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Abstract: Using a pulsed-beam TEM, we discover a reduction in damage to MAPbI; as
compared to conventional beams delivered at the same dose rates. For rates as low as 0.001 e-A-
2.1 we find up to a 17% reduction in damage at a total dose of 10 e-:A We systematically
study the effects of number of electrons in each pulse, as well as the duration between pulse
arrival. Damage increases for both, though the number of electrons per pulse has a larger effect.
A crossover is identified, where a pulsed beam causes more damage than a conventional one.
Though qualitatively similar to previous findings, the degree to which damage is reduced in
MAPbDI; is less than has been observed for other materials (e.g., CssH7s), supporting the
hypothesis that the effects are material and damage-mechanism dependent. Despite this, the
observation here of damage reduction for relatively large electron packets (up to 200 electrons
per pulse) suggests MAPbI; is in fact less susceptible to irradiation than CssH7s, which may be
related to reported self-healing effects. This work provides insights into damage processes and
durability in the hybrid perovskites and also illustrates the viability of using pulsed-beam TEM
to explore the associated molecular-level routes to degradation, analogous to laser-accelerated
energetic pulsed electron beams and the study of damage to biomolecules, cells, and tissues in

radiobiology.
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Introduction

Comprehensive understanding of high power-conversion efficiencies of hybrid organic-
inorganic perovskite (HOIP) 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, while connections to
photon-induced damage can be drawn.>® Indeed, sensitivity of HOIPs to even low dose rates (~1
e-As") may limit what can be learned about fundamental structure/function relationships and
illustrates the importance of developing new methods for probing degradation and uncovering

new behaviors.%®

For example, damage during electron-beam irradiation 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.'*"

Femtosecond (fs) laser-driven and picosecond chopped-beam sources in modified TEMs

offer additional means for mitigating and studying 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 insights into these
temporal mechanisms that can be achieved by using well-timed pulses.>'”" Accordingly, here

we explore fs laser-driven pulsed TEM for studying damage in HOIPs, specifically

methylammonium lead iodide (CH3;NH3PbI; or MAPbI;). Our main goal was to determine — all

Page 2 of 17



else being equal — if a pulsed beam leads to a reduction in MAPbI; 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 (f*, where f is the laser 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
crossover effect, where pulsed beams become more detrimental than random beams.
Interestingly, the degree to which damage is reduced in MAPbI; is lower than that for CssHya,

supporting the hypothesis that the pulsed-beam effect is material and mechanism dependent.

Results and Discussion

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 MAPbI; specimens, is shown in Figure 1. Temporal regularity
of the pulsed electron beam was accomplished using a 300-fs pulsed laser (PHAROS, Light
Conversion), which confines electron emission to a train of 300-fs windows evenly spaced in
time by f'. The pulse train was generated via the photoelectric effect in a modified 200 kV 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
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dictates e/p) and f (which dictates the number of pulses per second and the specimen relaxation

time between each pulse, f).
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Figure 1. Laser-driven pulsed-beam TEM and quantification of damage to MAPbI;. (a)
Simplified schematic of the electron-source region with pertinent aspects and components
labeled. Adapted with permission from VandenBussche, E. J.; Flannigan, D. J. Nano Lett. 2019,
19, 6687-6694. Copyright 2019 American Chemical Society. (b) Structure of MAPbIs.*
Crystallographic axes are shown in the lower left of the panel. (c) Low-magnification 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
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used for indexing was I4/mcm, though the structure is not yet universally agreed upon.”* (e)
Bragg-intensity fading curve for a pulsed electron beam (dose rate = 0.001 e-A*s™; beam size =
245 + 3 pm?; 50.4 + 1.0 e/p; f' = 2 ps). Red curve is to determine AT at 10 e-A which here is

-19.2%.

Specimens were synthesized by spin coating a 0.3-M solution of MAPbI; with 10%
molar excess MAI in a 4:1 volume ratio of DMF:DMSO onto holey amorphous-carbon grids
(Quantifoil, Electron Microscopy Sciences) (Fig. 1b,c). First, the grid was reversibly adhered to
a silicon support using a drop of toluene followed by heating at 100 °C for 1 min. Next, 0.2 mL
of MAPDI; solution was dropped onto the supported grid while spinning at 3000 rpm for 2 min.
Finally, the grid was annealed at 100 °C for 1 hr. This produced freestanding, polycrystalline
MAPDI; islands spanning the 2.5-pm holes of the grids (Fig. 1c,d). Accordingly, each island was
determined from the bright-field TEM images to be 4.8 + 0.2 pm” in area (error is one standard
deviation from the mean). Damage was quantified using a fading-curve method, where a
reduction in Bragg-beam intensities (AI; indicative of destruction of MAPbI; crystalline order)
was tracked as a function of accumulated dose (Fig. 1e).** Peaks arising from planes with d < 6.3
A were used to monitor damage effects for both beam types (i.e., pulsed and conventional). Note
that AI = (I — I,)/I,, which is the normalized change in intensity relative to that at nominally zero
dose (I,). A total accumulated dose of 10 e-A was used as the reference point throughout.

Comparison of damage caused to MAPbI; by a pulsed beam to that of a conventional
thermionic beam is shown in Figure 2. For a common dose rate (0.001 e-A?%s” for an
illuminated area of 245 + 3 pm?), 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 "' = 2
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ps). At a total accumulated dose of 10 e-A, 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, and 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 MAPbDI; structural order compared to conventional
random-beam 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 f*."*'® This suggests the
extent to which damage is reduced is material and mechanism dependent (perhaps strongly so)

and that the overall effect of pulsed beams with respect to damage reduction is a general one.
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Figure 2. Bragg-peak intensity fading curves for MAPbI; for pulsed (blue; also shown in Fig.
le) and thermionic (red) beams delivered at the same dose rate (0.001 e-A-s). Fits to the data
are for determining AI at 10 e-A?, which here is -19.2% for the pulsed beam and -23.2% for the

conventional thermionic beam (as indicated by the blue and red horizontal dot-dashed lines,
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respectively). The beam was spread over an area of 245 + 3 pm? for both types. The pulsed

beam consisted of 50.4 + 1.0 e/p and f' = 2 s (i.e., a 500-kHz repetition rate).

A number of effects and conditions — in addition to beam-induced damage to crystalline
order — can produce an apparent dose-dependent drop in Bragg-beam intensities. Thus, drawing
conclusions from direct comparisons made across multiple measurements and specimens
requires control of myriad variables that might influence, interfere with, and overwhelm the
intrinsic beam-damage behavior (e.g., specimen thickness and lateral dimensions, specimen
bending under the beam, lab and instrument temperature stability, specimen and beam drift, etc.).
Accordingly, sources of error and artifacts were identified and accounted for via control
experiments and monitoring of experimental conditions. Detailed descriptions of the measures
taken here are reported elsewhere.'" As an example of the requirements needing to be met for
data to be accepted, 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 the finish of data acquisition.
Pre-irradiation was eliminated by navigating specimen movement systematically and ensuring no
two experiments were conducted within two beam diameters of one another. Data presented here
consists of multiple experimental trials conducted over several days.

To better understand the origins of damage reduction when using a pulsed beam, effects
of varying e/p and f"' were systematically explored (Fig. 3). Depending upon the mechanisms at

work, one might intuitively expect an increase in damage with increased e/p, due to more
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inelastic electron/specimen collisions occurring within a given pulse, and also with decreased f',
due to there being less time between electron arrival at the specimen (thus reducing relaxation
and recovery time and increasing the probability of simultaneous or near-simultaneous impact
within a particular damage radius).'"*'® However, regimes do exist wherein the benefits gained
by increasing f" are lost when simultaneously increasing e/p, as observed for CssH7s.'* This is
indeed the case for MAPDI;. For dose rates of 0.001 e-As™ and 0.01 e-A?s™ (Fig. 3a and 3b,
respectively), damage increases with increased e/p despite an accompanying modest increase in f
' from 2 ps to 4 ps for the larger electron pulses. Such an effect was also observed in single
crystals of CisH7s, where going from 1 e/p to 5 e/p had a substantially larger effect on damage
than did decreasing f" from 20 ps to 5 ps.'* Taken altogether, these results suggest that specimen
relaxation and recovery processes that are at work during the few microseconds between pulses
can be overwhelmed by exacerbating effects of multi-electron impact within a given damage
radius. That is, additional energy deposited into the already-excited specimen region causes
further structural damage that otherwise would have recovered — or would have been
exponentially less significant (owing to exponential relationships for reaction kinetics, diffusion

rates, and thermal energy) — 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 MAPDI; for a total dose of 10 e-A2. (a) Bragg-
intensity reduction (AI) for pulsed (blue) and thermionic (therm., red) beams administered at a
dose rate of 0.001 e:A2s?'. The time between electron pulses in microseconds (f') is noted
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 (AI) for pulsed (blue) and thermionic (therm., red) beams administered at a dose rate of
0.01 e-:A-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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In addition to the overall trends shown in Figure 3, a type of crossover or threshold
region exists, where more — rather than less — damage is caused by the pulsed beam as compared
to a conventional beam delivered at the same dose rate (Fig. 3b). Here, such a crossover is seen
when increasing from 200 e/p separated by 2 ps to 400 e/p separated by 4 ps. This behavior
lends support to the hypothesis that it is multi-electron impact leading to compounding effects
that is driving the dramatic increase in damage with increasing e/p.'* In essence, this is due to
additional energy being deposited into already-excited specimen regions prior to full relaxation
back to ground-state conditions. Interestingly, the instantaneous dose rate for a single pulse of
400 electrons confined to a 300-fs window (more likely a few picoseconds due to Coulombic
expansion)® is 5 x 10* e:A2s, assuming uniform illumination across the 245-pm? 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 10®. Though the
time-averaged reduction in damage for pulsed beams is clear, pulse-to-pulse behaviors and the
resulting specimen effects are largely unknown and require additional investigation.

Damage reduction (and increase at the crossover) to MAPbI; when using pulsed-beam
TEM is likely 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 MAPDI; are important in similar low-thermal-conductivity

20,24,26

materials. The effect of thermal processes in damage reduction can be appreciated by

noting timescales of thermal diffusion and relaxation in MAPDI; relative to f'. Using known

constants,”°

it is estimated that thermal energy deposited into a 2.5-pm diameter MAPbI;
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
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when considering pulsed-beam damage mechanisms and temporal aspects of molecular-scale
excitations. Nevertheless, this estimate indicates thermal-dissipation times are comparable to ",
suggesting complete relaxation of increased vibrational energies prior to a subsequent inelastic
collision is a plausible source of reduced damage when electron delivery to the specimen is
strictly temporally controlled.

Timescales of electron-phonon coupling and lattice thermalization are also worth noting.
Electron-phonon coupling in MAPbI; 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 such effects. Indeed, similar arguments can be made regarding specimen charging,

charge dissipation, and electron-pulse durations and timing.

Conclusions

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 MAPbI;. 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 crossover effect, in which pulsed
beams cause more damage than an otherwise identical conventional beam. This constitutes the
first example of these effects for direct-comparison experiments at dose rates commonly used in
low-dose TEM. The findings also support the hypothesis that the behavior is material and

mechanism dependent owing to differences when compared to other materials systems. These
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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 and
durability of MAPDbI;, as well as providing structural, chemical, electronic, and dynamic

information from less-damaged specimens.
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