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Using a 300-femtosecond pulsed laser to generate a pulsed electron beam in a modified TEM, we
discover a clear and repeatable reduction in damage to MAPbI3z as compared to conventional
(random) beams delivered at the same dose rates and total doses. For a dose rate of 0.001 e-A-
2.s1 we find a 17% reduction in damage for a pulsed beam with 50.4 + 1.0 electrons per pulse, a
beam size of 245 = 3 um?, and a repetition rate of 500 kHz (2 ps between pulses). The overall
damage increases with increasing number of electrons in each pulse (tested 50, 100, 200, and
400), while decreasing the duration elapsed between each pulse from 4 us to 2 us also produces a
lesser but still significant increase. For a dose rate of 0.01 e-A2.s, a beam consisting of 400
electrons per pulse with 4 us between each pulse causes more damage than a conventional beam,
illustrating a threshold effect. Mechanistic origins centered on thermal and charging effects, as

well as electron-phonon coupling and lattice-thermalization times in MAPblIs, are discussed.
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Comprehensive understanding of high power-conversion efficiencies of hybrid organic-
inorganic perovskites (HOIPs) photovoltaic cells requires elucidation of atomic and nanoscale
properties and behaviors of these materials.®® Structural, chemical, electronic, and dynamic
properties at this scale are accessible with transmission electron microscopy (TEM), but the
stability of HOIPs is such that electron-beam damage can be significant.*’ Indeed, sensitivity of
HOIPs to even low dose rates may limit what can be learned about fundamental
structure/function relationships.®® This damage is thought to occur through a combination of
charging, ionic excitation, and heating leading to ion migration and separation of the organic and
inorganic constituents.'®!* As such, a number of methods, such as cryo-electron microscopy and
low-dose imaging and diffraction, have been used to reduce deleterious beam effects.*?14

Femtosecond (fs) laser-driven and picosecond chopped-beam sources in modified TEMs
offer additional means for mitigating damage.'>*®* These methods employ temporally-modulated
beams, where electrons are delivered to the specimen in discrete pulses with well-defined
durations between each, rather than in the random fashion of conventional sources (e.g.,
thermionic). Indeed, time-dependent aspects of charging and thermal energy, as well as the
dynamic self-healing properties of HOIPs, suggest there may be advantages to delivering dose in
the form of well-timed pulses.>?%?> Here we explore fs laser-driven pulsed TEM for mitigating
damage to HOIPs, specifically methylammonium lead iodide (CH3NHsPblz or MAPbI3). Our
main goal was to determine — all else being equal — if a pulsed beam leads to a reduction in
MAPDI3 damage compared to a conventional beam. Accordingly, we focused on quantitatively
comparing damage caused by pulsed beams to that of conventional thermionic beams at the same
dose rates and the same total doses. We also studied the effects of the number of electrons per

pulse (e/p) and the duration between pulse arrival at the specimen (1, where f is the laser
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repetition rate). We find a clear reduction in damage for pulsed beams compared to random
(thermionic) beams, as well as an apparent exacerbation of damage with increasing instantaneous
dose (i.e., with more electrons per pulse) even with longer time elapsed between the arrival of
each. We also observe a thresholding effect, where pulsed beams become more detrimental than
random beams.

Beam-damage mechanisms in TEM are numerous and often synergistic, necessitating
detailed design and systematic execution of experiments.*#?® Conveniently, fs pulsed lasers in a
stable lab environment afford high levels of control, enabling accurate and precise quantification
of pulsed TEM beam damage.’” An overview of the fs laser-driven approach used here, and the
method for quantifying damage to MAPbIz specimens, is shown in Figure 1. Temporal
regularity of the pulsed electron beam was accomplished using a 300-fs pulsed laser (PHARQOS,
Light Conversion), which confines electron emission to a train of 300-fs windows spaced in time
by f1. The pulse train was generated via the photoelectric effect in a modified TEM (Tecnai
Femto, Thermo Fisher) using ultraviolet laser pulses (hv = 4.8 eV) and a LaBs electron source (¢
= 2.4 eV, Fig. 1a). Dose rate was controlled with both the laser-pulse fluence (which dictates
e/p) and f (which dictates the number of pulses per second and the specimen relaxation time

between each pulse, ).

Page 3 0of 14



. electron
fs laser source

pulses s

ed
- ctrons

ion

to specimen

020 130

Al (10 e-A?) = -19.2%

Intensity (/)

3 6
d'(nm™) Dose (e-A?)

Figure 1. Laser-driven pulsed-beam TEM. (a) Simplified schematic of the electron-source
region. (b) Structure of MAPbIz.>* (c) Bright-field image of the TEM specimens. The
diffraction pattern (inset; scale bar = 5 nm™) was obtained from the red-circled region. (d)
Intensity plot from azimuthally averaging the pattern in (c). Red peaks are those used for
monitoring beam-induced intensity changes. The space group used for indexing was 14/mcm.?®
(e) Bragg-intensity fading curve for a pulsed beam (dose rate = 0.001 e-A2.s’1; beam size = 245

+3 um?; 50.4 + 1.0 e/p; f = 500 kHz). Red curve is to determine Al at 10 e-A2.

Specimens were synthesized by spin coating a 0.3-M solution of MAPbIs with 10%
molar excess MAI in a 4:1 volume ratio of DMF:DMSO onto holey amorphous-carbon grids

(Fig. 1b,c). First, the grid was reversibly adhered to a Si support using a drop of toluene
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followed by heating at 100 °C (1 min.). Next, 0.2 mL of MAPbI3 solution was dropped onto the
supported grid while spinning at 3000 rpm for 2 min. Finally, the grid was annealed at 100 °C (1
hr.). This produced freestanding, polycrystalline MAPbIs islands spanning the 2.5-um holes of
the grids (Fig. 1c,d). Accordingly, each island was 4.8 + 0.2 um? in area. Damage was
quantified using a fading-curve method, where a reduction in Bragg-beam intensities (Al;
indicative of destruction of MAPbIs crystalline order) was tracked as a function of dose (Fig.
1€).%8 Peaks arising from planes with d < 6.3 A were summed and monitored as a function of
accumulated dose. Note Al = (I — lo)/lo, which is the normalized change in intensity relative to
that at nominally zero dose (lo). A dose of 10 e-A2 was used as the reference point throughout.
Comparison of damage caused to MAPbIs by a pulsed beam to that of a conventional
thermionic beam is shown in Figure 2. For a common dose rate (0.001 e-A2.s' for an
illuminated area of 245 + 3 um?), there is a clear reduction in the extent to which the intensities
fade for the pulsed beam under the conditions used for this experiment (50.4 + 1.0 e/p and f1 =2
us). At 10 e-A2 the intensity change for the pulsed beam is -19.2%, while that of the thermionic
beam is -23.2%. This shows that providing temporally-regular pauses in electron-beam
irradiation, thus providing regular periods of specimen relaxation and a reduction in exacerbating
effects (e.g., multi-electron impact within a specific damage radius), leads to enhanced
preservation of MAPbIs structural order compared to conventional low-dose methods. Note that
for pulsed-beam TEM experiments performed on CssH74 and bacteriorhodopsin, the extent to
which damage was reduced was greater than seen here, though evidence indicates the degree of
reduction also depends on f1.171® This suggests the extent to which damage is reduced is largely

material dependent while the overall effect of pulsed beams is a general phenomenon.
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Figure 2. Fading curves for MAPbIs for pulsed (blue; also shown in Fig. 1e) and thermionic
(red) beams delivered at the same dose rate (0.001 e-A-s). Fits to the data are for determining
Al at 10 e-A2. Illuminated area was 245 + 3 um? for both. The pulsed beam consisted of 50.4 +

1.0e/pand f1 =2 ps.

Drawing conclusions from direct comparisons requires control of myriad variables that
influence, interfere with, and overwhelm intrinsic beam-damage behavior (e.g., specimen
thickness, specimen bending, lab temperature stability, specimen and beam drift, etc.). Controls
performed in our lab when conducting pulsed-beam damage experiments are described
elsewhere.!” As an example here, experiments were rejected and repeated when the beam
current, as well as the beam size, differed by more than 1% before and after acquisition of a data
series. Experiments were conducted after observable directional specimen drift ceased. Further,
experiments were rejected if the specimen was found to have directionally drifted more than 1%
of the substrate hole diameter (i.e., 25 nm) between the start and finish of data acquisition. Data

presented here consists of multiple experimental trials conducted over several days.
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To better understand the origins of damage reduction using a pulsed beam, effects of
varying e/p and f* were explored (Fig. 3). Depending upon the mechanisms at work, one might
expect an increase in damage with increased e/p and also with decreased f1.1"° However,
regimes exist wherein benefits gained by having additional specimen relaxation and recovery
time between pulses are lost when simultaneously introducing more electrons per pulse.r’ This
is indeed the case for MAPbIls. For both 0.001 e-A2.s' and 0.01 e-A?.s (Fig. 3a and 3b,
respectively), damage increases with increased e/p despite an increased f* from 2 ps to 4 ps for
the larger electron pulses. This suggests that specimen relaxation and recovery processes at
work during the few microseconds between pulses are overwhelmed by exacerbating effects of
simultaneous or near-simultaneous multi-electron impact within a given damage radius. That is,
additional energy deposited into the already-excited specimen region causes structural damage

that otherwise may have recovered during a single electron event isolated in space and time.
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Figure 3. Effect of e/p and f* on damage to MAPbI; for a total dose of 10 e-A2. (a) Bragg-
intensity reduction for pulsed (blue) and thermionic (therm., red) methods administered at a dose
rate of 0.001 e-A2.st. Time between electron pulses (f1) is shown below the number of
electrons per pulse (e/p). Error bars for 50 e/p, 100 e/p, and thermionic are one standard
deviation over 2, 4, and 2 separate experiments, respectively. (b) Bragg-intensity reduction for
pulsed (blue) and thermionic (therm., red) methods administered at a dose rate of 0.01 e-A2.s™.
Error bars for 200 e/p, 400 e/p, and thermionic are one standard deviation over 2, 2, and 3

separate experiments, respectively.
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As with CsgH7s, a threshold exists for MAPDIs, where a pulsed beam causes more damage
than a thermionic beam (Fig. 3b).!” The instantaneous dose rate for a single pulse of 400
electrons confined to 300 fs (more likely a few picoseconds due to Coulombic expansion)?’
equates to 5 x 10* e-A2.s, assuming uniform illumination across the 245-um? beam area. It is
therefore perhaps surprising that such a beam does not produce substantially more damage than
observed, though the number of electrons per A? per pulse is only 2 x 108. Such a low area
number density suggests that, if cooperative effects are a significant source of damage, the pulse-
to-pulse illumination may not be uniform. Though unlikely here, such a situation could arise
from spatial pulse-to-pulse laser jitter for specimens that are on the order of the size of the beam.
Each pulse may then arrive at different specimen regions despite the time-averaged beam being
uniformly spread. Though the time-averaged reduction in damage for pulsed beams is clear,
pulse-to-pulse behaviors and the resulting specimen effects are largely unknown.

The results in Figures 2 and 3 demonstrate that clear, repeatable differences exist between
pulsed and random beams in the TEM. Evidence suggests that this is driven by temporal
processes that are active on the pulse-to-pulse timescales.>*° Such processes include thermal
effects which, while not yet well understood for electron-beam excitation and damage in
MAPDIz, are important in similar low-thermal-conductivity materials.?>?2¢  The effect of
thermal processes in damage reduction can be appreciated by noting timescales of thermal
diffusion and relaxation in MAPbI; relative to 1. Using known constants,?*3? it is estimated that
thermal energy deposited into a 2.5-um diameter MAPDI3 crystal would largely dissipate into the
carbon substrate within several microseconds. Note, however, that temperature from the
perspective of the entire specimen is likely too coarse a view when considering pulsed-beam

damage mechanisms and temporal aspects of molecular-scale excitations. Nevertheless, this
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estimate indicates thermal-dissipation times are comparable to f, suggesting complete relaxation
prior to a subsequent event is a plausible source of reduced damage.

Timescales of electron-phonon coupling and lattice thermalization are also relevant.
Electron-phonon coupling in MAPbIs films occurs on the order of hundreds of femtoseconds,
while lattice thermalization takes a few picoseconds.®* Owing to the electron-pulse duration,
most or all will arrive within this time frame. Further, increasing e/p generally causes an
increase in pulse duration,?’ thus creating an environment where the likelihood of exacerbating
effects contributing to damage is increased. Systematic pulse duration experiments may shed
light on these effects. Similar arguments can be made regarding specimen charging, charge
dissipation, and electron-pulse durations and timing.

In conclusion, for common total doses and dose rates, we have discovered a regime
where using a pulsed-beam TEM leads to reduced damage to MAPDbI3. The degree of reduction
is enhanced by using pulses with fewer electrons, while the duration between pulses appears to
have a smaller but still non-trivial effect. We also discover a threshold effect, in which pulsed
beams cause more damage than an otherwise identical conventional beam. These results have
fundamental and practical implications, in that fs-laser-driven pulsed TEM offers a combination
of stability and tunability that affords studying specific damage mechanisms in MAPDbI3 as well
as providing structural, chemical, electronic, and dynamic information from less-damaged

specimens.
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