFSA films damaged by 200 kV electron beam irradiation under different conditions.
Transition

Signal

ac (MGy)
Sample

σ*C-F

C 1s →
C 1s continuum
F 1s → σ*C-F
F 1s continuum
Elemental F
a
b
c

OD292.4 eV – OD280 eV
OD320 eV – OD280 eV
OD690 eV – OD680 eV
OD710 eV – OD680 eV
Integration of all the F 1s spectrumc

B (cryo)

I (cryo)

117 ± 13
245 ± 13
113 ± 13
101 ± 28
97 ± 17

a

E (SiNx)

F (SiNx + Pt)

87 ± 17

76 ± 9

58 ± 15

a

b

96 ± 6
126 ± 36

42 ± 15

Values are not supplied for these evaluations due to saturation at the NEXAFS C 1s edge.
Values are not supplied for these evaluations due to low signal to noise ratio.
Background subtracted integrated spectra.
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b
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Fig. 6. STXM results for PFSA damaged under cryo conditions (Sample set B; different area from Fig. 2). (a–f) differences of OD images at the indicated photon
energies in the F 1s and C 1s edges. The fluence used to generate spots 1–10 are: 220, 440, 660, 880, 1200, 1640, 2190, 2740, 3280, 4380 e−/nm2 corresponding to
doses of 17, 35, 52, 70, 95, 130, 173, 216, 259, 346 MGy, using the conversion calibration 0.079 MGy/(e−/nm2). Scale bar is 5 μm.

changes only associated with the specific transition. The images at
292.4 and 690 eV, which are related to the degree of local –(CF2-CF2)–
organization, have the highest contrast. The images at 285.1 eV and
286.8 eV, which arise from formation of new C]C and C]O bonds,
have low contrast due to the weak signal (Fig. 4a). Fig. 7a plots the OD
for each of the damage spots in Figs. 6(a–f) as a function of electron
dose. This plot shows how the formation of C]O bonds, amorphization
of CeF bonds, and elemental mass loss change as a function of electron
dose.

amorphization and fluorine mass loss are 45 ± 7 MGy and 110 ± 10
MGy for RT and 100 K electron damaged PFSA, respectively. These
results suggest that when the sample is cooled to 100 K, the film can
sustain twice the dose as in the case of RT exposure when CeF structural disorganization and fluorine loss are evaluated by STXM.
3.5. Effect of silicon nitride support on electron damage to PFSA
Fig. 7b and c plots damage(dose) for electron beam damage to a
freestanding PFSA film damaged at room and cryo temperatures, and
for a RT damaged PFSA film deposited on a 100 nm SiNx window
(sample set E, Table 2). Using a 100 nm SiNx substrate increases the
critical doses for CeF amorphization and fluorine elemental mass loss
by ∼x2 compared to the values for a freestanding film (see Table 4) and
also protects the film from rupturing when damaged at RT. At high
doses (> 400 MGy), the normalized OD∞ for analyzing OD690 eV OD680 eV (dose) for the PFSA film on SiNx window is ∼0.4 (Fig. 7b),
which means that, after the damage effect saturates, the fluorine signal
is ∼40% of the original signal. This remaining fluorine material does
not experience further changes up to doses > 500 MGy. The freestanding film ruptures at ∼100 MGy before the OD reaches the OD∞.
For fluorine loss (Fig. 7c), the substrate affects the critical dose and the
resulting damage(dose curve) does not follow an exponential model,
indicating that the damage mechanism is different. The normalized
OD∞ for OD710 eV - OD680 eV is 0.6 for the film on SiNx. The higher

3.4. Effect of temperature on electron damage to PFSA films
Fig. 7b plots the damage(dose) signals for CF2-CF2 amorphization
(OD690 eV - OD680 eV) while Fig. 7c plots damage(dose) signals for
fluorine mass loss (OD710 eV - OD680 eV), derived from TEM-induced
damage to freestanding cryo-cooled and ambient PFSA films (sample
set D). In each case the OD was divided by the OD for the undamaged
material to compensate for thickness differences. The freestanding
PFSA film (∼60 nm thick as measured by STXM) ruptures after approximately 120 MGy which corresponds to ∼1500 e−/nm2 when irradiated at RT. When irradiated at 100 K the film can sustain much
more damage and does not rupture until the dose exceeds 460 MGy
(over 5840 e−/nm2 on a ∼100 nm film). The critical doses for CF2-CF2
amorphization and fluorine mass loss are similar to each other but are
temperature dependent. The average of the values for CF2-CF2
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Fig. 8. Damage measured from the change OD690 eV – OD680 eV (F 1s → σ* C-F
transition) as a function of dose for freestanding PFSA and PFSA on SiNx substrate damaged with electrons at RT (cyan triangles), freestanding at cryo
temperature (blue, open and filled circles), and damaged with X-rays at RT (red,
open and filled squares) (color in electronic version). For each curve, the
sample set is indicated (see Table 1). Quantitative critical dose results are
presented in Table 4. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

3.7. Quantitative comparison of electron and X-ray damaged PFSA
Fig. 8 compares damage(dose) curves for OD690 eV – OD680 eV for
PFSA films damaged by cryo and RT TEM to that for damage by soft Xray irradiation at RT. PFSA films on SiNx substrate and freestanding
PFSA films (sample sets G and H, respectively, Table 2) damaged by
320 eV photons have indistinguishable damage(dose) curves, indicating
that the substrate does not play a role in the X-ray damage kinetics. The
critical dose for -CF2-CF2- amorphization of PFSA is similar to that for
freestanding PFSA films damaged by electrons at cryo temperature. The
normalized OD∞ values are 0.3 and 0.18, respectively. Between 0–100
MGy the normalized OD690 eV - OD680 eV signal is similar for all processes (cryo-TEM, RT-TEM, 320 eV X-rays), but the curves deviate at
doses higher than 100 MGy (Fig. 8), with the electron beam damage
continuing to increase while the X-ray damage stabilizes. It is possible
that, for the continuous electron irradiation used to generate these
pads, sample charging plays a role in the electron beam damage process
after 100 MGy, resulting in more damage.
Fig. 9 is a bar chart comparison of the ac critical doses measured for
OD690 eV – OD680 eV for 200 kV irradiated samples B, D, E, F and the RT
X-ray irradiated sample. At RT, the ac values for 200 kV electron beam
induced CF2-CF2 amorphization for PFSA on SiNx (with, or without Pt)
are roughly double that of the freestanding film. The ˜20% uncertainties

Fig. 7. OD decay as a function of dose for electron beam damage to PFSA. (a)
derived from the indicated difference images from Fig. 6. (b) Change in OD690
eV – OD680 eV (CF2-CF2 amorphization) as a function of dose for cryo (SiNx and
free-standing) and room temperature (on SiNx and SiNx covered with 5 nm Pt).
(c) Change in OD710 eV – OD680 eV (F-loss) as a function of dose for cryo (SiNx
and free-standing) and room temperature (on SiNx and SiNx covered with 5 nm
Pt). For each data set exponential fits are also plotted. Quantitative critical dose
results are presented in Table 4.

critical dose value for PFSA on a SiNx substrate than that for freestanding PFSA films indicates that the substrate prevents damage products diffusing out of the sample via the bottom surface.
3.6. Effect of Pt coating on electron damage to PFSA
An underlying 5 nm Pt coating, which was produced by electron
beam sputtering Pt on the bare window, was examined to assess a
possible role of substrate conductivity. Fig. 7b,c plot damage(dose) for
200 kV electron beam damage to a 50 nm PFSA film on a Pt-coated SiNx
window (Sample set F, Table 2). Our results suggest that there was no
significant effect of the Pt coating on the PFSA damage chemistry or
critical dose measured by STXM. It is possible that the Pt coating on
SiNx had a limited effect since the underlying SiNx was already providing adequate conductivity. Alternatively, it is possible that the
sputtering process did not completely cover the surface and did not
form a uniform layer capable of properly conducting the electrons.

Fig. 9. Bar chart presentation of critical doses for 200 kV electron beam damage
to PFSA evaluated from the intensity of the F 1s → σ* C-F transition (OD690 eV –
OD680 eV) as a function of dose for freestanding PFSA at room and cryo temperature and PFSA films on SiNx substrates. The critical dose for PFSA damage
by 320 eV X-rays at RT is also indicated.
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indicated in Fig. 8 are the standard deviation of 2–4 measurements in
distinct areas of each sample.

which we interpret as due to carbon build-up in the STXM during the Xray damage exposure. The vacuum in electron microscopes (10−5 Pa) is
much better than that in the STXM chamber (∼20 Pa). In addition, a
cold finger used in the TEM minimizes carbon contamination. This is
also consistent with the lower change in the quantity of elemental
carbon in STXM damage (Melo, 2018; Melo and Hitchcook, 2018b)
relative to TEM damage (this work).
With increasing dose, amorphization of the CeF bonds and fluorine
loss occur with similar damage(dose) curves. The scission of the CeF
bonds and subsequent chemistry results in the formation of volatile
products. The most stable product is probably CF4 from recombination
of F- and CF3- radicals, rather than F2 (Forsythe and Hill, 2000). The
fact that carbon loss is much smaller than fluorine loss at any given dose
(see Fig. 5) seems consistent with formation of CF3 or CF4 molecules.
Electron beam irradiation of a co-polymer of PTFE with ether bonds
(i.e. polytetrafluoroethylene-co-perfluoropropyl vinyl ether with ether
bonds, PFA) in vacuum resulted in formation of COF and COOH groups
which were detected by infrared spectroscopy (Lappan et al., 2003).
According to Fig. 7, the critical doses for chemical damage for
electron irradiated freestanding PFSA films are different from the values if the film is on a substrate. Fig. 8 shows that the substrate does not
affect the critical doses for damage in X-ray irradiated PFSA. This
qualitative difference might be due to sample charging, which is a
larger with electron irradiation than X-ray irradiation.

4. Discussion
4.1. Critical evaluation of quantitation procedures
The value derived for converting exposure to dose using the PMMA
lithography transition was 0.079(1) MGy/(e−/nm2). Egerton (2017,
2018) has used the equation
D(MGy) = (F)(Eav /IMFP)/ρ = (C/m2) [Eav(eV)/IMFP(nm)]/ρ(g/cm3)
(4)
to calculate a value of 0.037 MGy/(e−/nm2) for 100 keV electron irradiation of a ‘typical organic solid’ with the average energy loss per
inelastic scattering event, also known as stopping power, Eav ≈ 42 eV
(including K-shell contributions), ρ ≈ 1.8 g/cm3 and an electron inelastic mean free path (IMFP) of 100 nm (Akar et al., 2006; Shinotsuka
et al., 2015). In order to compare our experimentally derived value with
that reported by Egerton (2018), we need to correct for the different
electron energy used in this work (200 kV, which will have a longer
mean free path and a lower Eav) and the lower density of PMMA (1.2 g/
cm3). According to Berger et al (2005), from 100 to 200 kV the stopping
power (Eav) for carbon drops ∼x2. According to Zhang et al. (2011) the
mean free path increases by ∼10% over the same interval. If we incorporate these factors, the expected conversion from fluence to dose
for PMMA damaged at 200 kV is 0.025 MGy/(e−/nm2). If one uses the
ESTAR Eav values (Berger et al., 2005), which are 105 eV and 70 eV for
PFSA and PMMA, respectively, the dose/fluence ratio increases significantly to 0.084 MGy/(e−/nm2). Given the significant uncertainties
in some of the parameters in Eq. (4), we think the level of agreement
between Egerton’s calculated value (corrected to 200 kV) and our experimental value is reasonable. One possible issue which we have not
yet been able to explore but will do so in the near future, is the influence of the MWt of the PMMA polymer, which was only 120 kD, instead
of 320 kD in the original work on dose calibration using the PMMA
lithography transition (Leontowich et al., 2012). One might expect
shorter chains to cross-link at lower dose since the active cross-linking
agents should be more mobile in a shorter chain environment.

4.3. Effect of sample temperature
Cooling samples to cryo temperatures when using electron or X-ray irradiation is known to reduce some, but not all, types of radiation damage
(Beetz and Jacobsen, 2003; Egerton, 2013; Warkentin et al., 2013). For Xray irradiation of PMMA, the critical dose for the O 1s(C]O) → π*C]O
transition with the sample at cryo temperature was the same as that with
the sample at room temperature (Beetz and Jacobsen, 2003). However,
oxygen loss was much lower when the loss was measured with the sample
at cryo conditions rather than at room temperature (Beetz and Jacobsen,
2003). The reduced mass loss at cryo temperature is probably because the
frozen material traps volatile damage products. This is apparently only a
temporary measure since, after warming up, the sample showed a mass loss
contrast similar to that for room temperature damage to the same sample
with the same dose (Beetz and Jacobsen, 2003).
In this work, we found that the fluence at which the lithography
cross-over transition occurred was approximately twice as large at
120 K than at RT, suggesting that the critical dose for cross-linking
(formation of C]C bonds) of PMMA is higher under cryo conditions.
An increase of the cross-over fluence (by 2–4 times) at cryo temperature
(6–160 K) relative to room temperature was also observed by Gschrey
et al. (2014) by measuring thickness changes with a profilometer of
200 nm thick PMMA films deposited on a clean GaAs:Si surface and
damaged by a 10 kV electron beam in a scanning electron microscope
(Gschrey et al., 2014). These authors speculated that, due to trapping of
the gaseous radiation damage species, sample thinning was reduced at
low temperatures (Gschrey et al., 2014).
Electron beam damage to samples at cryo temperatures will depend
on the material (Lamvik, 1991). Electron irradiation damage quantification in the TEM is usually limited to elemental mass loss using EELS
(Egerton, 1982, 2013; Yakovlev and Libera, 2006; Yakovlev et al.,
2013). For PFSA damaged in a TEM, Yakolev & Libera (2006) used
valence and core loss EELS to show that mass loss is reduced under cryo
conditions. However, the difference was not quantified by these authors. If the damage products were only trapped at cryo temperature
and then released when the film was warmed to RT, the extent of damage for a given dose would be similar for PMMA damaged at cryo then
warmed to RT as that for the sample damaged in RT. Our observations
suggest that the overall damage process is modified, perhaps because
the volatile products trapped at cryo temperature can react to reform
stable permanent bonds, either while cold, or when the sample is

4.2. Chemical changes detected by NEXAFS: Electron versus X-ray damage
to PFSA
A comparison of the C 1s and F 1s spectra of PFSA dosed with 20
MGy of 320 eV soft X-rays (Melo & Hitchcock 2018b) (not shown) and
that dosed with 26 MGy of 200 kV electrons (Fig. 4) indicates that, for a
similar dose, the spectra, and thus the chemical changes, are very similar. The similarity of the chemical changes caused by electron and Xray irradiation suggests that most of the damage arises from secondary
electrons generated after the initial ionization, as previously hypothesized (Wang et al., 2009a; Egerton, 2012). While the kinetic energy
distributions of the primary electrons differ between electron and X-ray
irradiation, with the X-ray case having more energetic photoelectron(s)
from valence ionization, the energy in the primary particles is rapidly
dissipated into a swarm of intermediate (5–20 eV) kinetic energy electrons that are still able to break bonds. Secondary electrons generated
by both types of radiation result in further ionization, generating energetic electrons, ions and radicals, leading to a cascade of damage
reactions. The electron beam induced changes are very similar to those
observed in soft X-ray damaged PFSA (Melo and Hitchcook, 2018a, b).
The ac for –(CF2-CF2)- and fluorine loss for the cryo-TEM damaged PFSA
(see Section 3.4) is similar to the values determined for 320 eV X-ray
damage to PFSA at RT in a He environment (with residual O2) (Melo
and Hitchcook, 2018b). There are small differences in the F 1s pre-edge
signal (compare Fig. 4c with Fig. 1c in Melo and Hitchcook, 2018b)
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warmed up to RT. This type of phenomena has previously been suggested for cryo-protection of soft materials (Group, 1986).
PFSA materials are known to contain pores in the nanometer range
(Kusoglu and Weber, 2017; Mauritz and Moore, 2004). Ejecting the
volatile fluorine containing damage products into the nanopores of
PFSA might provide pathways for the damage product to escape, even
at cryo temperature. If that was the case, then cooling PFSA would not
affect the critical dose for damage in the same proportion as for PMMA,
since the latter is non-porous. This situation may be different again in
the case of damage to ionomer in PEM-FC electrodes where much larger
and better connected pores exist.

2017). The 3D distribution can also be measured by STXM but, due to
the larger number of exposures needed, spatial resolution must be degraded [50 nm with negligible damage (Wu et al., 2018a)] or with
significant damage despite achieving 15 nm using ptychography (Wu
et al., 2018b). Recent improvements to soft X-ray ptychography
(Shapiro et al., 2018) promise to significantly reduce the dose while
achieving further improvements in spatial resolution.
Advances in electron microscopy instrumentation and development
of new techniques have recently pushed the limits of low dose high
resolution imaging of soft materials. For example, the use of pixelated
detectors and ptychographic phase reconstruction offer “superior low
dose performance for imaging weak phase contrast objects” (Yang et al.,
2015). Using a non-convex Bayesian optimization to cryo-electron
ptychography has been shown to reduce the required fluence for imaging biological samples (Pelz et al., 2017). Applying ptychography
methods in TEM has allowed achieving record breaking spatial resolution, with reduced dose since a larger spot size is used (Wang et al.,
2017; Jiang et al., 2018). It is possible that these recent developments
can help achieve higher spatial resolution and thus overcome the limitations of TEM imaging PFSA due to radiation damage.

4.4. Can TEM be used for direct visualization of the morphology of PFSA?
The dose-limited resolution (δ) for bright-field TEM imaging of organic materials such as PMMA has been estimated as 5 nm, assuming a
signal to noise ratio (SNR) of 5 and a critical fluence of 630 e−/nm2 or
0.01 C/cm2 (Egerton et al., 2012; Egerton, 2013). δ can be evaluated
according to:

= (SNR)(DQE )

0.5C 1

k Fc
e

0.5

(5)

5. Summary

where DQE is the detector quantum efficiency (estimated as 0.2 for
electron counting detectors), C = 0.1 is the contrast between different
resolution elements, k ˜0.8 is the efficiency of the signal-collection
system, e is 1.6 × 10−19 C, and Fc is the critical fluence.
Since the radiation damage is small but already apparent at ∼25
MGy (Fig. 4), we propose that 25 MGy should be the upper dose limit
for meaningful quantitative studies of PFSA (Wu et al., 2018a). In TEM,
25 MGy corresponds to a fluence of ∼300 e−/nm2 or 0.005 C/cm2
which is ∼1/4 of the critical dose when imaging PFSA in cryo conditions. The dose-limited spatial resolution for imaging PFSA with a dose
of ∼25 MGy calculated using the above parameters is 8 nm. This value
decreases to 3.5 nm if a DQE of 1 is used (consistent with state-of-theart direct electron detectors). This estimate indicates that only detectors
with DQE of 1 have the potential to directly visualize the sub-5 nm
hydrophilic and hydrophobic channels in PFSA, and even then, just
barely. In addition, this work indicates that highest resolution TEM
studies of PFSA should be performed at cryo temperatures using a
substrate which protects the film from damage related to sample
charging. At higher doses (> 300 e−/nm2 or 0.005 C/cm2), even with
the sample at cryo-temperature, radiation damage clearly changes the
chemical structure of PFSA. The work presented in this manuscript calls
into question the validity of conclusions drawn about the morphology
of PFSA materials using TEM analyses with fluences greater than 300
e−/nm2. Yakovlev et al. (2013) concluded in their work that truly
meaningful TEM imaging of PFSA (i.e. with the spatial resolution
capable of visualizing individual hydrophilic domains) is not possible
since images with high enough signal to noise ratio require an exposure
that changes the morphology and results in elemental changes as seen
with EELS. The results presented in this work directly corroborate Yakovlev’s work. Studies using staining (Venkatesan et al., 2017; LopezHaro et al., 2014) may offer a route forward, although there is some
concern that the staining may itself modify the material.

Electron irradiation at 120 K followed by warming to RT doubles the
fluence for positive to negative cross-over for PMMA. Assuming the
calibration of fluence and dose derived at RT holds at 120 K, our results
indicate the dose needed for the lithography cross-over transition in
PMMA and the critical dose for C–F amorphization and fluorine loss for
PFSA is twice as large at 120 K relative to RT. The chemical changes to
PFSA caused by electron and soft X-ray irradiation at RT are similar,
and the critical doses for the same damage process are similar. This
indicates that the damage processes for both types of radiation are
dominated by damage caused by secondary electrons. A dose of 26
MGy, about 1/4 of the critical dose, is the recommended limit for TEM
or X-ray measurements which will cause minimal changes to PFSA. At
this dose (equal to a fluence of 330 e−/nm2), the dose limited resolution for bright field TEM imaging of PFSA is calculated to be 8 nm if the
detector DQE = 0.2, or 3.5 nm if the detector DQE = 1. Our work
questions the validity of conclusions drawn from previous literature on
morphological/tomographic studies of PFSA materials using TEM
imaging.
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4.5. Recommendations for future studies of PFSA imaging
Analytical TEM measurements such as TEM-EELS and TEM-EDS
require much larger doses. Thus, the dose-limited resolution for
meaningful quantitative analytical measurements will be much larger
than that for single images. A recent comparison of quantitative mapping of PFSA ionomer in PEM-FC cathodes by TEM-EDS and STXMNEXAFS (Melo et al., 2017) exemplifies this point. Quantitative 2D
maps of PFSA in catalyst layers can be achieved with STXM with negligible dose at ˜20 nm spatial resolution (Susac et al., 2011; Melo et al.,
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