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ABSTRACT

We report the detailed beam effects in PE, PCL, and P3HT spherulite thin films, including
both structure and chemical bonding evolution detected from quantitative electron
diffraction and spectroscopy. Both amorphization and mass loss from electron beam
irradiation have been clearly identified, most of which can be suppressed effectively by
cryo-protection. The initial dominant beam effect in PE and PCL thin films is the radiolysis
of C-H bonds, leading to both amorphization and the formation of unsaturated polyenyl
groups that further cause lattice expansion. When the samples become mostly amorphous,
the mass loss effect becomes prevailing. On the other hand, P3HT exhibits an intriguing
two-stage damage process with the side-chain ordering destroyed prior to the m-stacking
ordering. Our results not only shed light on the detailed beam effects on structure and
chemical bonding in the three polymers, but also demonstrate a powerful approach to

quantitatively analyze these effects in other organic solids.
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INTRODUCTION

Owing to the unmatched spatial resolution and remarkable versatility, transmission
electron microscopy (TEM) has become an indispensable tool to investigate the local
material structure and chemistry at the nanometer and atomic scale. However, the power
of TEM comes with a limit: the fundamental electron-matter interaction, which underlies
the extraordinary characterization capability of TEM, can be too strong for light, soft and
weakly-bonded materials. As a result, atoms in crystal lattice can be displaced to interstitial
positions or even sputtered out from surface directly by the incident electron beam, the so-
called knock-on damage; and energy transferred from the electron beam through inelastic
scattering can heat the sample or break the bonding to cause decomposition, the heating
and radiolysis effect [1-7]. Materials can be modified or even destroyed by these beam
effects before their intrinsic structural information is achieved [8-11]. It is thus vitally
important to comprehend the electron beam effects on such beam-sensitive materials, in
order to probe their intrinsic structure with minimal artifacts.

As a typical class of beam-sensitive materials, organic solids exhibit a variety of
functionalities underpinned by their structure and chemical bonding [12]. For example,
properties of semi-crystalline polymers are largely determined by their level of
crystallization [13]. Performance of organic semiconductor devices such as organic
photovoltaics and light-emitting devices also relies sensitively on their complex
nanostructures and morphologies, which needs to be examined by TEM under the risk of
beam damage. A variety of local structural information including crystallinity [14],
crystalline orientation [15] and structure [9,16-18], band structure [19-21], and radical

groups [22,23] can be achieved from organic solids by TEM-based techniques such as



electron diffraction and electron energy loss spectroscopy (EELS). Despite the tremendous
potential of TEM characterization on organic materials, however, the electron beam effects
that can modify the structure and morphology must be well understood. Beam effects have
been studied widely on various organic solids by monitoring the fading of electron
diffraction signals and the change of diffraction peak positions [24-26]. EELS has also
been used to probe the bonding change caused by beam effects [10,27-30]. More recently,
Leijten et al. have developed an approach to reveal polymer film deformation and mass
loss using TEM imaging [24]. Based on these techniques, it has been reported that beam
effects generally rise with increasing electron dose on organic solids, which may also
depend on dose rate, electron energy, temperature, and sample preparation methods
[1,7,10,24,25,31]. Lowering sample temperature and increasing accelerating voltage can
suppress beam effects in most polymers [1,7,25,32], and recently the ultrafast (down to
femtosecond) pulsed-beam approach also offers a new prospect [29,33,34]. Oxygen- and
water-free sample preparation and addition of antioxidants can also mitigate beam damage
effectively [10,11,24]. On the other hand, with few exceptions [10,24], most of the above
works only rely on one technique and do not distinguish different types of beam effects
that may occur simultaneously. Moreover, in semicrystalline polymers such as spherulites,
amorphous and crystalline phases coexist and may exhibit distinct behavior upon electron
beam irradiation, which demands further investigation to distinguish the beam effects in
both phases.

Herein, we study the effects of electron exposure on three widely-used polymers,
polyethylene (PE), poly(e-caprolactone) (PCL) and Poly(3-hexylthiophene) (P3HT), in the

form of semicrystalline spherulite thin films. We adopt selected-area electron diffraction



(SAED), an established low-dose technique with excellent sensitivity to structure
variations, and quantitative curve modeling to reveal the structure and phase evolution
under the calibrated electron dose. Both crystalline and amorphous components are
analyzed to derive different types of beam effects, in contrast to most of the previous
studies that consider the crystalline components only and ignore the amorphous part [25],
or just take them as a whole [10,11,24]. EELS is further used to probe the change of
chemical bonding, which helps to illustrate the underlying damage mechanism.
Measurements are carried out at both room temperature (RT) and cryogenic temperature
(~98K), a comparison between which clearly demonstrates the effectiveness of cryo-

protection on preventing the beam effects.

MATERIALS AND METHODS

Materials and TEM Sample Preparation. PE (Mw ~ 110 kg/mol, 20 mg, density ~
0.95 g/cm?, from Alfa Aesar) was initially dissolved in 1 ml decalin (from Sigma-Aldrich)
at 180 °C for 3 h to ensure complete dissolution. Then PE films were spin-coated on silicon
wafers with 300 nm SiO» on the surface, at 4000 rpm for 60 s. All the items used in spin
coating including the solution, wafer substrates, glass droppers and the spin-coating disks
were pre-heated at 180 °C for at least 5 min to prevent uncontrollable rapid crystallization.
PCL (80 mg, Mw ~ 14 kg/mol, Mn ~ 10 kg/mol, from Sigma-Aldrich) was dissolved in 1
ml m-xylene (from TCI) at RT for 1 h and subsequently spin-coated on wafers at 4000 rpm
for 30 s. P3HT (6 mg, Mw ~ 58 kg/mol, regioregularity > 90%, from Rieke Metals Inc.)
was dissolved in 1 ml toluene (from Ourchem) at 80 °C for 4 h and then spin-coated on
wafer at 4000 rpm for 60 s. In order to increase the crystallinity of P3HT thin film, it was

annealed under CS; vapor at 40 °C. All three thin films were transferred onto TEM grids:



thin films with underlying wafers were immersed in hydrofluoric acid aqueous solution to
etch the Si0O; interlayers away. Thin films floating on solution surface were then picked up
by TEM grids (Fig. S1 in Supplementary Information). The film thicknesses of PE, PCL
and P3HT were about 150 nm, 200 nm, and 15 nm, respectively, measured by the
profilometer (DEKTAX TX, BRUKER). Maltese crosses are observed from all films using
polarized light microscopy (see Fig. S2 in Supplementary Information), confirming their
spherulite structure.
TEM Operation. TEM observation was performed on a JEOL JEM-2100F microscope

operated at 200 kV. In TEM mode, the electron beam (beam current ~2.2 nA) was fully
spread to a diameter ~12 pm to achieve a low-dose condition with the dose rate ~1.2 e/(A?-s)

calculated by the expression below (1):

Dose rate [e/(A% - s)] = Iprobe'107 [6.24-101% [e/s]]

(1)

Areajjyminating

The SAED patterns were taken with a selected-area aperture ~4.2 um in diameter on a
Gatan Orius SC 1000A camera, with exposure time 0.3 s and acquisition intervals 0.7 s for
PE and P3HT, and 0.3-1.2 s for PCL, respectively. The samples were under continuous
illumination without beam blocking during observation. The electron dose for each SAED
pattern was derived based on the total illumination time before the pattern recording plus
half of the acquisition time (representing the average dose during pattern recording). For
cryogenic observation, the polymer samples were loaded into a liquid-nitrogen cooling
holder (Gatan, model 636) to lower temperature down to 98 K. The system was stabilized
for over 40 min after filling the liquid nitrogen, in order to minimize vibration caused by
liquid nitrogen evaporation. EELS was carried out using a Gatan Enfina spectrometer with

the energy dispersion 0.05 eV per channel in scanning TEM (STEM) mode, with the 13



mrad convergence angle and 21 mrad collection angle. The STEM forms a 0.5 nm probe
with the beam current ~28.5 pA. EEL spectra were taken with the probe scanning typically
over ~94x94 nm? area with pixel size ~0.37 nm/pixel and dwell time ~2.5 s/pixel, thus a
dose rate ~200.5 e/(A2-s). The dose for STEM-EELS was calculated by multiplying the
dose rate with the total illumination time before the acquisition plus half of the acquisition
time. For low-loss EELS, the reflected tail approach was used to remove the tail of the

zero-loss peak.

RESULTS AND DISCUSSION

Typical SAED patterns taken from a PE film at ~98 K are presented in Fig. 1a. The
pristine film (0.6 e/A? dose for acquiring the first SAED pattern) shows polycrystalline PE
structure with sharp arcs corresponding to 110, 200 and 020 diffraction. The appearance of
diffraction arcs instead of complete rings is attributed to the range of the selected area (~4.2
um), which is only part of the spherulite thin films and thus does not show a complete
circular symmetry. The vulnerability of PE films under the high-energy electron beam is
evidenced in the after-exposure image on the right: after accumulating only 8 e/A? dose,
the 110 diffraction ring becomes dimmer and diffuse, while the 200 and 020 diffraction
becomes nearly invisible, indicating the diminished lattice ordering upon beam exposure.
Furthermore, all diffraction rings show reduced radii compared to the pristine diffraction
pattern, suggesting enlarged lattice spacing caused by the electron beam. To analyze these
structure evolutions quantitatively, we perform radial averaging on SAED patterns to
obtain the diffraction intensity curves (Fig. 1b and 1¢) and model the curves using least-
squares fitting [24]. As illustrated in Fig. 1b, by subtracting the radial-averaged intensity

profile by a power-law background [24] and a constant for residual dark counts, the



remaining diffraction signals can be adequately fitted with three Gaussians (R? > 99.5%):
two for 110 and 200 diffraction and one for the signal from the amorphous phase. Thus,
the total diffraction intensity can be described by the equation.

_(x=by1)? _(x=by)? _(x—b3)?
I=ae 2% +aye 202° t+aze 26° +dxV+e (2)

Besides the peak position indicated by b;, intensity of each diffraction peak can also be
derived from the area of the fitted Gaussian, which reflects the corresponding ordering (or
disordering for the amorphous peak). As 110 and 200 are the dominating diffraction peaks,
we take the sum of two peak intensity /7,0 and 299 as the total crystal diffraction intensity
Leryse without considering other minor diffraction such as 020. Then the sum of /. and
Lamorphous 18 just the total background-subtracted intensity in equation (2). We note that the
fitted amorphous peak position matches closely with the reported value from x-ray
diffraction on amorphous PE [N1 35], validating the reliability of our quantitative fitting

process.
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Fig. 1. (a) SAED patterns on the same PE film at 98 K (cryo) with the dose 0.6 (left) and
8.0 (right) e/A?, respectively. (b, c) Intensity profiles from radial averaging on SAED
patterns in (a), with the dose (b) 0.6 and (c) 8.0 e/A2, respectively. Gaussian fitting is used

to measure quantitatively the position and intensity changes of 110 (green) and 200 (blue)



diffraction, as well as the amorphous peak (magenta), which reflect structure evolution

caused by the electron beam.

Fig. 2a-c show the variations of /c;yss and Lumorphous from PE films with increasing electron
dose. At both RT (red symbols) and 98 K (blue symbols) the electron exposure causes a
monotonic decrease of /.5, Which is initially very fast and then becomes slower until zero
intensity (Fig. 2b). Least-square curve fitting on the measured intensity further illustrates
that the variations of /. are well described by the exponential decay. In contrast, Zumorphous
at both temperatures exhibits an initial rise followed by a linear intensity drop (Fig. 2c¢).
The initial increase of lumorphous coincides with the fast decay of I, reflecting PE
amorphization — one of the well-known radiolysis effects caused by the electron beam
[1,28]. On the other hand, mass loss from the electron beam irradiation may also contribute
to the intensity decrease. To evaluate the crystal radiation sensitivity quantitatively, we
define the critical dose as the accumulated dose at which the normalized /.y drops to /e
(~37%) [1,2,8,24]. It is derived to be ~9.2 /A% at 98 K but only ~1.1 e/A% at RT (Table 1),
which are comparable to previous reports (2-6 e/A% at RT and 6.7-8.2 e/A? at cryogenic
condition) [10,11,24,25,31,32]. The very low critical dose at RT further evinces the
necessity of cryo-protection to achieve reliable structure information from pristine PE
samples. Note that the concept of critical dose only describes the dependence of beam
effects on the accumulated electron dose without considering the dose rate effect [1,8],
which could be a minor effect according to experimental studies in similar polymer films

[24,25,35,36].
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Fig. 2. (a) Radial-averaged intensity profiles of SAED patterns from PE at 98K with
different electron doses. Profiles are shifted vertically with an incremental constant in
sequence. (b, c¢) Relative intensity of (b) Ic/ysi, and (¢) Lumorphous as functions of accumulated
electron dose for PE at 98 K (blue) and RT (red), respectively. The exponential and linear
decay is indicated by the fitted dashed lines. The intensity is derived from the area of the
fitted Gaussians on radial-averaged diffraction peaks, normalized by the maximal intensity
of the whole series. Inset in (¢) shows SAED patterns on the same PE film at 98 K (cryo)
with the dose 0.6 (left) and 30.1 (right) e/A? respectively, illustrating the amorphization
process. (d) Peak positions of PE 110 (square), 200 (triangle), and amorphous (circle)

diffraction with increasing electron dose, at 98 K (blue) and RT (red), respectively.



The amorphous PE appears to be more stable than the crystalline phase, with Lumorprous
showing no substantial decreases until /., approaching zero. Therefore, diffraction
patterns of PE become dominated by the amorphous halo at the late stage of beam exposure,
as shown in the inset of Fig. 2c. The linear decrease of lumorphous at this stage further
indicates that mass loss from beam effects such as bond scission and surface sputtering
eventually becomes the prevailing damage process: It has been reported that radiolysis
beam effects such as amorphization typically lead to the exponential decay of /.y, whereas
mass loss causes the linear decay [1,8], which rationalizes the different decay behavior
between I.ys (exponential) and Lumorphous (linear). From the fitted slopes of Lumorphous, the
intensity drop is slowed down by 6.8 times when lowering the temperature from RT to 98
K. It demonstrates that cryo-protection is also effective in prohibiting mass loss in

amorphous PE in addition to the above beam effect in the crystalline part.

Table 1. The critical doses of crystalline components in e/A%, and their 95% confidence

intervals of PE, PCL and P3HT at RT and 98 K derived from the exponential decay of Zc,ys.

Condition PE PCL P3HT
RT 1.1 (0.5-1.6) 1.9 (1.1-2.7) 7.5 (7.0-8.0)
98 K 9.2 (8.6-9.9) 19.8 (18.2-21.3) 16.3 (14.5-18.0)

Besides intensity variation, we also analyze the change of diffraction peak positions
observed in Fig. la and 2a, which reflects lattice spacing variations upon the beam
exposure. As plotted in Fig. 2d, the 110 diffraction peak shifts linearly from 2.42 nm! to
2.29 nm™! at 98 K after accumulating 10.5 e/A? electron dose, corresponding to the increase
of lattice spacing di10 from 4.13 A to 4.37 A, ~5.7% expansion. Meanwhile, the 200

diffraction peak exhibits even more dramatic shifts from 2.72 nm™ to 2.39 nm™!, equivalent



to a ~13.8% expansion from 3.68 A to 4.18 A. On the other hand, the amorphous diffraction
peak shows negligible shift during the same observation, indicating that the expansion is
for the crystal lattice only and thus should not be caused by heating from the electron beam.
Indeed, after raising the temperature by 200 K to RT, both 200 and 110 diffraction peaks
shift only slightly as shown in Fig. 2d (red triangles and squares), which cannot account
for the observed large expansion at 98 K and further exclude the effect of beam heating.
RT measurement on peak position variations also displays the same trends, only with less
data points due to much faster intensity decay.

It is worth noting that the anisotropic lattice expansion has been observed in PE lamellar
crystals under electron irradiation, which eventually gives rise to equal di110 and daoo lattice
spacing with a hexagonal SAED pattern, before the complete amorphization [25]. It has
been attributed to radiolysis damage and the subsequent crosslinking between polymer
chains [25]: with the breaking of chain alignment through bond scission and crosslinking,
a lamellar crystal contracts along the chain direction (¢ axis), which leads to the inevitable
lateral expansion. Such expansion has been observed explicitly in PE single crystals after
irradiation, particularly along the normal of {110} and {200} planes that are the growth
surfaces [N2 38]. It is consistent with the larger expansion perpendicular to {200} and
{110} planes as shown in Fig. 2d, which coincides with the increase of Lumorphous In terms
of accumulated dose and thus the amorphization process from radiolysis and crosslinking.
On the other hand, the exact mechanism for the anisotropic expansion maximized
perpendicular to {200} planes is still unclear, and has been proposed to be caused by the
larger intermolecular distance and thus the weaker intermolecular interaction or constraint

along the a axis [25, N1 35, N3 39].
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Fig. 3. (a) Comparison of low loss EEL spectra from PE before and after beam exposure
at 98 K. The vertical black lines indicate the energy loss associated with polyenyl groups
containing N unsaturated bonds. (b) Exponential increase of polyenyl groups signal
intensity integrated from EELS series in 3-7 eV with increasing electron dose at 98 K. (¢)
C-K edge EEL spectra of PE under different electron doses. (d) Intensity of C-K edge in
the range of 283-286 eV as a function of accumulated electron dose, which follows an
exponential increase as shown by the fitted dashed lines. Error bars smaller than the size

of marks are not shown.

In addition to the structure analysis based on diffraction, further insights can be obtained
by probing the change of chemical bonding using EELS. As shown in Fig. 3a, the

characteristic energy-loss signal from PE is in the range of 8-11 eV [37], as can be observed



in the pristine PE spectrum (red). With the extended beam exposure, the PE signal becomes
flatter (blue spectrum), reflecting the loss of PE material. Interestingly, electron beam
exposure also causes an increase of intensity within 3-7 eV, consistent with previous EELS
and optical absorption spectrum study of the radiation damage on PE [27,37,38]. This
signal is ascribed to the formation of polyenyl groups: C-H bonds are among the most
radiation vulnerable bonds [30], possibly owing to its very localized excitation compared
to the C-C bonds that can transfer the excitation energy along the polymer chain [N4 42,
N5 43]. The easy loss of hydrogen under vacuum may also exaggerate the instability of C-
H bonds, making them much more liable to break than the C-C bonds under the radiolysis
beam effect. The C-H bond scission gives rise to alkyl radicals (Fig. 4a) that can migrate
along the single polymer chain via hydrogen hopping [39-41]. When two alkyl radicals
meet, they can combine to either form unsaturated bonds along a single chain (Fig. 4b) or
cause crosslinking between adjacent chains. While crosslinking may be the primary
mechanism for amorphization [25, N5], as observed in SAED patterns (Fig. 2), the
unsaturated bond formation may continue to generate various polyenyl groups such as
dienyl and trienyl chromophores [42], as illustrated in Fig. 4b-f. These polyenyl groups
have the characteristic energy-loss signal in the range of 3-7 eV [27], as labelled by the
number of unsaturated bonds in Fig. 3a, which are responsible for the observed signal rise
in the beam-exposed PE. The quantitative curve fitting in Fig. 3b further depicts that the
increase of chromophore signal follow the exponential trend, confirming their origin as the
radiolysis beam effect [1,8]. We note that owing to the difficulties modeling the
background of low-loss EELS signal, Fig. 3b only displays the raw intensity without

background subtraction, which contains mixed signals with the contribution from the



plasmon peak and thus unreliable to derive the critical dose from the quantitative fitting in
Fig. 3b.

The formation of unsaturated C=C bonds can also be detected using the C-K EELS edge
as shown in the Fig. 3c. The peak at 285 eV corresponds to Is-n" (C=C) transition
[27,29,30], which is absent in pristine PE due to no unsaturated C=C bonds. Under electron
irradiation, this peak intensity rises exponentially as shown in Fig. 3d, evidencing the
increasing number of unsaturated bonds, in consistency with low-loss EELS result. The
second peak at 287.5 eV that corresponds to 1s-¢™ transition in C-H bonds decreases and
broadens, demonstrating that the pristine -CH>- backbone is damaged by bond scission
[29,30]. We have performed EELS measurements in both STEM and TEM modes, which
show the similar damage process and critical dose, as demonstrated in Fig. S3 in
Supplementary Information. It shows that the formation of unsaturated C=C bonds lasts
over a much larger dose range compared to SAED measurement and continues at very high
dose when PE becomes completely amorphous.

The identified C-H bond scission and subsequently generated polyenyl groups also
provide a feasible mechanism for the observed lattice expansion in beam-exposed PE, in
addition to the above mentioned crosslinking effect: As illustrated in Fig. 4g and 4h, with
the formation of unsaturated C=C bonds, the adjacent C-H bonds must rotate (from Hi > to
Hs in Fig. 4h for instance) and cause an increased distance (from D; to D») between the
two ending hydrogen atoms Hs and He. Further increasing the number of C=C bonds by
radiolysis will create more such protruding hydrogen atoms and effectively cause a
swelling of polymer chains, which subsequently pushes the neighboring PE chains apart

and leads to the enlarged lattice spacing in PE structure as identified in Fig. 2d. Indeed, it



has been reported that the propylene-ethylene copolymers, with propylene units distributed
randomly along the linear polyethylene chain, show continuously increasing a lattice
parameter with an increase of propylene content, while only a slight increase in b lattice
parameter [N3], consistent with our experimental observation. Moreover, the trans-
polybutadiene crystal with one C=C bond in the repeating unit (-CH>-CH=CH-CH>-) also
has a larger interchain spacing (4.56-4.60 A) [43,44] compared to pristine PE without C=C
bond (~4.4 A) [45,46], further validating the above proposed mechanism as one possible

source of the observed lattice expansion.
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Fig. 4. (a-f) Schematic drawing of the (a) alkyl radical and (b) allyl, (c) dienyl, (d) trienyl,
(e) tetraenyl, and (f) pentaenyl groups. (g) Atomic model of the PE repeating unit. (h)
Atomic model of a segment of an allyl group to illustrate the effect of C=C bonding on the
positions of hydrogen atoms. The six hydrogen atoms are labelled as H; (i = 1-6) with the

projected spacing marked as D and Do.



Position (1/nm)  Position (1/nm)

Sample Diffraction 21 0.6 /A2 at 10.5 /A2 Expansion ratio (%)

PE 200 2.72 2.39 13.8
020 4.02 3.92 2.6

110 2.42 2.29 6.1

at 0.9 e/A? at 10.1 e/A?

PCL 200 2.71 2.58 5.0
020 3.97 3.95 0.5

110 2.41 2.37 1.7

Table 2. Peak positions of 200, 020 (detailed data shown in Supplementary Fig. S4) and
110 diffraction and the corresponding expansion ratio for PE and PCL after beam exposure

at 98 K. Errors of positions are all below than 0.01 1/nm.

Fig. 5 presents the detected beam effects on PCL spherulite thin films, which are
remarkably close to that observed in PE . Owing to the similar crystal structure to PE,
SAED of PCL is also dominated by 110 and 200 diffraction (Fig. 5a and the inset of Fig.
5¢). With accumulating more electron dose, both diffraction signals become weaker and
shift towards the central beam. Curve modelling on the radial-averaged SAED profiles
illustrates these trends quantitatively: as displayed in Fig. 5b and 5c for both temperatures
the decay of PCL I is exponential with a faster initial drop that matches the increase of
Lumorphous at the early stage (Fig. 5c), a sign of amorphization owing to the radiolysis

damage. This is further evidenced by the amorphous halo that dominates the diffraction



pattern at the final stage of beam exposure (inset of Fig. 5c). The amorphization becomes
considerably slower at 98 K, proving again the effectiveness of cryo-protection. On the
other hand, the linear decrease of lumorphous at the late stage still demonstrates mass loss as
the dominating beam effect when /.,5 approaches zero. At both temperatures, beam effects
on PCL appear to be slower than on PE, as reflected by the higher critical doses derived
for PCL (Table 1).

Fig. 5d shows the shift of 110 and 200 PCL diffraction, reflecting lattice expansion
similar to PE. The shift is more rapid at RT and is larger for 200 diffraction (see Table 2),
suggesting the similar anisotropic expansion. The amorphous diffraction peak still shows
negligible shift, excluding the heating effect as the cause of lattice expansion. EELS on the
exposed PCL (Fig. 6a and 6¢) also exhibits the exponentially enhanced signals in both low-
loss (3-7 eV) and C-K edge (283-286 ¢V) EEL spectra (Fig. 6b and 6d), corresponding to
the formation of polyenyl groups and unsaturated C=C bonds from the radiolysis beam
effect, which is presumably responsible for the observed amorphization and lattice
expansion similar to PE films. All these observations are in notable agreement with results
from PE films, suggesting the same damage mechanism in both materials, probably owing

to their similar crystal structure, polymer backbone structure, as well as sample thicknesses.
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Fig. 5. (a) Radial-averaged intensity profiles of SAED patterns from PCL at 98K under

different electron doses. Profiles are shifted vertically with an incremental constant in

sequence. (b, ¢) Relative intensity of (b) Zerysr, and (¢) Lumorphous as functions of accumulated

electron dose for PCL at 98 K (blue) and RT (red), respectively. The exponential and linear

decay is indicated by the fitted dashed lines. Inset in (¢) shows SAED patterns on the same

PCL film at 98 K (cryo) with the dose 0.9 (left) and 45.2 (right) e/A? respectively,

illustrating the amorphization process. (d) Peak positions of PCL 110 (square), 200

(triangle), and amorphous (circle) diffraction with increasing electron dose, at 98 K (blue)

and RT (red), respectively.
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Fig. 6. (a) Comparison of low loss EEL spectra from PCL under various electron doses at
98 K. The vertical black lines indicate the energy loss associated with polyenyl groups
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from EELS series in (a)) with increasing electron dose on PCL at 98 K, which follows an
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Intensity of C-K edge in the range of 283-286 eV in (¢) as a function of accumulated
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Error bars smaller than the size of marks are not shown.

In contrast, P3HT spherulite thin films with the conjugated z bonding show distinct
degradation behavior as compared to PE and PCL, demonstrating complexity of beam

effects in organic solids. The CS; vapor annealing (see Materials and Methods) makes



P3HT crystallize in the Form-II structure [51-53] (a = 13.5 A, b=9.1 A, ¢ = 7.9 A,
y=69.3°) with the (320) normal along the z-stacking direction and c¢ axis along the
backbone direction, consistent with previous reports in literature [54-56]. The mobility
measurement further indicates that the backbone direction and the z-stacking direction
should be primarily in plane [57-59], which is in accordance with the strong 00251 and 320y
diffraction signals observed at 98 K (2.57 and 2.67 nm™ as shown in Fig. 7a and 7c).
Interestingly, after accumulating 20.3 e/A? electron dose, 0021 becomes much dimmer
compared to 320y diffraction. The radial-averaged SAED profiles in Fig. 7c further
demonstrate the quick decay of 002y diffraction at the early stage of beam exposure, with
320y diffraction peak remaining relatively stable, as also revealed quantitatively by the
associated diffraction intensity derived from Gaussian modeling shown in Fig. 7e. Only
after the extinction of 002y diffraction, the decay of 320y diffraction starts with an intensity
plateau separating the exponential decay of the two diffraction signals. Since 002y
diffraction reflects the ordering of the side chains while 320y represents the m-stacking
ordering, the above two-stage decay process indicates that the electron beam preferentially
alters the side chains first, while the m-conjugated polythiophene backbones are more
robust to electron irradiation. We note that such a two-stage beam effect in P3HT has never
been reported before.

RT measurements on P3HT do not show the two-stage decay due to the absence of 002y
diffraction even in the first SAED pattern (Fig. 7b and 7d). It may be due to the order-to-
disorder transition for the side chains that has been reported in P3HT around RTIACS Mater
Inter.] “while we cannot rule out the possibility of beam damage to destroy the susceptible

side-chain ordering with the electron dose as low as 0.6 e/A2. Further beam exposure at RT



leads to diffused diffraction halos reflecting the amorphization process. This restricts us to
using the decay of 320y diffraction to derive the critical dose of P3HT at RT, while the
critical dose at 98 K is derived from the decay of 002 diffraction, both values are presented
in Table 1. The higher critical dose for P3HT can be attributed to the presence of the
conjugated m-electron system and the lack of C-H bonds on its backbone compared to PE
and PCL [8,28], which also explains the damage of the side chains (consisting of C-H
bonds) prior to the m-conjugated backbones. On the other hand, our P3HT critical dose is
considerably lower than previous reports [10,24], which may be due to the smaller film
thickness (~15 nm vs. ~90 nm [10]) as well as the potentially different polymorphs (Form-
11 vs. Form-I).

Besides revealing the two-stage damage process, Fig. 7e¢ also demonstrates the
suppression of radiolysis effect in P3HT spherulite thin films at cryogenic temperature:
When /.55 approaches zero at ~50 e/A? dose (Fig. 7€), Lumorphous also becomes negligible at
98 K (Fig. 71), in contrast to the considerable lunorphous at RT when Iy drops to zero. As
a result, there is no amorphous diffraction halo forming in P3HT at 98 K, indicating the
suppressed amorphization process. Moreover, at 98 K shown in Fig. 71, Limorphous decreases
monotonically without any increasing stage, in contrast to the initially rising lumorphous at
RT (red circles) as well as for PE and PCL films (Fig. 2¢ and 5c). It implies that mass loss
due to knock-on effect dominates from the beginning of beam exposure, presumably due
to the suppression of radiolysis at cryogenic temperature. The peak position analysis shown
in Fig. 7g also illustrates that only at RT we can see the shift of 320y diffraction from 2.67
to 2.55 nm™! after accumulating 16.0 e/A? dose, while no shift can be consistently detected

at 98 K. As lattice expansion is attributed to the radiolysis beam effect, it further evidences



the suppressed radiolysis in P3HT at cryogenic condition. The inelastic mean free path of
electrons is about 100-200 nm in common polymers at RT [60,61] and increases further
with decreasing temperature [62]. Thus at 98 K the inelastic mean free path should be
substantially larger than the thickness of P3HT films (~15 nm), explaining the suppressed
inelastic scattering and the radiolysis effect. On the other hand, the effect of cryo-protection
on mass loss appears to be limited in P3HT, as reflected by the similar decay rates at the
two temperatures for both /s and Lumorphous (Fig. 7e and 7f).

The characteristic EELS signal corresponding to the interband transitions in P3HT at 98
K is presented in Fig. 7h, where the edge onset from the pristine sample (after accumulating
4 ¢/A? dose) matches its bandgap energy ~1.7 eV [28,63]. With increasing electron dose,
the signal intensity in range of 1.5 to 3.5 eV decreases linearly (Fig. 71), which is
characteristic of mass loss [1,8] and also consistent with the suppression of the radiolysis

effect at this low temperature. Moreover, a shift of the EELS edge onset towards higher

energies, from 1.73 to 2.14 eV after accumulating 119 e/A? dose, is also observed (Fig. 7h
and 71). Both the intensity drop and energy shift are in accordance with the previous EELS
study on P3HT [28]. In addition, the signal in the range of 3-7 eV remains constant
throughout the whole process of beam exposure, indicating the absence of polyenyl group

formation and therefore a very different damage mechanism from PE and PCL films.
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Fig. 7. (a-d) SAED patterns and the corresponding radial-averaged intensity profiles from
P3HT films under different electron doses at (a,c) 98 K and (b,d) RT, respectively. Profiles
are shifted vertically with an incremental constant in sequence. (€) Lerys: and (f) Zamorphous as
functions of accumulated electron dose for P3HT at 98 K (blue) and RT (red), respectively.
The exponential and linear decay is indicated by the fitted dashed lines. (g) Peak positions
of 3201 (square) and amorphous (circle) diffraction under the increasing electron dose at
98 K (blue) and RT (red), respectively, and peak position of 002y diffraction (blue triangle)
at 98 K. (h) Comparison of background-subtracted EEL spectra under different electron
doses at 98 K. (i) Change of P3HT integrated EELS intensity in the range of 1.5 to 3.5 eV

(blue square), and shift of the EELS edge onset (red triangle) with increasing electron dose



at 98 K. The exponential and linear decay is indicated by the fitted dashed lines. Error bars

smaller than the size of marks are not shown.

CONCLUSIONS

In summary, we have characterized the effects of high-energy electron beam on PE, PCL,
and P3HT spherulite thin films at room and cryogenic temperatures, through analyzing
quantitatively both SAED and EELS under different electron doses. By distinguishing
signals from crystalline and amorphous phases, beam effects including mass loss and
amorphization have been clearly identified, most of which can be suppressed effectively
by cryo-protection. For PE and PCL, beam effects are initially dominated by radiolysis,
which leads to amorphization as well as lattice expansion. EELS analysis further unravels
the formation of unsaturated polyenyl groups generated by radiolysis of C-H bonds,
providing a feasible mechanism for both amorphization and lattice expansion processes.
At the late stage, both PE and PCL appear to be largely amorphized, with the linear
decrease of the amorphous phase owing to mass loss. On the other hand, P3HT exhibits a
more complicated two-stage damage process at cryogenic temperature, with the side-chain
ordering preferentially damaged before the n-stacking ordering. The suppressed radiolysis
effect in P3HT at cryogenic temperature is also identified, which can be attributed to both
cryo-protection and ultrathin film thickness compared to the inelastic mean free path. At
last, the unraveled damage mechanisms in this work have demonstrated the power of our
quantitative analysis on understanding the detailed beam effects on structure and chemical
bonding of organic solids, which should offer valuable guidance for optimizing TEM
imaging conditions under the controlled electron dose, to achieve pristine sample

information with minimized artefacts.
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