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Abstract

Due to the high resolutions and high scattering cross-sections accessible using fast
electrons, characterization of electronic materials using transmission electron microscopy
(TEM) is indispensable in applied materials science and engineering. Modern TEMs are
highly versatile, allowing high resolution characterization of structure and morphology,
chemical analysis, beam-induced current mapping or even ultrafast structural dynamics at
high spatial resolution. This dissertation discusses three ways in which pulsed electron
beams can be used to extend these capabilities even further.

First, the push to shrink dimensionality, and the subsequent impact of thermal
effects, has led to the development of methods capable of being used to quantify nanoscale
thermal transport. In order to use pulsed electron beams to determine transient
temperatures at atomic length scales, it is possible to rely upon the Debye-Waller (DW)
effect, in which the attenuation of Bragg scattering is related to atomic thermal energies.
However, other factors, in addition to mean atomic displacements, can affect (and even
dominate) the intensity of Bragg reflections, distorting the measurement. In this work, the
degree to which structural specimen effects impact thermal measurements are
quantitatively studied in order to better facilitate the use of pulsed electron beams to
determine transient specimen temperatures.

Second, the process by which photoexcited semiconductors return to the ground
state consists of a series of strongly-correlated, many-body interactions which overlap in
space and time. Such behaviors have both fundamental and practical implications, which
include insights into the quantum nature of matter and control of device and materials

behaviors in electronic and optoelectronic applications. Because the behavior of collective



lattice oscillations depends on the structural and electronic properties of the material
through which they propagate, coherent acoustic phonons (CAPS) resulting from such
properties can be used as an intrinsic, multi-faceted characterization tool. Indeed, optical
CAP spectroscopy has been used to access depth-dependent structural properties of
materials and buried interfaces, but is limited in its in-plane spatial resolution. In this work,
we demonstrate an analogous CAP spectroscopy using UEM, in which CAP phase velocity
measured in real space is shown to be sensitive to changes in atomic structure. This
facilitates future work in using UEM to access spatially-resolved information about buried
structures and optoelectronic properties via high-resolution, real-space measurements.
Third, the energy with which electrons propagate in the TEM column leads
inevitably to damage, which particularly limits the study of radiation-soft materials such
as organic materials, biological specimens, and any other samples containing low-Z atoms.
In this work, we show that pulsed electron beams can be used to mitigate the damage
caused to organic specimens compared to a stochastically-emitted electron beam. We
demonstrate this effect both in the organic crystal hexatriacontane and in the hybrid metal
halide perovskite, methylammonium lead iodide. Further, the temporal manipulation of
pulsed beams can be leveraged to gain kinetic insights into the processes of beam damage.
We show preliminary results in which the disparate damage rates in perovskites potentially

elucidate a novel step in the damage mechanism.
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temporal emission probability [P(t)] is confined to the pulse duration as described

Figure 2.10 | Photoelectrons per laser pulse generated from the TEM LaBs source as
a function of pulse energy. (a) Representative behavior of the photoelectrons per pulse
for high pulse energies relative to those used to conduct the ultralow-dose-rate experiments.
This plot is provided only as a general example of the overall behavior below the onset of
saturation. (b) Photoelectrons per pulse at the low pulse energies used for the ultralow-
dose-rate experiments reported here. It is important to note that while the data shown in
each panel are self-consistent, variation across the data sets is present. For example, in (),
the number of electrons generated per pulse for a laser pulse energy of 10 nJ was 89 + 14,
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Figure 2.12 | Methods for determining the electron beam size. (a) Directly measured
beam size for a range of intensity values in “LM” magnification mode (black squares). A
polynomial fit to the data is shown in red. (b) Directly measured beam size for a range of
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Figure 2.13 | Representative example of the long-term stability of the pulsed
photoelectron beam over a 24-hour period. The data were obtained by summing the
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from the mean. The slope of the least-squares fit line (red) is -25.7, signifying a drop of
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25.7 counts per hour, or approximately 0.0016% of the mean over 24 hours. To further
emphasize the high long-term stability, the grey box denotes a £0.64% deviation from the
0 T=T 69

Figure 2.14 | Demonstration of specimen spatial stability over a three-hour span. (a)
Bright-field image of a single C36 crystal obtained with a 0.8 nA beam current (recall that
beam currents of femtoamps were used in the damage studies). (b) False-colored
difference image formed by subtracting (A) from a bright-field image of the same crystal
acquired three hours later. The blue areas represent a loss of counts (i.e., area became
darker), and the red areas represent a gain in counts (i.e., area became brighter)............. 71

Figure 3.1 | lllustration of the sensitivity of In to specimen tilt angle. (a) Reciprocal-
space shape function D(q) for a 50- (black) and 120-nm (red) thick crystal having relatively
large in-plane dimensions, such that D(0,0,q;) is plotted versus g., the magnitude of the
reciprocal-space vector component normal to the plane of the foil. Here, g, = 0 is defined
as the center of the specimen. (b) Square of the shape functions shown in (a). The blue
horizontal line at D(q) and D(q)? = 0 is to highlight where Inq goes to zero. (c) Deviation
parameter sg versus specimen tilt angle for the 200 family of reflections. (d) Overlay of (c)
(blue line) onto D(q)? illustrating the angles at which lna goes to zero. Here, the intensity
drops to zero at £0.09° and +0.23° for a 120- (red) and a 50-nm (black) thick crystal,
respectively, as indicated by the red and black horizontal and vertical lines,
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Figure 3.2 | Comparison of in situ thermal measurements of 120-nm thick pc-Al
specimens. Three methods are shown and compared: direct readout of the specimen-
holder thermocouple (black squares), calculation from thermal expansion via diffraction-

ring contraction (red circles), and calculation using the DW effect via changes in I'Zi (blue
0,220

triangles). The data was generated from the 220 Debye-Scherrer ring and represents the
average of five separate DPs acquired in random order. Error bars represent one standard
deviation from the aVerage..........o.vvv it ie it e ceere e e e erenenneneene 2. 8D

Figure 3.3 | Percent change in lxo generated from pc-Al thin-film specimens as a
function of tilt angle. (a) Change in l220 over a range of specimen tilt angles spanning 30°
(x15°). (b) Change in I220 over a range of tilt angles spanning 2° (£1°). For all experiments,
error bars are one standard deviation generated from the average intensity of five separate
DPs obtained in random order of tilt angle. A one-way analysis of variance carried out on
all of the data confirms that the effect of changing tilt angle is statistically significant at the
0.05 level (see Table 3.1). The effect of tilting holds for all Debye-Scherrer rings and does
not fall below the 0.05 level when it is normalized to the subtracted background, total
number of counts, or intensity of any other peak (see Figures 3.6 and 3.7). All patterns
were acquired with a camera length of 250 mm at 200 kV and with an 800-um selected-
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Figure 3.4 | Anomalous changes in Debye-Scherrer-ring intensities with specimen tilt
angle for pc-Al films. (a) Azimuthally-averaged radial profile for 120-nm thick pc-Al
tilted to +£45° (black, red). A profile obtained at normal incidence (0°) is shown for
comparison (blue). Peaks are labeled with the corresponding hkl indices. (b) Magnified
view of the 111, 200, and 220 reflections. The behavior of peak intensity upon tilting away
from normal incidence is denoted With arrowWs..........c.ooov i e, 91

Figure 3.5 | Illustration of the magnitude of an erroneous temperature assignment
using the DW effect. (a) Change in Ix20 as a function of specimen tilt angle shown in
Figure 3.3a. The data is fit with a cubic polynomial, which was used to calculate a
relationship for the error in specimen temperature if one assumed the observed change in
I220 were due entirely to the DW effect. (b) Relationship of error in temperature as a
function of specimen tilt angle, as determined from the polynomial fit to experimental data
shown in (a). As discussed in the text, the relationships here are not universal but rather
are specific to the particular specimen region of interest probed........................... .. 93

Figure 3.6 | Representative rotationally-averaged radial profiles for pc-Al. Each peak
is fit out to six times its FWHM. The red area denotes the subtracted intensity from the
220 peak. The blue area denotes the intensity of the 111 peak............cccevvvvvveinnnnnn 94

Figure 3.7 | Demonstration of effect of normalization on Figure 3.2 data. (a) Percent
change in intensity of the 220 ring versus alpha-tilt angle. Error bars are standard
deviations over five data points. (b)-(d) Percent change in intensity normalized to
subtracted background, 111 peak intensity, and total counts, respectively.................... 95

Figure 3.8 | Effects of in-plane specimen translation on Ix0. (a) Schematic map showing
the extent and direction of in-plane specimen translation for positions 2 through 8 relative
to the reference position 1. The translations were performed with the microscope
goniometer. Each grid square is 10 nm x 10 nm. (b) Change in Iz at each position on the
specimen. The average change in lx2 at positions 2 through 8 are relative to the average
value of Iz at position 1, which is set to zero. All DPs were acquired in random order of
position with a camera length of 250 mm at 200 kV and with an 800-um selected-area
aperture. Error bars are one standard deviation of the average of the five individual
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Figure 3.9 | Effect of changes in specimen height on I220. (a) Percent change in 1220 versus
position in z direction relative to eucentric height, as measured with the microscope
goniometer. All DPs were acquired in random order of z position with a camera length of
250 mm at 200 kV and with an 800-um selected-area aperture. (b) Data shown in (a)
normalized to total counts in each respective image. Error bars are one standard deviation
over five measurements for all data points.............cccoovei i e e e 2. 101

Figure 4.1 | In situ photothermal anneal of a GaAs lamella. (a) Selected-area electron
diffraction (SAED) pattern of a pre-annealed GaAs specimen viewed along the [112]

XVi



crystallographic zone axis. Three Bragg spots are indexed for reference. The light cyan
disk marks the approximate region of the pattern that was azimuthally averaged to obtain
the profiles shown in subsequent panels. (b) SAED pattern of the post-annealed specimen
viewed along the [112] zone axis. The 000 beam is indexed for reference, and the light
magenta disk marks the approximate azimuthally-averaged region. (c) Total-intensity
profile (Bragg and diffuse) of the pre-annealed specimen. (d) Bragg-only intensity profile
(solid blue line and light cyan fill) of the pre-annealed specimen. The total-intensity profile
shown in panel (c) (blue dotted line) is included for comparison. (e) lllustrative comparison
of the pre- and the post-annealed diffuse-only intensity at the same observed scattering
vector as the <111> planes (calculated position shown for reference). Peak shifts from the
calculated position may arise from residual tensile strain or a slight systematic error in the
calibration of the MICIOSCOPE. .. ....iu ettt e e e e e e 105

Figure 4.2 | Demonstration of UEM imaging of CAPs in a free-standing, pre-annealed
GaAs lamella. (a) Representative UEM bright-field image at t = 85 ps (i.e., 85 ps after in
situ photoexcitation). The red rectangle indicates the region within which phonon
dynamics were tracked and quantified. (b) Magnified view of the select region shown in
(). Three select positions (colored lines) at which average image counts were monitored
are shown. Relative positions of the lines are labeled, with the position of the red line set
as the origin. The white arrow indicates the observed direction of the propagating phonon
wavetrain. (c) Average region-of-interest (ROI) image counts at the select positions shown
in (b) as a function of time. Propagation of a single representative phonon wavefront is
highlighted with the dotted line to exemplify how velocity can be determined from such
profiles. The wavefront arrives at the 106-nm and 212-nm markers approximately 16 ps
and 31 ps, respectively, after passing the origin, thus indicating a phase-velocity
magnitude, |vp|, of 6.8 nm/ps for this particular phonon. The fits straddling the dotted line
are simple undamped sine functions and are meant to highlight the localized oscillatory
response arising from the individual phonon wavefront......................................109

Figure 4.3 | UEM control experiments. (a) Representative bright-field UEM image of a
GaAs lamella. The red line marks a region of interest (ROI) used to generate line profiles
for the control experiments. (b) Contrast profiles from the ROI shown in (a) for the same
time point (60 ps) but generated over 45 minutes of total control-experiment time. That is,
the pump laser was not shuttered, but the retroreflector was fixed in position over the entire
experiment time. (c) STCP generated from a control experiment, where the pump laser
was shuttered while UEM images were acquired over a 45-minute duration.............. 113

Figure 4.4 | Control experiment to test for the presence of temporal aliasing. Phase-
velocity dispersion behaviors are shown for a 1-ps step and 5-ps step experiment, as well
as for the phonon behavior shown in V2. Error bars are one standard deviation of 10
separate fitting routines to the associated STCP data...................cccoeveenenennn.n 1156
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Figure 4.5 | Control experiment testing for pulsed laser annealing. Contrast profiles
from the ROI used in this experiment (see Figure 4.3a) during in situ photothermal
annealing at 35 mJ/cm? and a 50-kHz repetition rate. As for the control experiments
discussed above, images were acquired over a 45-minute span. Because the retroreflector
was again fixed in position, the changing profiles are indicative of a specimen which is not
returning fully to the ground state between experimental repetitions, leading to
accumulation of energy and therefore a change in specimen position, orientation, and
morphology with photothermal annealing time................cccoovii i 117

Figure 4.6 | Dynamics and dispersion of CAPs from UEM imaging. (a,b) Representative
UEM bright-field images of a GaAs lamella at t = 375 ps (left) and t = 390 ps (right)
showing the presence of contrast bands arising from propagating CAPs. The red rectangles
mark the position of an ROI from which contrast profiles were acquired, as shown in (c).
The colored arrows highlight two individual CAP wave fronts, and the white arrow
indicates the propagation direction. (c) ROI profiles from the UEM images shown in (a)
(upper plot) and (b) (lower plot). Wavefronts produce a drop in average counts owing to
increased scattering strength and are fit with a peak function to quantify position with time
(colored inverted peak fits to the data). The dashed vertical lines spanning both plots mark
the position of a select wavefront and illustrate the propagating nature of the contrast
feature. (d) Concept of the generation of a space-time contour plot (STCP) from the ROI
profiles. For each UEM image in a temporal series (e.g., t1, to, etc., where each time point
is an individual snapshot), counts are averaged along one spatial dimension of a 2D ROI
to produce a temporal intensity profile with one spatial dimension. These profiles are then
combined into an STCP, where single wavefronts appear as sloped lines revealing speed
and direction (i.e., velocity, v). (e) Select UEM image with ROI indicated (red rectangle),
from which the STCP shown in (f) was generated. (f) STCP spanning from t = -5 ps to
485 ps. Each dark band is a phonon wavefront (the position of a select wavefront is
indicated with the white dashed line). The |vp| of the marked wavefront is 16.8 nm/ps. (Q)
Time-domain vp dispersion behavior determined via STCP analysis from a UEM image
series. Only dark bands which could be accurately fit are included; more details can be
found in Section 4.1.6. Error bars on the data points are one standard deviation of the
average of 10 repetitions of the analysis procedure for the same data....................... 119

Figure 4.7 | As-generated and normalized STCPs. (a) An as-generated STCP. (b) The
same STCP as shown in (a) but with rows and columns normalized by the average of each
respective row and column. An additional smoothing algorithm has been applied to each
data set using Origin for appearance Only..........coooeiii i i e 121

Figure 4.8 | Extraction of CAP v, from STCPs. Orange disks mark the lowest-count
positions along the phonon wavefront feature, and the red line is a least-squares fit to these
points. The slope of the fit lINe gIVES Vp.....o v, 123
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Figure 4.9 | Determination of crystallographic direction associated with CAP
wavefront propagation direction. Shown is a representative UEM bright-field image
superimposed onto the associated SAED (Bragg spots indexed). The diffraction pattern is
rotated clockwise by 88.8° relative to the real-space image to correct for the rotation that
occurs upon changing from imaging to diffraction mode in the TEM. The select ROI for
generating the STCP is shown as a solid red line and extended to guide the eye using the
dashed portion. By placing the direct beam spot (not indexed) on this line, the
crystallographic direction which is represented by the angle of the ROI can be determined.
Here, the angle of the ROI line matches the angle between the direct beam and the (131)
reflection, indicating that the approximate crystallographic direction of the CAPs is the
[132] AIBCTION . .. et et e et e e et e e e e e e e 125

Figure 4.10 | Time-dependent phase velocity (vp) for pre- and post-annealed GaAs.
The data are fit (solid curves) with the single exponential decay function shown in the
upper-right corner of the plot. The asymptotes for each curve (vp0) are indicated with
horizontal, colored dashed lines, and the values determined from the fit are shown. The
error bars on the data points are one standard deviation of the average of 10 separate fits of
the wavefront peaks in the associated STCPs (not shown), and errors on the asymptotic
values for vp o are one standard error of fitsto the vpdata................coceeviieninnnl 131

Figure 5.1 | High-dose example of the Bragg-spot fading-curve method for monitoring
beam-induced damage as a function of accumulated dose. (a) Representative
diffraction patterns (DPs) from a C36 microcrystal as a function of dose (e-A?). (b)
Difference in intensity of the 110 Bragg spots as a function of dose relative to the intensities
at nominally zero dose. Here, Al110 = (l110 - lo,110)/l0,110, Where l110 is the average 110
Bragg-spot intensity at a non-zero dose, and lo,110 is the average intensity at nominally zero
dose. The DPs and fading curve shown here are also displayed in Figure 1 in the main text.
It is emphasized that the example fading curve shown is for a large total dose relative to
the ultra-low dose experiments that were the focus of study..................cooooeviiennin. 140

Figure 5.2 | Method for determining the value of Al110 at a predetermined total dose.
The vertical blue line marks the position of a dose of 0.063 e-A, the black line is the linear
least-squares fit to the data (black circles), and the horizontal red line marks the position of
the value of Al11o at the predetermined dose, as per solution to the equation for the linear
18AST-SUAIES TIL. .. et e e e e 141

Figure 5.3 | Comparison of pulsed and random (thermionic) electron-beam damage
for the same dose rate. Dose rate is 7.8 x 107 e-A2.s’1. Representative (a) pulsed- and
(b) random-beam diffraction patterns of a C36 microcrystal with the 110 Bragg spots used
to generate the fading curves in panel (c) highlighted. (c) Fading curves and least-squares
fits for the pulsed and random beams. The slope of the line fit to the random-beam data is
steeper than that of the pulsed beam by a factor of 1.8. Pertinent specifications are as
follows: Pulsed-beam current and illuminated area were 1.6 + 0.24 fA and 132.4 um?,
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respectively (0.01 zeptoamps per nm?). Random-beam current and illuminated area were
1.6 + 0.22 fA and 131.5 um?, respectively. The pulsed beam was generated with a 300-fs
FWHM pulsed laser operated at f = 10 kHz (f* = 100 ps). The laser pulse energy incident
on the TEM photocathode was set such that the number of electrons per packet was
measured to0 De 1.03 £ 0. 05, ..o 145

Figure 5.4 | Comparison of damage induced by pulsed and random (thermionic)
electron-beam irradiation for the same dose rate. Dose rate is 9 x 10 e-A2.s. Fading
curves and least-squares fits for the pulsed and random beams are shown. The slope of the
line fit to the random-beam data is steeper than that of the pulsed beam by a factor of 1.9.
Pertinent specifications are as follows: Pulsed-beam current and illuminated area were
31.7 + 3.54 fA and 219.4 um?, respectively. Random-beam current and illuminated area
were 32.0 + 3.45 fA and 220.7 pm?, respectively. The pulsed beam was generated with a
300-fs FWHM pulsed laser operated at f = 200 kHz (f* = 5 ps). The laser pulse energy
was set such that the number of electrons per packet was measured to be 1.04 +0.11. ....151

Figure 5.5 | Effect of the number of electrons per packet and the duration between
each packet on damage. (a) Change in l11o after a total accumulated dose of 0.063 e-A2.
Error bars represent the standard error over four separate experiments. All data points were
generated using a pulsed beam, and the same size specimen area was irradiated for each
(within 0.5%). (b) Change in l110 after a total accumulated dose of 0.063 e-A for a pulsed
beam with 20 electrons per packet and f* = 5 us (f = 200 kHz) compared to a random
(thermionic) beam of the same current (0.5 pA) and for the same size irradiated specimen
area (within 1%; same dose rate = 1.8 x 10 e-A2.s). Error bars represent the standard
error over five separate eXPerimMeNtS. .. ... c..iu ittt e e e e e e e 154

Figure 6.1 | Quantification of damage to MAPDbIs. (a) Low-magnification bright-field
image of the TEM specimens (scale bar =5 pum). The diffraction pattern (inset; scale bar
=5 nm™) was obtained from the red-circled region. (b) Intensity plot from azimuthally
averaging the pattern in (a). Red peaks are those used for monitoring beam-induced
intensity changes. The space group used for indexing was 14/mcm, though the structure is
not yet universally agreed upon.}? (c) Bragg-intensity fading curve for a pulsed electron
beam (dose rate = 0.001 e-A2.s%; beam size =245 + 3 ym? 50.4 + 1.0 e/p; f* = 2 ps). Red
curve is to determine Al at 10 e-A2, Which here is -19.2%.........ccoovvvvereeeenversrsienesnns 162

Figure 6.2 | Comparison of pulsed and thermionic beam. Shown are Bragg-peak
intensity fading curves for MAPbI3 for pulsed (blue) and thermionic (red) beams delivered
at the same dose rate (0.001 e-A2.s™%). Fits to the data are for determining Al at 10 e-A~2,
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, respectively). The beam was
spread over an area of 245 + 3 um? for both types. The pulsed beam consisted of 50.4 +
1.0 e/p and f1 =2 ps (i.e., a 500-KHZ repetition rate).............ccceeuveuuiirirneenneennnn, 167
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Figure 6.3 | Effect of e/p and f on damage to MAPDIs for a total dose of 10 e-A2. (a)
Bragg-intensity reduction (Al) for pulsed (blue) and thermionic (therm., red) beams
administered at a dose rate of 0.001 e-A2.s. 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 (Al) 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, FESPECTIVEIY ... . e e e e e e e e e 170

Figure 6.4 | Correlating iodide planar density with damage and beam profile. (a) 0%
iodine peak is the 022 family of planes. lodine is shown in purple and lead in grey. (b)
66% iodine peak is the 020 family of planes. lodine is shown in purple and lead in grey.
(c) 79% iodine peak is the 110 family of planes. lodine is shown in purple and lead in
grey. In (a)-(c), nitrogen, carbon, and hydrogen are not shown in the figure. They are
included in the calculation but affect the % iodine value by 2% or less. (d) Comparison
of damage caused to planes corresponding to different amounts of iodide by beams with
different temporal profiles. Damage is shown in terms of intensity loss compared with the
overall specimen; see Section 6.1.3 for more details. Linear fits are added for illustrative
purposes, to make slope differences obvious, and are not necessarily phenomenologically
correlated to any physical process. Damage caused by thermionic beam shown in red, with
a solid line and solid red triangles. Damage caused by 200 E/P pulsed beam shown in blue,
with a dashed line and hollow blue squares. Damage caused by 400 E/P pulsed beam
shown in blue, with a dotted line and solid blue circles. Error bars are standard deviation
over 2, 2, and 3 independent experiments (for pulsed 200, pulsed 400, and thermionic,
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Figure 6.5 | Demonstration of the two-step mechanism in perovskite damage processes.
(@) Total damage (dark blue, filled circles) is plotted on the same graph as degree of
disparate damage to iodide containing planes (light blue, hollow squares). Note that in this
plot, in both cases, the highest degree of damage is at the top of the plot, which is reversed
from earlier plots in this chapter. Error bars for total damage are standard deviations over
3, 2, and 2 experiments respectively. Error bars for disparate damage are standard errors
of the linear fit. (b) Fading curve for the 020 plane, damaged using a pulsed 200 E/P beam
(blue squares) and a thermionic beam (red circles) both at a dose rate of 0.01 e-A2.s™.
These plots correspond to experiment numbers T10 and P5. Fits are plotted alongside the
data; equation 6.1 was used as the equation of best fit in both cases......................... 178

Figure 6.6 | Effect of beam temporal profile on damage time constants. Plotted is the
ratio between the first and second time constants (variables described further in Section
6.1.3) for each electron beam temporal profile. Each plane from Figure 6.4 is plotted
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separately.  Error bars are standard deviations over 3, 2, and 2 experiments
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Chapter 1 | Introduction

Since its invention in the 1930s by Ruska and Knoll, transmission electron
microscopy (TEM) technology has undergone significant R&D efforts, to the point where
it has become an indispensable tool for materials characterization, in addition to being
useful for studying problems rooted in solid state physics.> The capability of TEM to
produce both real-space (imaging) and reciprocal-space (diffraction) information on the
same specimen has produced myriad discoveries over the decades, allowing the study
through both modes of everything from crystal defects to polymer crystal structure to cell
organelles.**” Work in the 1940s on energy loss in electrons also led to the simultaneous
development of electron energy-loss spectroscopy (EELS) for microanalysis of specimen
chemistry, bonding, and morphology.'8-2!

The usefulness of TEM stems from the fast electrons it uses as a probe. Electrons
accelerated to hundreds of electron-Volts (eV) reach velocities of 55-94% the speed of
light, which renders their wavelength on the order of a few picometers according to the de
Broglie relation. Since according to the Rayleigh criterion, the wavelength of the probing
medium determines its resolution, this translates to a theoretical resolution for TEM that is
1-2 orders of magnitude smaller than atomic radii. However, these fast electrons also
contribute to a primary limitation for TEM: electron beam damage. As fast electrons
collide with specimen electrons and nuclei, they wreak havoc whose nature depends on the
specimen type, acceleration voltage, temperature, and other environmental factors.
Damage limits TEM resolution by causing specimen movement, breaking down specimen

crystallinity and structure over time, and also makes it difficult to draw conclusions about



the material ex-situ as all observations in the TEM are potentially affected. As will be
detailed in Section 1.2, there are myriad mitigation methods employed to reduce damage,
but as of yet it is impossible to eliminate entirely. Ongoing efforts therefore focus on new
and better ways to reduce damage, sometimes by combining methods.

Additionally, TEM in its typical iteration is largely a static technique, with insights
centered on material structure and morphology rather than material behavior. High-
readout-rate cameras have made in situ TEM possible, in which behavior can be studied at
high spatial resolution, but the cameras are limited to microsecond frame rates. Efforts to
extend the temporal resolution of TEM into the nanosecond range and beyond are detailed
further in Section 1.1, and have successfully reached time resolutions in the hundreds of
femtoseconds.

The central theme of the work described in this dissertation is the use of pulsed
electron beams to extend the capabilities of TEM. First, | present work in which pulsed
electron beams are used as the basis of a pump-probe experiment called ultrafast electron
microscopy, or UEM. | will expand upon the existing uses of UEM through investigations
of thermal measurements at ultrafast timescales as well as the demonstration of a real-space
analog to coherent acoustic phonon (CAP) spectroscopy to measure hidden morphology.
Then, | establish the use of pulsed beams to reduce electron beam damage as well as to
elucidate its mechanisms. | finish by providing some conclusions and a view of the next
steps for this work.

In this chapter, I will place this work in the context of TEM instrument development

and lay out the background and motivation for conducting thermal measurements in



ultrafast experiments, and for CAP spectroscopy in real space. | will then describe the
background for beam damage in the TEM in two main material types studied here, aliphatic
organic crystals and metal halide perovskites, and motivate the use of pulsed beams to

mitigate and explore damage mechanisms.

1.1 | Pulsed Beams in TEM: A History of Increasing Time Resolution

1.1.1 State-of-the-art TEM capabilities

Advances in TEM instrumentation can be categorized as having to do with three
distinct dimensions: space, energy, and time. In this section, I will focus on improvements
related to the time domain, but will first contextualize this work by briefly providing
background on the state-of-the-art in space and energy, beginning with advances in spatial
resolution. A major advance making high spatial resolution possible is spherical aberration
correction, which corrects for the inherent difference in the focal distance for electrons
entering the lens at different angles, which cannot be eliminated by clever engineering.?*-
24 The point-spread disk which results after the objective lens in place of a point has been
a major obstacle to accessing atomic resolution.?>>2 |t was suggested and theoretically
demonstrated decades ago that a multipole corrector could be used to reduce the point-
spread function, but only in the late 1990s was the concept actually demonstrated ina TEM,
using two hexapoles and four additional lenses to improve the spatial resolution of the TEM
from 0.24 to 0.14 nm.?"~32 Quadrupole-octopole versions have also been demonstrated, and
correctors can be installed before the specimen to decrease the point-spread disc in

scanning TEM (STEM) mode (probe-corrected) or after to correct image aberration



(image-corrected).?632 Several other solutions, aside from this hardware-based approach,
have been suggested over the decades as well, many of them also relying on technology
that has only recently been sufficiently developed for the solutions to be practical >+ Due
to these technology developments, aberration-corrected microscopy is now commercially
available and accessible in user facilities, allowing regular achievement of 60 pm
resolution, on the order of the Bohr radius (53 pm) in studies on a wide range of materials

in in multiple TEM modalities.?>3%4
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Figure 1.1 | An overview of the capabilities of TEM. High-resolution imaging can be used
to view atomic columns, as demonstrated here in LaFeAsO, where the atomic columns of
the [001] zone axis are clearly visible.*® Scale bar is 1 nm. Diffraction, shown here in the
form of a convergent beam electron diffraction (CBED) pattern, can be used to gather 3D
structural information. Scale bar is 2 nm™. High energy-resolution EELS spectra such as
the one shown here for L-alanine zwitterion are now possible, and in situ microscopy is
used to extend TEM into the millisecond time domain as shown here for the crystallization

of Y2Fes01, from an amorphous YFeO film.*’#8 Scale bar is 2 pm.



Another type of aberration outlined by Scherzer is chromatic aberration, in which
the inherent energy spread in a beam causes variation in focal length due to the non-uniform
wavelength distribution at the lens.?2->* While needle-shaped tips such as field emission
guns (FEGs) emitting without any heating have a small energy spread of hundreds of meV,
chromatic aberrations can still appear as spherical aberration pushes the limit of resolution,
especially in heat-assisted and thermionic tips.?2254%%0 In addition, as will be discussed
below, not all microscopy applications can use FEG tips as some require a broader emitting
surface. Aside from use of a FEG tip, another way to reduce chromatic aberration is to
reduce the energy spread of the beam through a method known as monochromation, which
reduces the energy spread of the electron beam to tens of meV or less.>~>* Several different
designs have been employed to accomplish this, some based on mechanically selecting
electrons of a particular energy, and some based on deflectors which project an achromatic
source image.>®>%? Using this technology, probe sizes, which are closely related to spatial
resolution in high-resolution STEM, have been reduced from about 1-2 A down to less than
78 pm at 300 keV.53% Monochromation of the electron beam not only reduces the impact
of chromatic aberration on resolution but also is very beneficial for increasing the energy
resolution in EELS, enabling analysis of fine spectral features with an energy resolution up
to 4.2 meV.*® This has allowed the development of vibrational spectroscopy in the TEM,
taking advantage of the various spatial scales of vibrational signals to access new
information in a variety of materials, 954626568

Finally, although electron microscopy is typically focused on the properties of a

material rather than its behavior, the extension of TEM into the time domain via in situ



microscopy — beginning with the recording of dislocation motion in the 1950s and
becoming increasingly popular in the 1980s thanks to the many demonstrations of results
by Sinclair and coworkers — shifted this paradigm and allowed new questions to be asked
and answered.®®"* The addition of specialized holders and column modifications enabled
a wide array of external stimuli to be applied to the specimen while observing the result
with the electron beam, from mechanical loading to electrical and magnetic fields to
temperature control to optical excitation to various gaseous and liquid environments.’>-?
In situ microscopy benefits from the same aberration corrector technology as conventional
TEM, with high-resolution recordings of material behavior and even atomic-scale
movement becoming possible.%-%

While the ability to study ever faster processes in situ has long been of interest,
high resolution capabilities have driven this interest further, because the ability to work at
high resolutions increases the necessary frame rate for a given process. That is, features of
interest move very quickly across the small fields of view that necessarily exist at high
resolution, and thus high detector rates are necessary to capture such movement. The desire
to reach higher temporal resolution introduces additional requirements due to the need for
millisecond or faster frame rates. High-brightness sources are needed, where brightness is
defined as number of electrons per unit area of the source or beam, which emit enough
electrons within the acquisition time of a single frame to capture behavior with sufficient
signal in each frame. Related to this is the need for higher quantum efficiency in detectors,

such that all electrons that reach the detector contribute to usable signal.®*!% Detectors

based on complementary metal-oxide semiconductor (CMOS) technology have



significantly improved quantum efficiency (0.7 compared with <0.1 for the more common
charge-coupled device (CCD) detectors) and have technically been shown to reach 1600
frames per second, but is limited in practical applications because of the computer
processing speeds and storage limitations associated with this much data generation and
thus 100s of frames per second is more typical.1°%% The push for faster camera readouts
is also continuous, and each of these former requirements become more stringent as the

accessible frame rate increases.!0*10°

1.1.2 Overcoming Detector-Limited time Resolution: Pump-Probe

Microscopy

While in situ TEM has indeed allowed insight into many time-dependent processes,
many other material behaviors occur on time scales faster than even the best camera
technology can reach. These include phase transformations and interface motion, magnetic
switching, phonons, reactions, electron-phonon coupling, nanomechanical vibrations, and
dislocation motion.1°2! |n order to capture these processes in in situ TEM, the movement
of the feature in question — a dislocation, an interface, etc. — within the acquisition time of
one frame must be less than the intended spatial resolution of the experiment.t?? In other
words, in order to resolve a feature to 10 nm resolution, it cannot move more than 10 nm
during the acquisition time without significantly blurring the image and negating the
resolution. This limits feature motion to velocities of 3 x 10 meters per second for a 300
fps video rate and 10 nm resolution, slow compared to relevant velocities in many of the

processes listed above. Accordingly, in order to overcome detector-limited time resolution,



other approaches must be considered. Figure 1.2 shows a schematic plot of the combined
spatial and temporal extents to which key ultrafast phenomena operate, as well as the range

which can be accessed by fast cameras.
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Figure 1.2 | Hlustration showing approximate spatiotemporal scales for several

representative physical processes. Spatiotemporal resolution reachable by fast-camera-

based in situ microscopy is shown in purple.

The fast cameras discussed above represent one way of achieving high time
resolution — using a continuous signal, the electron beam in this case, with a fast shutter

that captures signal over short time intervals. However, high time resolution can also be
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achieved by exploiting the opposite idea — a continuously open shutter with a pulsed
incident signal. This latter approach is used to push TEM resolution beyond detector limits,
and adopts already-developed techniques for high-speed optical imaging. To understand
this, it is perhaps useful to lay out the analogy to light strobe photography as invented by
Harold E. Edgerton in the 1930s, where instead of using a very fast shutter to capture
processes like bullets traveling, liquids mixing, and athletes moving, a very short and bright
burst of light is used to illuminate the process for only about 30 microseconds (us), such
that the open-shuttered camera can only “see” the process for that 30 ps.*2327 In this way,
the flash of light acts as the shutter, creating still images, frozen in time, of previously
unresolvable processes. In summary, a short, high-fluence pulse is necessary; the number
of photons in each pulse must be enough to create a usable image, and the duration of each
pulse must be such that the motion to be resolved is slow by comparison. In the context of
fast TEM, the use of electron packets follows the same principle — when a packet of length
7 passes through a specimen, it captures the specimen at the moment of interaction, a
moment which is also of length z. That is, if a one-nanosecond-long electron packet passes
through a specimen, it carries information about what the specimen looked like in that one
nanosecond, which is then read by the detector as though the detector shutter was only
open for one nanosecond. The shutter speed necessary to capture the motion depends on
the speed of the motion itself — as with the fast camera discussion above, the motion of the
feature of interest within the duration of the probing pulse must be less than the resolution

of the technique at that magnification. This concept is illustrated in Figure 1.3. Note that
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while the analogy with light strobe photography holds for some discussion, there are some

additional challenges posed by using charged particles as the pulsed probe.

Figure 1.3 | The concept of the use of an electron shutter to image atomic motion is
illustrated. The black lines represent the shape of the electron packet in time, where wider
packets interact with the specimen for a longer time. This is represented by blurring of the
atoms as they move, since the electron shutter is “open” for a longer time. When the
electron pulse is short enough in time, blurring is minimal, allowing clear imaging of the

specimen at a particular time point.

The analogy of electron probe packets to light strobe photography illuminates some
challenges associated with this method. One such challenge is that in order to best
understand material behaviors in time, it is instructive to image more than one timepoint in

the process under study. For example, in the electron packet discussion above, if an
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additional one-nanosecond-long packet passes through 500 ns later, it captures the
specimen at that new timepoint, giving the experimenter information about how the
specimen changed over 500 ns, with a “shutter speed” of 1 ns. However, in order to acquire
this second image separately from the first, a detector readout speed of faster than 500 ns
would be necessary, which, as discussed above, has not been achieved.

An additional challenge highlighted by the analogy to light strobe photography is
that the amount of light — or number of electrons — emitted in a single pulse must be
sufficient to resolve necessary features with adequate signal-to-noise ratio (SNR). In the
realm of electron microscopy, this is a twofold challenge. First, high numbers of electrons
must be emitted from the gun within the short time governed by the desired time resolution.
Second, these electron packets must travel down the column without significant broadening
caused by Coulombic or space-charge effects due to electron-electron repulsion. Space-
charge effects spread the electron packet both transversely and longitudinally, reducing the
accessible spatial and temporal resolution, respectively. In short, overcoming detector
limitations using the electron packet shutter approach requires gathering sufficient SNR
using electron packets and overcoming limited detector readout speeds.

There are two general approaches to resolving these two challenges in fast TEM,
and both make use of the pump-probe approach. In this scheme, a specimen response is
launched by an external stimulus, called the “pump,” and a packet of electrons, called the
“probe,” is used to observe the specimen at some time point, A¢, after the arrival of the
pump. The triggering of such a response at a known point in time allows the temporal scale

of material responses to be measured and the evolution of responses in time to be
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quantitatively observed. The pump-probe cycle can optionally be repeated many times in
an experiment at a frequency known as the repetition rate, which raises the concept of
reversibility. In the context of this work, a phenomenon referred to as reversible is one
where the dynamical process can be exactly repeated at the repetition rate of the
experiment, and fully relaxes between perturbations. The degree of precision of
reversibility required to be considered reversible is determined by the spatial resolution;
for a spatial resolution of 100 nm, the system must return to within 100 nm of its original
state to be considered reversible. Reversibility precision requirements become more
stringent as experiments are conducted at higher resolution. Irreversible processes refer to
those processes that cannot be reverted to their original state within the timeframe dictated
by repetition rate, without introducing additional stimuli into the system. As I will describe
below, this concept forms the distinction between the two main approaches to fast TEM.
There are two methods to achieve high (sub-us) temporal resolution. One approach
is the stroboscopic configuration, where the electron packets are small (1 — 10* electrons
per packet), reducing the need for high bunch-charge generation at the cathode and
reducing space-charge effects, but the signal in a single packet is not nearly sufficient for
images or even diffraction patterns, so the pump-probe process is repeated thousands or
even millions of times per time point Az This leads to long camera acquisition times,
eliminating the readout rate problem. However, this configuration requires that the process
is perfectly reversible within the time scale of the electron-packet repetition. The process

of stroboscopic signal collection is illustrated in Figure 1.4.
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Figure 1.4 | Stroboscopic signal acquisition in ultrafast electron microscopy. An ultrafast
laser pulse arrives at the specimen and excites a response, which decays over a period of
nanoseconds to microseconds. An electron pulse arrives at the specimen some time, 4¢,
later, capturing the specimen response at that time point. This process repeats at time
intervals of 1/f while the CCD shutter remains open, where the same time delay A4t is probed
each time, until sufficient CCD signal is collected to form an image or diffraction pattern
with satisfactory signal to noise. Once the signal collection is complete, the time delay At
is updated and the process is repeated for a different time point. This is completed for each

time point necessary to build up a video of dynamics.

In the second approach, the aptly-named single-shot configuration, a modified
electron gun and electron-optical configuration allows the user to generate very large

packets of electrons (107-10° electrons per packet). This provides sufficient signal in one
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electron packet for an image or diffraction pattern, eliminating the need for repeating the
process and allowing for study of irreversible processes. However, both challenges
mentioned above — the need to generate and propagate high bunch-charge electron packets
and the need for much faster readout times than are available -- are relevant for this
configuration. All fast TEM described in this work will focus on stroboscopic TEM, but
single-shot techniques are included in the brief historical review in Section 1.1.3 for

completeness.

1.1.3 Early Approaches to Fast TEM

In early demonstrations of fast TEM at Moscow State University in the late 1960s,
a pulsed voltage was applied to the modulator of the electron gun, enabling a pulsed beam
with 100 ns time resolution.!*® Later updates using deflecting plates to spatially vary the
path of the beam allowed for 10 ns pulsed beams by using a small aperture to allow only
those passing through the center of the column to be propagated.'?® This technique also
allowed for a pulsed beam repetition rate — or number of electron pulses per second — of
4.1 kHz, allowing for stroboscopic microscopy.'?® Beam deflection was also used by
Bostanjoglo at TU Berlin in the 1970s, where 10-ns temporal resolution was achieved with
spatial resolution of a few hundred nanometers.!® In 1987, an electron-optical flash
technique was reported, increasing the brightness of the pulsed electron beam and allowing
for direct single-shot imaging of nanoscale phenomena. Image deflection technology was
employed to overcome the readout speed limitation — successive images were deflected

onto different areas of the detector to allow only 100 ns between images — and was
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improved further to allow 5 ns exposure times with only about 25 ns between images.*?%-
136 The spatial resolution for these techniques is a few hundred nanometers.**’

In the late 1990s, Bostanjoglo and coworkers incorporated a pulsed laser into their
TEM, where photon pulses were directed onto the electron gun and extracted packets of
electrons via the photoelectric effect, forming a pulsed beam without a need for beam
blanking.*"-1* By combining this with a second pulsed laser directed onto the specimen
to excite dynamics in situ, the time interval between the arrival of the two laser pulses could
be modulated in order to image different moments in the evolution of post-excitation
dynamics.4%-142 This laser pump-probe configuration forms the basis of many modern
nanosecond and ultrafast TEM installations.

The work of Bostanjoglo and coworkers on single-shot nanosecond TEM, or
dynamic TEM (DTEM) was revived and improved at Lawrence Livermore National
Laboratory in the U.S. in the early 2000s. Work on stroboscopic study of materials via a
sub-nanometer-pulsed electron beam continued after Bostanjoglo and coworkers began to
focus on DTEM, including incorporation into scanning electron microscopy (SEM)
systems for noncontact circuit testing — eventually leading to scanning ultrafast electron

microscopy, which will be addressed below — but it was not until the mid-2000s that it was

again applied in a TEM,143-148

1.1.4 Advent of Femtosecond TEM

Although early demonstrations of DTEM extended in situ TEM significantly in the

time domain, many of the processes that drove interest in DTEM, such as electron-phonon
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coupling, nanomechanical dynamics, and structural transformations at the atomic scale still
cannot be resolved on the scale of nanoseconds. In fact, the atomic resolution capabilities
of the TEM described in Section 1.1.1 have driven interest in the ability to extend this to
the timescales on which atoms move, i.e. femtoseconds and below. This grand vision of
watching chemical and material transformations occur on their fundamental temporal and
spatial scales is limited in DTEM by the large minimum electron packet size, although
significant instrumentation development efforts are working to overcome this,110:117:149-152

In response to the goal of imaging atomic processes on the femtosecond scale,
ultrafast electron microscopy was developed at California Institute of Technology
(Caltech) in the late 2000s. Zewail and coworkers had been using stroboscopic pump-probe
ultrafast electron diffraction (UED) to study reversible femtosecond-scale processes, and
as a logical extension of this technique, the ultrafast stroboscopic pulsed laser pump-probe
approach was incorporated into a conventional TEM using updated femtosecond laser
technology.*>*%° This technique, called UEM, pushed the temporal resolution of all TEM
modalities into the sub-picosecond regime, and the use of the stroboscopic approach
enables many time points to be imaged in the same specimen location, meaning that videos
of dynamics can be built up from many images at different time points.*-2® Additionally,
by pushing the number of electrons per pulse into the single-electron regime, completely
eliminating space-charge effects, the full spatial resolution capabilities of the TEM can be
utilized.'®%161 The approach can be extended to diffraction and spectroscopy capabilities
already inherent to the TEM, enabling correlated real, reciprocal, and momentum space

study at time and length scales that were previously impossible.
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To date, work in the Flannigan group has focused largely on stroboscopic UEM.
Thus, it will be the focus of Chapters 3 and 4, the chapters that deal with time-resolved
microscopy. Further details of the Flannigan group UEM at the University of Minnesota
will be given in Chapter 2. While UEM and DTEM are complementary techniques, they
are optimized for different types of materials processes and therefore extending the
temporal and spatial resolutions of both is a worthwhile pursuit. Additionally, extending
both techniques to a more complete parameter space in terms of repetition rates, frame
rates, maximum video lengths, and specimen materials further increases the applicability

of fast TEM to the many open questions in materials science today.

1.2 | Thermal Measurements in Ultrafast Experiments

As devices relying on computer chips continue to shrink even while becoming more
powerful, the increase in power density means that effective heat dissipation is imperative
to avoid severe reductions in efficiency and reliability. Many energy storage and
generation technologies also suffer from heat-related degradation. To complicate matters,
devices increasingly incorporate combinations of materials with disparate thermal
properties, through which thermal transport must be carefully managed. The complexity
and heterogeneity of commercially-relevant systems emphasizes the need for elucidation
of thermal spatial behavior in a variety of materials, including the impact of interfaces and
other morphology. Ultrafast structural techniques such as UEM, UED, and ultrafast X-ray
imaging and diffraction are well-suited to this task due to their high spatial and temporal

sensitivity, and because the pump excitation mechanism often includes some form of
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heating (for example laser heating in laser-driven UEM and UED). These techniques have
thus been successful in furthering visualization of the atomic to microscale structural
responses of materials to ultrafast excitation,}10153-155162-173 However, quantifying thermal
energy at the scales needed to better understand its transport across interfaces and through
nanostructured materials requires what is essentially an extremely high-resolution

thermometer, which has not yet been developed.

1.2.1 TEM In Situ Thermometry Techniques

There are several techniques which have been used to measure thermal energy in
situ in TEMs. The addition of microelectromechanical systems (MEMS) to TEM specimen
holders has made rapid changes in temperature possible with high stability both in terms
of temperature and specimen drift, facilitating a renewed interest in developing methods to
measure temperature in situ at the nanoscale.1’® Temperature in these MEMS devices is
monitored using a thermocouple, but this relies on external calibration and reflects only a
single temperature for the entire specimen. Additionally, the ability to measure thermal
energy during other in situ experiments that do not directly incorporate heating, such as
laser excitation and mechanical testing experiments, would enable quantitative
measurement of temperature-dependent materials properties and thermal stresses. Finally,
this technique is not compatible with stroboscopic ultrafast experiments due to low readout
rates.

Some solutions incorporate temperature measurement into the specimen

preparation, such as depositing thin film thermocouples onto TEM specimens, including
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materials for which melting or evaporation can identify characteristic temperatures, or
incorporating nanotube thermometers where the thermal expansion of a filling material
shifts the location of a meniscus.”>'8" These approaches are effective but indirect, and
therefore require extremely accurate knowledge of nanoscale material properties. Also,
the specimen preparation involved is often prohibitively complex and may unintentionally
alter specimen properties due to the presence of an additional material. This technique is
often limited to certain temperature ranges and materials due to material compatibility and
use of characteristic temperatures. Lastly, it is again not compatible with ultrafast
experiments because the timescale of temperature measurement is long compared with that
of the thermal phenomena being studied.

As of yet, the most effective way to glean transient thermal information from UED
and UEM experiments is through the analysis of time-dependent changes in the specimen
diffraction pattern (CP). A common approach is to use the coherent, elastically-scattered
electrons in parallel- or convergent-beam diffraction.6%182-18 (Use of incoherent diffuse
scattering is also possible and has been explored, including by Flannigan group
members.8%19%) Specific to the oft-used parallel-beam geometries, changes in Bragg-spot
or Debye-Scherrer-ring positions are sometimes used, but peaks are often broadened in
ultrafast experiments due to limited coherence, sample quality, and pattern ellipticity,
making precise determination of small position changes challenging. As a more accessible
alternative, intensities are frequently analyzed, as they are typically the most easily

quantifiable parameter for commonly-employed digital detectors.
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1.2.2 Debye Waller Effect

One particularly well-known process that can give rise to changes in coherent beam
intensity is the Debye-Waller (DW) effect. For electron scattering experiments, the DW
effect can be used to describe the intensity modulation of diffracted beams due to
temperature-dependent atomic displacements from an average crystal lattice position. In
essence, a DW exponential factor incorporated into the atomic scattering factor accounts
for the uncertainty in the atomic lattice position due to isotropic, temperature- and time-
dependent oscillations (note that the DW factor is necessarily a higher-order tensor for
anisotropic oscillations).

An expression for the relative intensities of coherent diffracted beams with respect

to the DW effect is shown in Equation 1.1.

Ik exp ( ant <U2>-(u2>0> (1.1)

lo ki 3 i
Here, lna is the integrated intensity of an hkl diffracted beam, (u?) is the mean-square
atomic displacement (to which the DW factor is proportional), lon and (u?), are the
intensity and displacement reference values (respectively), and dna is the interplanar
spacing of the atomic planes giving rise to the hkl beam under consideration. Though a
seemingly simple expression, an appreciation for the complexity of the effect can be gained

by noting the following: (u?) is dependent on both temperature and atomic mass (thus

illustrating that the DW factor is also temperature dependent), =%~ is dependent on the

|
lo,hki
square of the electron scattering vector — which in turn is sensitive to changes in interplanar

spacing and bond lengths (illustrated by Bragg’s law, for example), and lattice
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imperfections (in addition to atomic vibrations) also contribute to the incoherent scattering
signal. To illustrate one facet of the overall complexity, Equation 1.2 shows the
dependence of (u?) on temperature and atomic mass for a monatomic solid such as

aluminum.®*

(u) = @[@] (1.2)

m

Here, 7 is the reduced Planck’s constant, m is the atomic mass, D is the dynamical matrix
of the crystal (which pertains to the allowed phonon frequencies for a given wave vector),
k is the Boltzmann constant, and T is the temperature.

In ultrafast scattering experiments, the DW effect is frequently invoked to explain
transient reductions in coherent-beam intensities arising from photoexcitation of phonon

modes and commensurate increases in (u?). Therefore, measurement of the transient

response of % can provide insight into fundamental time-dependent materials properties,
0,

such as electron-phonon and phonon-phonon coupling behaviors, photothermal effects,
and phase-change dynamics.1%-2% Care must be exercised, however, because factors other
than changes in (u?) can also significantly affect coherent-beam intensities.8204-206 QOne
such effect is elastic deformation caused by photothermal expansion, which can result in
significant changes in specimen orientation via a variety of motions that may not occur
uniformly across the probed region of interest,26:116:160202207-212 Thjs can lead to a change
in I through, for example, modulation of the deviation parameter (i.e., the degree to which
the intersection of the Ewald sphere deviates from the center of the reciprocal-lattice

position) and also by changing the specimen region being probed.?*®* Such effects can
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overwhelm intensity changes arising from a change in (u?), as will be illustrated in Chapter
3.88205214 1mportantly, such photothermal deformations can be induced on the order of
hundreds of femtoseconds to picoseconds, and speed-of-sound elastic strain waves can
propagate several nanometers in hundreds of femtoseconds.!16:210:215-218 Thys, the myriad
effects that can contribute to changes in Ini — in addition to the DW effect — must be
identified, quantified, and deconvolved in order to conduct precise ultrafast measurements
meant to provide new insights into intrinsic materials properties and to accurately inform

and guide theoretical development.

1.3 | Coherent Acoustic Phonon Spectroscopy

1.3.1 Post-Photoexcitation Energy Dissipation in Semiconductors

This section seeks to provide basic theoretical context for the work described in
Chapter 4. As it is not an exhaustive review of post-excitation dynamics or thermal carrier
behavior, interested readers are encouraged to see references 209 and 219 for more detail.
There are two main thermal carriers in solids: electrons and phonons. Electrons are the
primary energy carrier in metals, and phonons in all other solids, but as will be described
below, the thermal behavior of both types of carriers is linked. Electron and vibrational
state energy levels are well-described by quantum mechanics in single atoms or molecules,
but in energetically stable solids such as the crystals studied here, these discrete energy
levels form semi-continuous bands. The dispersion relation which describes these bands
can also be used to understand the properties of materials; for example, the filling of

electronic bands at zero temperature defines metallic or insulator behavior. At nonzero
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temperatures, the filling of bands by electrons and phonons is described by Fermi-Dirac
and Bose-Einstein statistics, whose exact distribution is strongly related to the energy in
the system.219220

Super-bandgap ultrafast photoexcitation of semiconducting materials strongly
shifts this distribution, inducing a cascade of strongly-correlated, many-body interactions
as the system returns to the ground state.??>?22 The process is initiated via absorption of
photon packet energy into the electron density of the specimen, which occurs within tens
of fs. The result is a dense, high-energy bath of charge carriers whose properties depend
on electron screening in the material and the density of states.??® This excited population
of electrons transitions — typically within a few picoseconds — to atomic-scale structural
responses via carrier-lattice coupling and excitation of optical phonons. The exact timing
of this process depends again on the density of states and the degree to which electrons are
excited within or between bands (intra vs. interband transition).?24-226

The generation of structural motion (i.e., phonons) through coupling with the
electron distribution occurs via either deformation potential or thermoelasticity
mechanisms. Note that electrostriction and the inverse piezoelectric effect are also
mechanisms for phonon generation but are not relevant to the material systems studied
here. During excitation of phonon branches via deformation potential, the electron
population is redistributed causing changes to electron orbital overlap, which then affects
covalent bond strength. Thermoelasticity is related to thermal expansion, in which bond
kinetic energy is increased causing deformation of the crystal.??’ As the latter mechanism

occurs upon temperature change, and the former occurs simply through electron
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distributions, which may or may not be related to temperature, realistic generation
mechanisms are a mixture of thermoelasticity and deformation potential.?®®?% Once an
excited phonon population is generated, phonon-phonon coupling ensues over tens of
picoseconds, wherein initial population of discrete phonon states decays through excitation
of lower-energy optical and acoustic modes. Resulting from this is a non-equilibrium
population of propagating CAPs, the precise transient behaviors of which are influenced
by the intrinsic electronic and structural properties of the material, as well as the specimen
boundary conditions and the manner of excitation.26:209.211:229,230

These interactions all overlap significantly in both space and time and influence
one another as they do, making them difficult to fully explicate. However, as mentioned
above, transient decay behavior is closely related to specimen morphology (which
determines boundary conditions) and specimen structural and electronic properties. This
suggests that elucidation of individual events, such as generation of certain phonons, can
provide considerable insight into the material under investigation, especially as specific
phonons may travel through the bulk of the specimen or across its surface and thus be
influenced by spatially-inhomogeneous properties such as interfaces and buried structures.

This is the principle behind CAP spectroscopy, which will be explored in the next section.

1.3.2 Phonons as a Characterization Tool

Owing to the associated nanoscale structural perturbations, all-optical time-domain
spectroscopic methods conducted in a pump-probe reflection geometry can be used to

elucidate transient CAP responses.?! With these techniques, depth-dependent information
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can be gathered and used to generate insight into underlying electronic and structural
behaviors via the acousto-optic and optoelectronic properties of the material.*?> Indeed,
this approach has been used to study a range of varied structures, including ion-implanted
crystals and nanoporous thin films, radiation-damaged materials and polycrystalline
texturing, and non-periodic structures and morphologies of plant and animal cells.?33-242
Due to the often discrete and heterogeneously-distributed nature of surface,
interfacial, and compositional structure and morphology, combining real-space imaging
with ultrafast probes would better enable determination of local transient responses and,
thus, the resulting impacts on bulk intrinsic properties. All-optical techniques, such as
time-domain Brillouin scattering, enable depth-dependent and in-plane imaging with
nanometer and micrometer spatial resolutions, respectively 232-235238.243244  \Whjle
sufficient for probing structures with commensurate native length scales, imaging
nanoscale in-plane dynamics and the associated impact of variable morphology and
composition with these techniques is challenging. Importantly, UEM is well-suited for
imaging in-plane nanoscale dynamics on picosecond timescales.?>>¢":245 |ndeed, UEM
has been used to directly image both in-plane and z-direction CAP dynamics (e.g.,
nucleation and launch, propagation, and time-domain phase-velocity dispersion) with
combined nanometer-picosecond spatiotemporal resolutions,26:116:120.211212.229230  £yyrther,
ultrafast parallel- and convergent-beam diffraction can also be conducted with UEM, thus

enabling correlative studies of unit-cell and nanoscale structural dynamics in reciprocal

and real space, respectively, on the same specimen region,160:185188.212230 = AJ| of these
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factors would make an analogous CAP spectroscopy technique in UEM particularly useful

to advancing materials characterization.

1.4 | Electron Beam Damage

1.4.1 Radiation Damage in Organic Materials

In TEM, structural damage caused during electron-specimen interactions results in
significant degradation of spatial resolution, which ultimately limits the quality and the
accuracy of the information obtained. Indeed, the progression of damage during exposure
leads to uncertainties in agreement between the acquired data and the intrinsic (i.e., artifact-
free) properties of the material. The specific nature of the damage and the overall degree
to which it occurs depends on a number of variables; including the electron-beam
characteristics, the specimen properties, and the experimental requirements.?*® In so-called
“soft” specimens such as organic and biological materials, damage is often extensive
(relative to metals or archetypal semiconductors, for example) and occurs through
radiolysis, sometimes called ionization damage.

During radiolysis, an incident electron scatters inelastically when colliding with
specimen electrons, leaving behind extraneous energy in the specimen. In the case of
paraffins, which are the material used in this work, the specimen imparts 37 eV on average
to the specimen, with a spread of anywhere from a few eV or less to around 100 eV.?¥
The approximate threshold for a specimen electron to be impacted by this collision to the
extent that causes damage is 4.8 eV, although lower amounts of energy may cause some

excitation.?*’
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Upon collision, the specimen electrons may be excited into higher-energy states or
may be ejected from the specimen atom electron cloud entirely, leaving behind ions or free
radicals in the specimen. Free radicals may combine with other nearby free radicals, which
can travel along long-chain paraffins to form cross-linking bonds, and this crosslinking
causes additional bending of the chain resulting in overall crystal thinning.?*® Broken
bonds left behind by ejected electrons may lead to severing of chains, after which resulting
light hydrocarbons or hydrogen molecules may no longer be stable in the solid state and
may therefore diffuse to the surface of the specimen and evaporate into the microscope
column, causing mass loss in the specimen. Both of these processes also cause loss of
crystallinity and therefore Bragg peak intensity fading as the order in the organic crystal is
degraded.?*®249 The ejected electrons themselves become what are known as secondary
electrons, which may continue to travel out of the specimen, leaving behind a positive
charge in the specimen, or continue to collide further with other specimen electrons.

Excited specimen electrons will of course decay back to their ground state,
accompanied by phonons or Auger electrons due to the conservation of energy. Auger
electrons behave similarly to secondary electrons, in that they can either be ejected from
the specimen entirely or continue to collide further with specimen electrons. Secondary
and Auger electrons are estimated to cause over 80% of the damage to organic specimens
during radiolysis.?*” The primary reason for this outsized impact is the high scattering
cross section associated with these electrons; while incident electrons impact the specimen
with 200 keV worth of energy, and therefore have a relatively low likelihood of scattering,

and an even lower likelihood of scattering inelastically, the Auger and secondary electrons
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carry on the order of tens of eV in energy, corresponding to very large scattering cross
sections and therefore a likelihood of not only scattering inelastically but doing so multiple
times.?82°0251 Phonons that accompany specimen electron return to the ground state are
essentially local heating, which while overall specimen temperature increases are not likely
to occur in any measurable fashion, lead to significant elevation of local energy. Valuable
to note here is that the local thermal energy in the specimen significantly impacts the
likelihood and extent of beam damage in general. For example, increasing temperature by
only 1 K can cause damage to increase by 3%, and an increase of 9 K can increase damage
by 28%.2°2253 This implies a non-linear and cumulative relationship between local damage
events that overlap spatially and temporally. This concept will be explored in more detail
in Chapter 5.

Though the factors and the mechanisms associated with beam damage are
numerous and multi-faceted, a number of practical approaches have been shown to
significantly reduce negative effects of radiolysis.?®* For example, cryogenic methods
operate by holding the specimen at reduced temperatures during exposure in order to lower
diffusion and kinetic reaction rates, to reduce mass loss, and to minimize the impact of
beam-induced thermal effects, especially for poorly-conducting materials.?>>2° This has
led to significant advances in the ability to study highly-sensitive specimens, such as soft
matter and biological structures, at sub-nanometer spatial scales.?>2%° Radiolysis in
particular can also be reduced by going to higher accelerating voltages owing to associated
lower inelastic scattering cross sections, though a commensurate decrease in overall

254

scattering signal also occurs. Minimizing exposure of the specimen to electron
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irradiation via low-dose and low-dose-rate methods and the use of conductive coatings and
substrates have also proven beneficial.?612% Further related to controlling damage through
dose, the method of dose fractionation, which is based on the acquisition of fast, multi-
frame scans or brief, stroboscopic multi-image series, has been shown to be a viable

approach for minimizing beam-induced artifacts.?°6-2%8

1.4.2 Beam Damage and Degradation in Halide Perovskites

Comprehensive understanding of high power-conversion efficiencies of metal-
halide perovskite (MHP) photovoltaic cells requires elucidation of atomic and nanoscale
properties and behaviors of these materials.?%®27% Structural, chemical, electronic, and
dynamic properties at this scale are accessible with TEM, but the stability of MHPs is such
that electron-beam damage can be significant, while connections to photon-induced
damage can be drawn.?’*2® Indeed, sensitivity of MHPs to even low dose rates (~1 e-A-
2.5y 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.2’4-2®

Additionally, MHPs continue to experience structural instabilities when exposed to
stimuli such as thermal heating, electrical bias, light irradiation, or exposure to
moisture.?’+27-282 \While significant efforts are under way to limit these instabilities, they
are not yet well understood and pose a significant limitation to commercialization.?"828%-

307 parallels have been drawn between the degradation mechanisms under several of these

stimuli, especially heat and UV radiation, and those observed during TEM experiments,
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indicating that a more thorough understanding of electron beam damage may aid in gaining
insight to stability issues in other, more industrially relevant contexts,?’3:276:290.308:309
Additionally, morphological features, especially those visible in the TEM such as local
defects, grain boundaries, phase disorder, and localized strain, have been shown to
negatively impact stability.?"#31%-37 On the other hand, the use of directed electron beam
damage to fabricate novel nanostructures has been suggested.3%3318 For all of these reasons,
elucidating electron beam damage and the conditions under which it is mitigated can be
useful to the intelligent design of perovskite-based electronic devices in addition to being
valuable for fundamental science.

Electron beam damage in perovskites proceeds according to a combination of
mechanisms. The organic components in the material experience radiolysis, explained in
more detail in Section 1.4.1. Displacement or knock-on damage is also relevant, in which
incoming electron collisions with specimen atomic nuclei transfer sufficient energy to
introduce point defects into the specimen. Buildup of positive charge through emission of
secondary electrons or Auger electrons, as described above, is also especially destructive
to specimens that rely on ionic bonding.?”® Investigation of beam damage mechanisms is
still in progress, including through work described in this thesis, but some understanding
of the process has begun to come to light in recent years. Generally, it 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.?’®3° In MAPbIs, the most
commonly studied MHP and the one on which this work will focus, iodide ion migration

is generally considered to be the main component of defect migration due to its low barrier
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to diffusion.2°3% lodide migration is coupled with migration and evaporation of the
methylammonium cation, which experiences radiolysis and is weakly bonded to the lead-
iodide cage.?’®?® The existence of specimen charging or an applied electric field
accelerates the rate of ionic migration, posing an additional issue in both TEM and
photovoltaic device settings.??°2013% Finally, the MHP entirely decomposes into a Pbl;
structure, which can be detected in the diffraction pattern. Heating-induced structural
transformations may also play a role in degradation of the specimen under the electron
beam.32

A number of methods, such as cryo-electron microscopy and low-dose imaging and
diffraction, which have been shown to reduce deleterious beam effects.®?7328 Cryo-electron
microscopy is especially helpful for damage that stems from phase transformation and also

reduces ion diffusion rates.?’®

Low-dose imaging simply reduces the total number of
incident electrons and therefore reduces the number of damaging collisions. Reducing
accelerating voltage and therefore reducing incident electron energy can prevent knock-on

damage, but also reduces spatial resolution and increases radiolysis.?%

1.4.3 Pulsed Beams as Damage Mitigation

Transfer of energy from an incident electron to a material initiates a cascade of
structural and electronic excitations, each of which is active within a characteristic
temporal window.?>® Accordingly, interesting questions can be posed pertaining to the
feasibility of taking advantage of the temporal aspects of dose delivery in order to mitigate

damage. Indeed, self-healing has been implicated in the recovery and the dose-rate-
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dependent damage thresholds observed for inorganic materials, hybrid metal halide
perovskites, biomolecules, and tissues.?’+*2%3% In light of this, delivering dose in a
segmented fashion with a well-defined duration between each packet of electrons is a
potentially intriguing approach to reducing or even circumventing the negative effects of
certain damage mechanisms. Interestingly, the effects of pulsed-electron irradiation on
damage to tissues, cells, and biomolecules is studied in the field of radiobiology, often by
utilizing femtosecond (fs) pulsed-laser plasma accelerators.®323% In electron microscopy,
the potential benefits of using a pulsed electron beam to mitigate damage have been
speculated upon for decades.1%1%433¢ Further, though not attempting to leverage relaxation
or self-healing, proposals for extending the concept of diffract-before-destroy to TEM have
also been discussed.®¥7-34% In this approach, sufficient information would be acquired
before any damage has occurred by using a single, brief, large number-density electron
packet. Unlike X-ray photons, however, electrons in such a dense packet will experience
significant Coulomb repulsion, which will degrade coherence and limit image
resolution. %1 This unwanted effect necessitates the use of high energies and/or post-
emission recompression schemes,162:342-344

In order to systematically test the effects on damage of using a pulsed source in the
TEM, and especially for direct comparisons to conventional methods, one ideally would
have an extremely high level of control over key aspects of the discrete electron packets.
Such aspects include the number of electrons in each packet, the duration of each packet,
the time between each packet, and the number of packets per unit time. As will be

described in more detail in Chapters 2 and 5, implementation of fs laser-driven
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photocathodes and picosecond chopped beams in TEMs provides such control, and a few
intriguing observations noting potential damage reduction when using a pulsed source have
indeed been reported,110:154163345-348 Eor example, diffraction-spot intensities from crystals
of copper 7,7,8,8-tetracyanoquinodimethane and polyethylene oxide under pulsed-beam
illumination from a laser-driven photocathode were observed to be stable over inordinately
long continuous exposure times.®**30 More recently, apparent mitigation of damage was
observed in MgCl, when using a segmented beam consisting of picosecond electron
bunches, each regularly spaced in time by ~160 ps (i.e., a repetition rate of 6 GHz).*!
However, as in pulsed-beam radiobiology studies, the precise effects on damage of pulsing
the beam, and the relationship with dose rate, are largely unknown.®? Indeed, no study
has yet determined the fundamental effects of precisely delivering each individual electron
to the specimen with an extremely well-defined and highly-tunable time between each.
Further, under such finely-controlled conditions, no direct comparisons have been made to

conventional low-dose methods for precisely the same dose rate and the same total dose.

1.4.4 Pulsed Beams as a Kinetic Tool

In addition to the mitigation strategies discussed above, femtosecond (fs) laser-
driven and picosecond chopped-beam sources in modified TEMs offer additional means
for mitigating and studying damage.349-313%33%  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,
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as well as the dynamic self-healing properties of MHPs, suggest there may be insights into
these temporal mechanisms that can be achieved by using well-timed pulses.?’1:333:334.35
To clarify the potential usefulness of a carefully-timed pulsed beam in elucidating
damage mechanisms, it is instructive to consider the full cascade of damage events in time.
Figure 1.5 illustrates this schematically, giving approximate timelines for many different
damage events which may affect various specimens. As described briefly in Section 1.4.2,
the incoming electron may excite or eject specimen electrons, or it may collide with a
specimen nucleus and move it to an interstitial or even remove it from the specimen entirely
at specimen edges. The dissipation of related heat and charge, along with diffusion of

defects, is the longest-lived result of an incoming electron collision.

Diffusion

Electron Electron and lattice

e iy, €XCitation  thermalization Heat dissipation

electron
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Electron lon migration

ejection Bond reforming and

cross-linking

Figure 1.5 | Schematic of cascade of damage events. An incoming electron can collide
with either specimen electrons or nuclei and initiate a cascade of events that begins in the
first few femtoseconds and continues for microseconds before the energy from the collision

is fully decayed.
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These events are not independent; they overlap in space and time and impact one
another significantly. As one example, the presence of local heating may significantly
change diffusion rates, and as another, the distribution of electrons and phonons determines
time constants for the many-body interactions occurring throughout. If each incoming
electron (or, more accurately, each one that causes damage within a given radius of
influence) initiates some version of this cascade, it can be imagined that where in time the
subsequent electron arrives would significantly impact the details of its cascade.
Therefore, exploiting properties of pulsed electron beams - in which carefully timed
electrons can be sent to interact with the specimen at somewhat pre-determined points in
this timeline - could lead to new insights into damage mechanisms, especially at the fast
timescales which are difficult to study by other means.

In using pulsed electron beams to study beam damage, the pulsed beam serves the
role both of the initiator and the probe for the damage events. The use of pulsed electron
beams as an initiator of reactions for study is well established; such experiments have been
done for decades on polymers, gases, inorganic materials, and more.8”-36-3%6  There are
also cases in which pulsed e-beams have been used both as the initiator and the probe, for
example in annealing of ion-implantation damage in semiconductors or in synthesis of
silicon dioxide nanoparticles, although these studies do not focus on kinetics and the probe
is generally confined to post-mortem analysis.®**"3° To my knowledge, varying the
temporal profile of pulsed electron beams to study the kinetics of radiation damage has not

yet been attempted.
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Chapter 2 | EQuipment & Methods

This chapter details the experimental methods and equipment operation necessary
to achieve the experimental results described in this dissertation. 1 will begin by discussing
the specimen preparation needed for each set of experiments; the order follows that of the
chapters. 1 will then describe the equipment used in the University of Minnesota UEM lab,
which consists of a TEM and a femtosecond laser, as well as the basics of operation that
are specific to the lab (general TEM operation and use of laser optics is not described here).
Finally, 1 will describe the characterization of TEM and UEM experimental parameters.
Further details of individual experimental parameters are given in the Experimental

Methods sections of each chapter.

2.1 | Specimen Preparation

2.1.1 Aluminum

All aluminum specimens were deposited onto 200-nm-thick holey silicon nitride
membranes (Ted Pella, 21535), which were plasma cleaned with a 4-to-1 mixture of argon
and oxygen for two minutes prior to deposition. The membranes were 0.5 x 0.5 mm square
with 2.5-um diameter holes distributed at a 10-pum pitch. Aluminum was sputter deposited
from a target (AEM, >4N purity) onto the cleaned substrates to a thickness of 120 nm under
argon at a rate of 8 nm/min using DC magnetron sputtering in an AJA ATC 2000 Sputter
System. This resulted in continuous film coverage of the entire membrane. Five individual
specimens were prepared in separate sputtering depositions so that experimental

repeatability and statistical significance could be determined; this also enabled the
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incorporation of the effects of random error in the analyses (e.g., associated with
fluctuations in holder temperature and microscope conditions). Figure 2.1 displays the
structural characterization, as well as a corresponding grain-size distribution,
representative of the specimens. Grain-size and grain-number analyses were performed on
several regions of all specimens using an automatic particle-measuring function, as well as
the multi-point and area-measurement tools in Fiji.>"* In this way, the average grain size
in area was found to be 600 + 350 nm?, and the average number of grains within the
membrane areas was 4.2 + 0.1 x 108 (the error is one standard deviation of the average).
An 800-um diameter selected-area aperture was used, giving an illuminated area of 398

um? and illuminating 6.3 + 2.4 x 10° grains.
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Figure 2.1 | Characterization of a representative pc-Al TEM specimen. (a) Parallel-beam
diffraction pattern (DP) acquired with a camera length of 200 mm and with an accelerating
voltage of 200 kV. The diameter of the selected-area aperture was 800 um. (b)
Corresponding bright-field image of a portion of the pc-Al specimen shown in (a), shown
at high magnification to render particles distinguishable. The diameter of the objective
aperture was 100 um. (c) Grain-size distribution determined from the image in (b). Sizes
are plotted in terms of area due to variation in characteristic particle lengths depending on
direction of measurement. The histogram bin size is 146.7 nm? (set by choosing to have
15 total bins), and the distribution is fit with a lognormal function (solid blue curve) having

a mean of 600 + 350 nm?2. The error is one standard deviation of the fit.

2.1.2 Gallium Arsenide

The GaAs lamella was prepared from a bulk, undoped 100-oriented GaAs crystal
(MTI Corporation) using FIB milling and a lift-out procedure (FEI Helios NanoLab G4
dual-beam FIB). First, a diamond-cleaved section of bulk GaAs crystal was adhered onto
an aluminum SEM stub (Ted Pella 12.7mm, 16111N) and placed into the specimen loading

stage of the FIB. After appropriate FIB system alignments, a rectangle (30 x 5 x 2 um, 750
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pA) of platinum was deposited onto the crystal surface. Then, two 30 x 8 x 8 um trenches
were cut into the material using ion bombardment, with the trench depths 2 um apart.
Smaller trenches were cut closer to one another to thin the middle section. Finally, the lift-
out tool was welded to the upper right corner of the thin middle section, and trenches were
cut to release part of this section from the rest of the crystal. The cut section was then
welded to a copper half-moon grid (Ted Pella PELCO, 10FIBCO05) and thinned further.
Due to minor issues with SEM alignment, the typical dog-bone or dumbbell shape could
not be achieved and the resulting GaAs lamella (100 nm thick) was instead a relatively flat
cantilever. While ion bombardment is typically the final step to finish a FIB specimen, this
step was not completed to maximize the amorphous layer resulting on both the top and
bottom of the GaAs lamella. Upon inspection in the TEM, the specimen was oriented
along the [112] zone axis (i.e., the incident electron wave vector in the electron microscope

was parallel to the [112] crystallographic direction).
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Figure 2.2 | Gallium arsenide specimen preparation. (a) SEM micrograph of GaAs crystal

after trenches are milled. For scale, the trenches are 30 um wide. (b) lon beam image of
specimen just before liftout procedure, in which the liftout tool (shown in the upper right
corner) will be welded to the nearest corner of the thin section, after which the last piece
holding the section in place (upper left corner) will be cleaved. For scale, the trenches are
30 um wide. (c) SEM micrograph of GaAs lamella welded to copper grid (right). Thinning
has been completed on the right half of the lamella. (d) lon beam image of specimen shown
in (c), in profile. For scale, the thin part of the specimen is about 100 nm thick. (e) Bright
field TEM image of specimen after insertion into specimen holder. Dark lines are bend
contours, used to measure CAPs as they travel through the specimen during UEM

experiments. More details on this in Chapter 4.

The FIB-prepared GaAs lamella was photothermally annealed in situ using a diode-
pumped, solid-state Yb:KGW pulsed laser (Light Conversion PHAROS, 300-fs pulse
duration full-width at half-maximum, fwhm). Pulse duration was measured with a

scanning autocorrelator (Light Conversion GECO). The train of laser pulses was directed
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onto the specimen via alignment through an optical periscope integrated into the side of
the UEM (more on the UEM instrument below). The repetition rate (50 kHz; 20 ps between
pulses) and pulse fluence (35 mJ/cm?; estimated spot size of 120 pm, fwhm) used to anneal
the specimen were such that complete thermal dissipation between pulses did not occur,
thus resulting in an elevated steady-state temperature (see the Supporting Information for
an experiment that confirmed this). The laser wavelength was 515 nm (hv = 2.4 eV)

generated with a harmonics module (Light Conversion HIRO).

2.1.3 Hexatriacontane

Hexatriacontane specimens used in the beam damage experiments (detailed in
Chapter 3) were prepared by drop casting a solution of C36 (Fluka Analytical, 98% purity)
in decane (Acros, 99+% purity) onto a copper grid with a 12-nm-thick amorphous carbon
substrate (Electron Microscopy Sciences, Q225-CR4), upon which the solvent was allowed
to evaporate in air. A conductive support grid was used in order to reduce the effects of

beam-induced specimen charging.?6:372
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Figure 2.3 | Representative hexatriacontane specimen. (a) Bright field image showing two

overlapping C36 microcrystals near a grid bar. (b) Indexed diffraction pattern of the [001]
crystallographic zone axis, typical of the hexatriacontane specimens used in the

experiments in Chapter 5.

Specimen thickness may affect the damage rates in some organic crystals.283.373374
Thus, determining the thicknesses of the C36 microcrystals studied here was deemed
critical for making direct comparisons between pulsed- and thermionic-beam experiments.
However, owing to the extreme beam sensitivity and softness of the microcrystals, it is
generally challenging to directly measure thickness either during or immediately before the
beam-damage experiment without modifying the structure in a way that could affect the
outcome. Measuring crystal thickness after the beam-damage experiment also poses a
challenge due to potential mass loss, though this is likely to be minor owing to the low
doses and low dose rates studied here. A useful and important feature of C36 microcrystals
is that thickness varies by integer multiples of the c-axis unit-cell length.®+375376 Thys,

intact crystals will vary in thickness by n-(c-axis length), where n =1, 2, 3, etc.
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In order to rule out any influence of thickness on observed differences in damage between
the pulsed and thermionic beams, a variety of methods were used to determine the
distribution of thicknesses of C36 microcrystals. Thus, the overall likelihood of conducting
experiments on crystals of significantly different thickness was established. One method
involved measuring the thicknesses of a large number of C36 microcrystals using atomic
force microscopy (AFM). The crystals were prepared in the same manner as those used in
the beam-damage studies. The center thicknesses of 107 individual, isolated (i.e., non-
overlapping) microcrystals were recorded. Of this set, 106 were found to be 19.1-nm thick,
while one was found to be 23.8-nm thick, thus indicating the specimen preparation methods
produce a nearly monodisperse thickness distribution.

Other methods employed here made use of the behavior of Bragg-spot intensities
with thickness, mainly following work by Dorset.3’® One such approach relies on the
systematic change in Bragg-spot intensity ratios of the 110 and 200 families of planes with
C36 crystal thickness (i.e., number of stacked unit cells along the c-axis direction). Though
mainly a qualitative measurement, it does allow one to determine if two specific crystals
of interest are of approximately the same thickness. For example, for the pulsed and
thermionic diffraction patterns shown in Figure 5.3, the l200/l110 ratios were 1.12 and 1.18,
respectively, indicating the thicknesses were nearly the same. Dorset has also shown that
an n-beam dynamical description is most appropriate for modeling Bragg-spot intensities
from C36 crystals.3"®3"" Indeed, the results of this work demonstrated that forbidden peaks
readily appear in C36 crystals that are at least 24-nm thick. As no forbidden peaks were

observed in the diffraction patterns analyzed in the beam-damage studies reported here, it
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is likely that all specimens were less than 24-nm thick, as indicated by the independent
AFM measurements.

Dynamical scattering can contribute to allowed Bragg spots as well. Further,
because the structure factors of particular reflections for C36 are more affected by n-beam
scattering than others (e.g., the 220 and 310 compared to the 120, respectively), and
because such scattering is a function of thickness, analyzing intensity ratios of such Bragg
spots is another way to determine crystal thickness.3’® The results of applying this method
here are summarized in Figure 2.4. By comparing calculations of Bragg-spot intensity
ratios from data reported in Ref. 376 to the experimental data reported in Figure 5.3 (for
example), it was found that the thicknesses for both C36 crystals match, within error, the
expected values arising from crystals that are 19-nm thick. Taken altogether, the results of
the methods used here make it reasonable to conclude that the vast majority of C36
microcrystals formed using the described preparation methods were of uniform thickness
(i.e., 19 nm), and that the likelihood that beam-damage experiments were conducted on

microcrystals of differing thicknesses is low.
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Figure 2.4 | Measured and calculated Bragg-spot intensity ratios for select reflections from
crystalline C36. Individual data points represent the values of l220/1120 (black squares) and
Is10/l120 (red circles) as a function of C36 crystal thickness (in number of unit cells)
calculated from data reported by Dorset.3’® The error bars represent the estimated standard
error based on the accuracy of the analysis technique and the estimated accuracy of
digitizing the data from the source graph. The horizontal lines correspond to the intensity-
ratio values measured here from the diffraction patterns shown in Figure 5.3, as generated
with a thermionic (dotted) and a pulsed (dashed) beam. Note that red horizontal lines

corresponding to the Is10/l120 ratio overlap with one another.
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2.1.4 Methylammonium Lead lodide

Polycrystalline methylammonium lead iodide specimens were synthesized by spin
coating a 0.3-M solution of MAPDbI3 with 10% molar excess MAI in a 4:1 volume ratio of
DMF:DMSO onto holey amorphous-carbon grids (Quantifoil, Electron Microscopy
Sciences) (Figure 2.5b). 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 MAPbIs 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 MAPDI3
islands spanning the 2.5-um holes of the grids (Figure 2.5b). Accordingly, each island was
determined from the bright-field TEM images to be 4.8 + 0.2 um? in area (error is one
standard deviation from the mean). It is clear from the diffraction pattern (Figure 2.5b
inset) that while the specimens are not single-crystalline, they also certainly are not
polycrystalline as such a designation is typically imagined. The diffraction patterns are
consistent with a small number of crystallites (on the order of tens) of various orientations

appearing within the selected area aperture.
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Figure 2.5 | Polycrystalline methylammonium lead iodide specimen. (a) Structure of
MAPDI3.3"®  Crystallographic axes are shown in the lower left of the panel. (b) Low-
magnification bright-field image of the TEM specimens (scale bar =5 um). The diffraction
pattern (inset; scale bar = 5 nm™) was obtained from the red-circled region. (c) Intensity
plot from azimuthally averaging the pattern in (b) inset. Red peaks are those used for

monitoring beam-induced intensity changes (see Chapter 6 for more details). The space
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group used for indexing was 14/mcm, though the structure is not yet universally agreed

upon.1'2'277

2.2 | Pulsed-Beam/Ultrafast Electron Microscope

The Flannigan Group UEM is a recently-developed, unique instrument built at the
University of Minnesota in the basement of Amundson Hall. It consists of a PHAROS
femtosecond pulsed laser system (Light Conversion) and an FEI Tecnai Femto TEM
(Thermo Fisher Scientific), which will be described individually below. This equipment
can be operated as a standard TEM, as shown in Chapter 3, as a pump-probe stroboscopic
UEM, as shown in Chapter 4, or as a standard TEM with a pulsed electron beam, as shown
in Chapters 5 and 6. Setup and characterization of the microscope in both of the latter
configurations will be described in detail below. Figure 2.6 schematically shows the

integration of the laser into the TEM.
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Figure 2.6 | Schematic of integration of laser into TEM. (a) Photo of TEM in Flannigan

UEM lab with entry points of pump laser (green) and probe laser (purple) marked with

arrows. A closer view of the periscopes on the outside of the TEM is shown in Figure 2.8.

(b) Schematic showing pump-probe scheme in action, where laser pulses, shown in green,

are directed onto the specimen to excite a material response. After a certain time At, an

electron packet arrives at the specimen to probe the response, eventually registering on the

detector. The probe pulse is generated by the fourth harmonic laser extracting a packet of

photoelectrons from the cathode, as shown below in Figure 2.9. The temporal spacing

between electron pulses and pump pulses is the same, and is the inverse of the laser

repetition rate f.
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2.2.1 Femtosecond Laser System

As described in Section 1.1.4, one method of pulsed-electron-beam generation is
the use of an ultrafast pulsed laser to extract packets of photoelectrons from the cathode of
a TEM. The laser used in this work was a femtosecond-pulsed Light Conversion PHAROS
with 6 W maximum power, repetition rates (inverse of time between laser pulses) up to 1.1
MHz, and maximum pulse energies of 200 pJ. Itis diode-pumped and based on a Yb:KGW
solid state lasing medium which produces a fundamental wavelength is 1030 nm,
corresponding to a 1.2 eV photon energy. Upon exiting the PHAROS, the beam is directed
to a harmonics module where it is frequency doubled and tripled to produce 515 nm and
343 nm beams. The laser then traverses a home-built optics path to reach the TEM, in
which dichroic mirrors are used to separate the beam paths of the different wavelengths.
The 515 nm beam is split such that part of it is used as the pump for the specimen (the 343
nm and 1030 nm beams can also be used for this purpose, but are not done so in this work),
and part of it is frequency doubled once again to produce a 258 nm line using a beta barium
borate (BBO) crystal (Eksma Optics). This resulting fourth harmonic is sufficient to
overcome the work function of the TEM cathode, which is made of lanthanum hexaboride
(LaBs), so is directed to the upper periscope of the TEM to act as the probe line.

In order to achieve a variable-delay pump-probe scheme, the time between arrival
of the pump pulse and probe pulse must be controlled. This is done using a mechanical
delay stage (PRO165LM-1000, Aerotech) which is one meter long and equipped with a
retroreflector, leading to a 6.7-ns range of time points that can be accessed in fs

experiments. The overall path of the laser on the lower laser table is shown in Figure 2.7.
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Upon direction to the top table, the laser is directed toward periscopes mounted on the
outside of the TEM, inside which are two mirrors which direct the probe and pump lines
into the gun and specimen regions of the TEM, respectively. The integration of the laser

into the TEM will be described further in the following section.

\ Dichroic mirror <=  Converging lens A =1030 nm

\ Fixed-plane mirror \ Beam splitter A=515nm A=257.5nm

PHAROS
ps laser

4

BBO

Delay Stage [ -

Figure 2.7 | Schematic diagram of the lower laser table. The PHAROS outputs a first
harmonic of 1030 nm which is frequency doubled using the HIRO. The first harmonic is
split from the second harmonic and directed along the delay stage. The second harmonic
is split such that half of the beam travels a collinear path with the fundamental frequency.
The second beam is frequency doubled to a fourth harmonic. Both beams are directed to a
top table which only has plane mirrors used to direct the beams to the height of the entry
ports on the TEM (shown in Figure 2.6). The fourth harmonic is sent to the gun for
photoelectron extraction and the first harmonic is used for specimen excitation.
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2.2.2 Transmission Electron Microscope and Integration

All experiments described in this work were conducted with a 200 kV FEI Tecnai
FEMTO transmission electron microscope (Thermo Fisher Scientific) equipped with a
Gatan OneView 16 megapixel CMOS camera (Chapters 4-6) or a Gatan Orius SC200B 4
megapixel fiber-coupled CCD camera (Chapter 3). The Tecnai FEMTO is equipped with
a conventional thermionic electron gun and Wehnelt triode, and in almost all ways operates
as a standard TEM. However, some modifications are made to accommodate laser-driven
pulsed beam and ultrafast electron microscopy. A custom graphite-encircled LaBs cathode
(Applied Physics Technologies) is used for all experiments. The LaBs is truncated such
that the emissive surface is flat and 50 um in diameter, increasing the contact area of the
probe laser with the cathode. The graphite ensures that emission occurs mainly from the
flat LaBe region and not from the shank, and it seems to also improve photoemission
stability compared to bare LaBe cathodes, though experiments still need to be conducted
to explicitly test this. A larger Wehnelt aperture (1.5 mm compared to a standard 0.7 mm
aperture) is also used. A custom 1250- um condenser aperture is also available in place of
the standard smallest condenser aperture. These two modifications increase collection
efficiency of electrons in low-beam-current experiments, although they do cause a
reduction in spatial coherence.

The Tecnai FEMTO is equipped with two optical periscopes integrated into the side
of the column. The upper periscope, highlighted in Figure 2.8, provides optical access to
the LaBs cathode such that femtosecond (fs) laser pulses can be used to generate discrete

packets of photoelectrons from a room-temperature (i.e., not heated) source. The lower
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periscope similarly provides optical access to the specimen region where 515-nm pulses
are used to excite specimen dynamics. Both periscopes contain two adjustable mirrors for
laser alignment upon entry into the microscope, as well as lenses positioned just before the
periscope to control beam characteristics. The final mirror in both cases is internal to the
TEM, which due to space constraints in these regions necessitates a precise alignment

procedure to achieve spatially-consistent illumination of the cathode or specimen.
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Figure 2.8 | Thermionic 200 kV TEM modified for laser-driven pulsed or pump-probe

operation. (A) Photograph of the modified TEM highlighting (red rectangle) the optical
periscope with which the fs UV laser pulses are directed onto the LaBe electron source.
The fs laser system is behind the laser safety curtain to the left outside the frame of the
image. (B) Close-up view of the optical periscope highlighted in (A). Denoted in the
image are: (1) The optical periscope assembly. (2) An external focusing lens mounted on
a 3-axis positioner. (3) Micrometers for manipulating one of the internal mirrors.

Direction of the incident UV pulses is indicated by the light-blue arrow.

The pulsed electron beam generated using this technique mainly differs from a

standard thermionic electron beam in the probability profile of electron emission. This is
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demonstrated in Figure 2.9. This holds true for the pump-probe experimental scheme and

is particularly important for the pulsed beam experiments, for reasons which will be

explained further below.
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Figure 2.9 | Generation and characteristics of the pulsed electron beam. (a) Schematic of
the source region of the modified TEM. The fs laser pulses enter through an optical port

and are directed onto the source to generate timed electron packets. These are then
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accelerated and directed to the specimen using conventional methods. (b) Schematic
illustration of the shape of electron pulse emission probability. Distribution follows a
Gaussian shape to match the character of the laser pulses during laser-cathode contact
(here, 300 fs FWHM). Probability of emission is functionally zero outside of laser-cathode
contact because of lack of cathode heating. (c) Concept of controlled, precisely-timed
electron emission compared to conventional random (thermionic) emission for the same
beam current. The laser repetition rate (f; pulses per second) dictates the time between
electron emission (f*) for the pulsed approach. Laser-pulse energy is tuned to select the
desired number of electrons, and the temporal emission probability [P(t)] is confined to the

pulse duration as described above.

Fine alignments of the probe laser are generally straightforward as long as the beam
is aligned somewhat with the final mirror such that is directed onto the gun assembly. If
not, this must be done by opening the column and aligning the laser while not under
vacuum. If the laser beam contacts the Wehnelt assembly, it will extract photoelectrons
which are visible on the camera when the cathode is cool. From there, periscope internal
mirrors can be manipulated such that the beam travels through the Wehnelt aperture onto
the cathode, using the illumination of the Wehnelt via extraction of electrons as a guide.
Wehnelt electrons should generally not be used as probe electrons as the Wehnelt assembly
is several hundred microns further down the column than the cathode, leading to a time

delay between Wehnelt electrons and cathode electrons.
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Pump alignments are somewhat more complex and in the context of this work are
done by observing the burning of a Quantifoil (Electron Microscopy Sciences, Q225-CR4)
carbon substrate on a copper TEM grid. When burning creates high contrast this technique
is simple and effective — if burning not centered on the grid is observed, the periscope
mirrors can be manipulated to center the pump laser on the specimen. However, in the
absence of high contrast, or when a specimen (rather than a blank Quantifoil) is inserted in
the specimen holder, this process is challenging to complete consistently. Work is under
way in the Flannigan group to create a more robust and efficient procedure for such
alignments.

Automation of the camera and delay stage allow users to conduct a UEM pump-
probe experiment remotely, reducing total experiment time and reducing movement of the
operator in the lab which can contribute to instability. The details of automation are
described elsewhere®’® but briefly, one computer is used to control the laser and the optical
delay stage, and another is used to control the TEM including the camera. The operator
generates a list of time points according to the experimental needs, and sometimes
randomizes them (further discussion of time order in Section 4.1.4). The spacing of time
points is determined by the time resolution expected for the experiment (e.g., 1-ps time
resolution means the frames can be a minimum of 1 ps apart) and the total length of the
experiment is determined by experimental stability and the length of the decay process
being explored. For each time point, the delay stage is moved to a given time point, and

the camera begins acquiring. The camera shutter remains open until sufficient SNR is
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acquired (acquisition time determined in advance by the operator), upon which the laser

computer begins to move the delay stage to the subsequent time point.

2.2.3 Pulsed Beam Dose Rate Characterization

The dependence of electron beam damage on dose rate and other imaging
conditions can vary widely, and therefore in order to conduct beam damage experiments,
it is vital to ensure imaging conditions are consistent across all experiments, and especially
for directly-compared experiments. Thermionic beam current was controlled primarily
using the cathode heat-to value. At times, spot size (i.e., the C1 condenser-lens setting)
was changed slightly to fine-tune the beam current, but this was kept as close to the largest
spot size of one as possible in order to ensure consistency and to maintain similarity to the
relatively large photoelectron beam spot size used here. Pulsed photoelectron beam current
was controlled by varying the fs UV laser pulse energy, which was used to finely control
the number of electrons generated per laser pulse (Figure 2.10), and via the laser repetition
rate (f, pulses per second), which was used to control the number of discrete electron
packets generated per unit time. While the overall linear behavior shown in Figure 2.10 is
typical when operating well below the space-charge (i.e., saturation) limit, the precise
values of the slope and the intercept can be highly variable from one LaBs cathode to the
next, and even from one experiment to the next.1®%161341 Though the factors are likely
numerous and highly synergistic, it is reasonable to assume the sources of variability
include the changing condition of the cathode surface (e.g., composition, morphology),

variation in the laser focusing conditions on the cathode, variation in laser alignment onto
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the cathode, etc. Additional details specific to Figure 2.10 are given in the caption. In light
of this, care was taken to ensure each individual experiment, and each set of directly-
compared experiments, were self-consistent and consistent, respectively. For example, the
photoelectrons per laser pulse were measured and adjusted both before and after every
experimental run, and the experiment was rejected and repeated if the difference was larger
than the random error of the measurement. No reliance was placed on a predetermined
quantitative relationship (i.e., a universally applied calibration curve) between the UV laser

pulse energy and the measured number of photoelectrons generated per pulse.
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Figure 2.10 | Photoelectrons per laser pulse generated from the TEM LaBe source as a
function of pulse energy. (a) Representative behavior of the photoelectrons per pulse for
high pulse energies relative to those used to conduct the ultralow-dose-rate experiments.
This plot is provided only as a general example of the overall behavior below the onset of
saturation. (b) Photoelectrons per pulse at the low pulse energies used for the ultralow-

dose-rate experiments reported here. It is important to note that while the data shown in
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each panel are self-consistent, variation across the data sets is present. For example, in (),
the number of electrons generated per pulse for a laser pulse energy of 10 nJ was 89 + 14,
while in (b), the number was 20 £ 1 for a pulse energy of 12.3 nJ. The reason for this is
that the data sets were acquired in separate trials. Though the qualitative behaviors will be
consistent (e.g., linear response in the relatively low pulse-energy regime), variations in
LaBe photocathode condition, precise laser alignment onto the photocathode, and the
precise laser focusing condition onto the photocathode all are expected to cause variation
in the absolute photoelectron values. For all experiments, the incident photon energy was
4.8 eV (fourth harmonic of the 1.03-pum fundamental wavelength of the Yb:KGW fs laser),
and the pulse duration was 300 fs FWHM for the fundamental beam (i.e., lower bound for
the UV pulses). The error bars represent one standard error over ten separate

measurements.

Two methods were used to measure beam current. Method 1 consisted of using a
Faraday cup integrated into the specimen holder (Gatan 636.MA double-tilt liquid-nitrogen
holder) and connected to a 486 Keithley PicoAmmeter. Method 2 consisted of using the
Gatan OneView CMOS camera to determine the counts per unit time and then conversion
of this value to a number of electrons per unit time via a known scintillator calibration
factor; note the calibration factor for the OneView camera is integrated into the software
such that the number of electrons in the image is displayed. While it is reasonable to
assume that the beam current measured with Method 1 can be directly related to the beam

current used to irradiate the specimen, the geometry of Method 2 is such that the
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relationship between the beam current at the specimen and the beam current at the detector
must be determined. This was accomplished by determining the ratio of the number of
electrons per unit time (N) measured with Method 2 (detector; Nget) and Method 1 (Faraday
cup; Nraraday) at several laser-pulse energies (and therefore several beam currents). The

results of such an experiment for Nget/Nraraday are shown in Figure 2.11.
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Figure 2.11 | Comparison of beam current measurement methods. Number of electrons
per unit time measured at the detector (Nget, Method 2) relative to the number of electrons
measured at the specimen with a Faraday cup for the same amount of time (Nraraday, Method
1) for a range of laser pulse energies incident on the TEM photocathode. Error bars

represent the standard error over 10 separate measurements.
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Figure 2.11 demonstrates that, for the same lens settings and projection-system
conditions, approximately 98% of the electrons measured at the specimen plane with the
Faraday cup are incident on the detector. A t-test at all laser pulse energies tested indicates
there is no statistical difference between the two measurement methods to 95% confidence.
Note that the t-statistic between the ratio data in Figure 2.11 and the value of 1 does not
correspond to p < 0.05, indicating to 95% confidence that there is no statistical difference
between the two forms of measurement. Also note that the overall variability was
dominated by random error in the Faraday cup measurements (Method 1); measurements
with the Faraday cup had up to 5% standard error, while those using the detector (Method
2) had a standard error of less than 1%. The result in Figure 2.11 and the statistical
equivalency to 95% confidence indicates it is reasonable to approximate the beam current
measured at the detector as the beam current incident on the specimen. Another critical
benefit to using Method 2 is the significantly increased sensitivity relative to the Faraday
cup and picoammeter; the low random error and high sensitivity relative to the Faraday
cup method enabled accurate and precise measurement of the number of electrons per laser
pulse — down to the lowest of one electron per packet studied here.

Accordingly, method 2 was used to monitor beam-current stability and to determine
dose and dose rate for all experiments reported here. This was specifically accomplished
by condensing the beam such that it fell entirely on the detector, which was then followed
by acquisition of ten images with the same exposure time as the experiment of interest.
The total counts for each image was obtained using Digital Micrograph 3. Ultra-Value

Analysis was used to identify outliers in counts caused by (for example) X-ray detection.
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This resulted in rejection of no more than one image in a particular set of 10 (typically all
10 could be used). For each of the usable images, the total electron counts were divided
by the image acquisition time to get the electrons per unit time, from which the mean and
standard error were determined. The number of electrons per each individual packet could
then be determined by noting the laser repetition rate (f), which dictates the number of
discrete packets generated per unit time.

Because the electron-beam size may influence the observed damage behaviors, and
because it is a key parameter for calculating dose and dose rate, it must be determined
accurately and applied uniformly for direct comparisons to be made.®%32 For some
experiments, the use of a small beam size (via a small condenser aperture) enabled the
beam area to be directly measured. This was done by acquiring an image of the beam at
the relevant intensity value and using a Hough transform to calculate the radius. When the
beam shape was not circular, an edge-finding algorithm and numerical integration was
used. When area could not be determined using a Hough transform or numerical
integration (e.g., because portions of the beam fell outside the detector), three additional
methods were used (Figure 2.12). For one method, an image of the beam was acquired in
“M” magnification mode (i.e., standard TEM operation mode; nomenclature specific to
FEI instruments) at all intensity values where the entire beam was visible on the detector,
and the area was determined as described above. The relationship between intensity and
beam size was then plotted and fit with a polynomial. Another method consisted of
repeating this process but in “LM” magnification mode (i.e., low magnification mode in

which the objective lens is turned off; nomenclature again specific to FEI instruments),
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enabling a wider range of intensity values to be directly measured. The difference in beam
size between the “LM” and the “M” modes was determined, and the average value was
used to scale the “LM” sizes to the “M” mode. A third method consisted of comparing
total counts for a beam imaged entirely on the detector to the counts for a spread beam. By
comparing the counts in these two measurements, the proportion of the spread beam falling
on the screen can be determined. The area of the spread beam can then be calculated using

geometrical arguments despite not being entirely captured on the detector.
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Figure 2.12 | Methods for determining the electron beam size. (a) Directly measured beam
size for a range of intensity values in “LM” magnification mode (black squares). A
polynomial fit to the data is shown in red. (b) Directly measured beam size for a range of
intensity values in “M” magnification mode (black triangles). A polynomial fit to the data
isshown inred. (c) Calculated beam size as a function of intensity value for three different
methods over the intensity range of interest: (1) Fit to directly-measured “LM”-mode data
(black). (2) Fit to directly-measured “M”-mode data (blue). (3) Geometrical approach

based on the ratio of total to measured counts (red).

As can be seen from Figure 2.12c, there is good agreement between the “M”

magnification method and the ratio of counts method. The “LM” magnification method
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was therefore not used. By comparison with similar measurements done with smaller
condenser apertures (and therefore under conditions wherein a larger range of intensity
values could be directly measured), it was consistently found that both of the retained
methods were accurate to within the error of the counts measurement and the Hough
transform — about 2% and 1%, respectively — at the intensity values used in all experiments
(i.e., 50% to 60%). Thus, the intensity ratio method for beam-size determination was used
for all experiments owing to the ease with which multiple measurements could be quickly
performed. This method was typically repeated several times during a given experiment
and at least once at the beginning of every experimental run. It is important to note that
treating the beam shape as circular was found to be a reasonable approximation when a
condenser aperture of 200 um or smaller was used, which was the case for all experiments
reported here.

Finally, in addition to controlling for beam size, effort was made to ensure the beam
had the same convergence angle in both thermionic and pulsed modes. This was done by
ensuring the laser was well-aligned with the center of the LaBs cathode and that the beam
illuminated the entire cathode surface as uniformly as possible. In this way, use of the
same lens settings and alignments in the illumination system for both modes of operation
resulted in the same beam behavior. This was checked and verified by finding the optimal
alignments through standard procedures in both modes and then comparing the resulting

lens settings, which were then confirmed to be the same.
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2.2.4 Pulsed Beam Stability

Instrument and lab-environment stability were especially critical to the successful
execution of beam damage experiments discussed in Chapters 3-5, as the lowest-applied
dose rates required over 22 continuous hours of data acquisition. Thus, long-term stability
of the electron beam and the laboratory room temperature were regularly checked and
continuously monitored. If the beam current (pulsed or thermionic) at the conclusion of a
data-acquisition run was different from that at the start by more than the measured random
error, or if the lab temperature changed by more than 1 °C during the experiment, the data
set was rejected and the experiment was repeated, regardless of the outcome. Lab
temperature was continuously monitored at three locations: at the lab door, on the fs laser
table, and at the TEM column. Changes of more than 1 °C at any of these locations at any
point during the run resulted in rejection of the entire experiment, again regardless of the
outcome. To illustrate the high levels of long-term instrument and lab stability that were
reached here, Figure 2.13 shows a representative plot of photoelectron counts (measured
every 15 minutes by acquiring an image of the condensed beam) as a function of time over
a 24-hour period. In this data, two standard deviations from the mean corresponds to a
range of £0.3% from the mean, and a drop in counts of 26 electrons per hour (or 0.0016%
of the mean value) was detected, well below the range of standard deviation arising from

random error.
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Figure 2.13 | Representative example of the long-term stability of the pulsed photoelectron
beam over a 24-hour period. The data were obtained by summing the counts of an image
of the electron source acquired at 15-minute intervals and then converting to the number
of electrons incident on the detector. The mean value is 1.565 + 0.005 x 10° counts
(electrons), where + 0.005 x 10° (i.e., +£0.3%) is two standard deviations from the mean.
The slope of the least-squares fit line (red) is -25.7, signifying a drop of 25.7 counts per
hour, or approximately 0.0016% of the mean over 24 hours. To further emphasize the high

long-term stability, the grey box denotes a +0.64% deviation from the mean.

Determining specimen spatial stability with respect to drift under equilibrated

conditions was necessary in order to ensure against potential systematic error arising from,
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for example, gradual movement of portions of the microcrystal beyond the electron-beam
illumination area. This is especially true in light of the extreme length of some
experiments. Accordingly, the spatial position of the crystal under study was compared
before and after the experiment, and minimal to no observable net drift outside of the
electron-beam area was observed. Here, net drift refers to specimen drift that results in
non-zero lateral motion in the xy-plane rather than motion about a single center-of-mass
position, as would be expected for a stable and equilibrated system and environment. As
suggested by Figure 2.13 and discussed in Section 2.2.4, this general observation is a result
of the stable equilibrated experimental system and laboratory environment. To further
illustrate the typical spatial stability of the specimens with respect to net drift, Figure 2.14
displays a bright-field image of a C36 crystal obtained with a 0.8 nA thermionic beam
current (much higher than used in the ultralow-dose studies) and a difference image of
another image of the same crystal obtained three hours later. As can be seen, only shifts in
bend contour position are observed, indicative of slight beam-induced strain relaxation,
while no lateral motion is observed at this magnification (the weaker false-colored contrast
is noise). This particular experiment was replicated three separate times on three separate
C36 crystals with the same results. This illustrates that to within the 12.5 nm/pixel of this
particular experiment, the stability was such that no net specimen drift occurred over the
three-hour period. This experiment demonstrates that when the system and laboratory was
equilibrated and stable, any thermal drift occurs about a single center-of-mass position such
that the specimen remained approximately centered within the electron beam, and no

change in diffraction signal occurred due to drift.
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Figure 2.14 | Demonstration of specimen spatial stability over a three-hour span. (a)
Bright-field image of a single C36 crystal obtained with a 0.8 nA beam current (recall that
beam currents of femtoamps were used in the damage studies). (b) False-colored
difference image formed by subtracting (a) from a bright-field image of the same crystal
acquired three hours later. The blue areas represent a loss of counts (i.e., area became

darker), and the red areas represent a gain in counts (i.e., area became brighter).

2.2.5 UEM Parameters and Characterization

Determination of laser parameters used for a specific experiment is based on myriad
variables. Upper limits on power and pulse energy are determined by integrity of the
optics, especially in the TEM periscope where the small mirrors are especially sensitive
and difficult to replace. High powers and pulse energies can also ablate the cathode,

limiting experimental stability in both the short- and long-term. Within these limits, probe

71



pulse energies must be determined by balancing experimental time and necessary time
resolution. Specifically, a more powerful probe pulse will generate more electrons per
pulse, as shown in Figure 2.9 above. Larger pulses of electrons will reduce the number of
pump-probe cycles needed to build up sufficient SNR, reducing the acquisition time needed
for each time point and therefore the experimental time. Long experimental times can
introduce challenges with specimen and equipment stability, increasing the need for careful
control experiments and the chance of irreversible effects that confound data analysis, such
as specimen drift and reorientation. However, because space-charge effects arising from
repulsive electron-electron forces spread the packet both vertically and horizontally as it
travels through the column, larger electron packets also lead to lower spatial and temporal
resolution. This tradeoff is assessed individually for the requirements of each experiment.

Aside from the number of electrons per packet, the electron packet duration (and
therefore the time resolution of the experiment) is also affected by the laser pulse length.
The pump pulse length is also relevant because a long specimen-pump interaction creates
more complex dynamics, potentially rendering invalid assumptions that rely on a rapid,
short-term heat and light stimulus. For most of the work in this thesis, pulse durations were
measured using a home-built second harmonic generation frequency resolved optical
grating (SHG-FROG). Further details on this procedure can be found in Ref. 383. Just
before completion of the experiments described in Chapter 6, a Light Conversion GECO
scanning autocorrelator was acquired to measure pulse duration more efficiently.

The repetition rate chosen must leave enough time for the specimen to fully recover

between pump pulses. This is often determined and verified using a control experiment in
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which the delay stage is set to a specific, constant location for the duration of a typical
experiment. (An example is shown in Section 4.1.4.) The result of such a control
experiment should be no visible motion of the specimen whatsoever, as the same time-
point is being measured repeatedly. Any motion indicates that the specimen relaxation
post-excitation is not occurring identically during each subsequent pump-probe cycle,
indicating some irreversibility. This can be due to damage or other specimen changes, as
in the case shown in Section 4.1.5, or it can be caused by an excessive repetition rate in
which the energy introduced in each pump pulse cannot fully decay away before the
ensuing pump pulse arrives.

For the UEM experiments described in Chapter 4, the time point determined to be
the moment of excitation (also called time-zero) is what is referred to as experimental time-
zero. This refers to the point at which dynamics are first observed in the specimen. True
time-zero refers to the time point where the pump laser pulse and the electron packet arrive
at the specimen at exactly the same time (or more accurately when the pump laser pulse
arrives at the specimen while the electron packet is in the process of traveling through the
specimen). True time-zero and experimental time-zero are equivalent if there is no delay
between excitation and the first observable dynamics. However, previous work in the
Flannigan group has shown that in some systems there can be a delay, even one on the
order of 100 ps.?® The delay is assumed to be related to the time in which energy deposited
in the specimen decays through pathways that are not structurally visible within the time

resolution of the UEM, such as electron scattering and even high-velocity and/or high-
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frequency phonons. Owing to this reality, it is vital to differentiate between experimental

and true time-zero when reporting UEM results.
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Chapter 3 | Error Mitigation in Debye-Waller-Based In Situ
Thermometry

When ultrafast experiments are conducted using a stroboscopic pump-probe
approach, the large number of pump-probe cycles required to build up SNR introduces a
high level of experimental complexity. Despite this, such approaches have been
successfully used to study a wide range of structural dynamics across many chemical and
materials systems,26:119121,196.207.384-395 The practice of conducting control experiments and
identifying sources of error and artifacts is especially critical to this progress, as it enables
rigorous evaluation of the accuracy, repeatability, and robustness of the
results,26:116.121,1612053%  Thjg js especially the case when attempting to assign universal
behaviors to the intrinsic response of the system under study. As described in Section
1.2.2, the use of the DW effect to describe thermal behavior or other specimen properties
is such a case.

The main goal of the work described in this chapter is to illustrate and quantify
several practical experimental effects common to UED and UEM experiments — in addition
to conventional in situ TEM experiments — that can act as sources of error and artifacts in
ultrafast (and time-averaged) scattering measurements involving the DW effect. Using
thin films of polycrystalline aluminum (pc-Al) as a test system, we analyze and discuss the
effects of specimen displacement (i.e., in-plane movement of the region being probed),
effective changes in camera length, and specimen tilting/bending/bulging caused by
thermal expansion, mainly from the perspective of how these would impact measurements

of (u?) — and by extension time-domain phonon dynamics — via the DW effect. While the
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impact of several practical experimental effects on shifts in Debye-Scherrer-ring positions
during in situ thermal measurements have been studied, we focus exclusively here on the
impact on the intensities of diffracted beams, analogous to previous work on temperature-
dependent foil transmissivity conducted via in situ laser-heating experiments,174189213.397
With systematic experiments, we show that such specimen motions can produce changes
in Inw comparable to or significantly larger than those from the DW effect, absent any
specimen temperature change. For example, we illustrate that tilting a particular small-
grained pc-Al thin film by a small amount relative to the incident electron wave vector
introduces the equivalent of significant temperature changes were they ascribed entirely to
the DW effect. We also show that in-plane and z-direction specimen translations can lead
to statistically-significant changes in In, again, in the absence of an actual temperature
change. We discuss and quantify the underlying sources of these effects as related to

thermally-induced specimen motion and orientation changes.

3.1 | Experimental Methods

3.1.1 Aluminum as a Model Material

Aluminum was chosen as the test material because it undergoes a large thermal
expansion relative to other metals, values for (u?) have been reported, and deposition of
thin, small-grained polycrystalline films for transmission studies via sputtering or thermal
evaporation is straightforward.3%¢-4% Importantly for studies related to the DW effect, its
low atomic mass relative to other elemental metals (e.g., gold) means that the associated

(u?) is more sensitive to temperature changes. Further, previous work explicitly illustrated
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that thermally-induced specimen tilting significantly affects I for thin single-crystal
specimens, obscuring changes due to the DW effect (though much less so for crystals of
sub-nanometer thickness).?%>402-404 Accordingly, in an attempt to minimize this deleterious
effect, pc-Al was studied; the hypothesis being that with a large number of crystal grains
within the field of view, any effects due to changes in specimen position and orientation
would be averaged out, assuming a uniform and random distribution of zone axes. The
DW effect could therefore be isolated and accurately quantified. As will be demonstrated
below, however, the experiments did not support this hypothesis, and non-thermal effects
were still found to negatively impact Ina measurements from polycrystalline films, though

to a much lesser degree than for single crystals.

3.1.2 PBED Pattern Analysis

All parallel-beam diffraction patterns (DPs) were analyzed in the same way. First,
a circular Hough transform was used to find the most probable center position of the pattern
using the 111, 200, and 220 diffraction rings owing to the use of a beam block for the 000
beam when obtaining the DPs. More details on the circular Hough transform are in Section
3.1.3. Second, an azimuthally-averaged radial profile of the pattern was obtained and
plotted as counts versus d! (where d is in units of length for direct comparison to the
spacings between reciprocal-lattice positions). Least-squares fitting with a pseudo-Voigt
function was used to find the position and the full-width at half-maximum (FWHM) of
each peak. Third, a straight-line baseline subtraction was used to isolate the peaks from

the background (see Section 3.2.4). Using this method, accurate values for the area of each
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peak were consistently obtained while minimizing the influence of peak-broadening
effects. Note that while restricting fitting to a narrow portion of each peak is a more
accurate way of determining the position owing to a reduction in the peak broadening due
to asymmetries, this was not done because the focus of this work was instead on the areas.
Accordingly, any ellipticity of the patterns was not corrected prior to fitting, as this was

assumed to be constant across all measurements.

3.1.3 Circular Hough Transform

A Hough transform maps points in Cartesian space, such as the pixels in our
diffraction patterns (DPs), into Hough space, with polar coordinates. A circular Hough
specifically transform maps points in Cartesian space to cones in Hough space, where the
apex of the cone is at the Cartesian x and y coordinates and each slice of the cone is a circle
with radius z. Essentially, the algorithm draws a series of circles with various radii
encompassing the expected radius of a particular ring on the DP. When the radius being
tested matches that of the Bragg ring, the circles drawn by the algorithm produce an intense
overlap, the location of which gives the coordinates of the center of the ring. This process
is then repeated with all available Bragg rings to build up a statistically valid location for
the center of the DP. Because each transform samples hundreds of points and the process
is repeated multiple times, repeatable calculations of the center of the pattern are possible
down to 0.1 pixel. Therefore, it is possible to detect sub-pixel shifts in ring diameter with

proper peak fitting.4%®
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3.1.4 In Situ Temperature Measurements

A liquid nitrogen (LN2) double-tilt holder (Gatan, Model 636.MA) was used to
control specimen temperature for the work detailed in Section 3.2.2. Experimental DPs
were obtained at 50-K increments spanning 100 to 350 K. For each of the six temperatures,
five separate parallel-beam DPs were acquired for a total of 30 separate patterns. The
patterns were obtained in random temperature order (e.g., first at 100 K, second at 250 K,
third at 150 K, etc.) with acquisition times of 0.1 seconds per pattern. Following each
temperature change, enough time was allowed to pass for the holder readout to stabilize
(typically requiring ~30 minutes), with another 3 minutes allowed to pass once stabilized
before the DP was acquired. Specimen drift following each temperature change was
corrected by cross correlating real-space images acquired before and after the change. In
this way, the same region of interest was studied, limited by random error and goniometer

precision.

3.2 | Results and Discussion

3.2.1 Sensitivity of Iy to Specimen Orientation

As noted in Section 1.2.2, previous work has explicitly shown that in situ
temperature measurements of thin, single-crystal specimens using the DW effect can be
deleteriously affected by thermally-induced artifacts; such as bending, bulging, translating,
and tilting (this has also been explicitly shown to be the case for temperature-dependent

changes in scattering angle for polycrystalline foils).1’42% This is primarily due to the high
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sensitivity of Ina to changes in specimen orientation with respect to a fixed incident-
electron wave vector (ki). Though models of this behavior are well developed, it will be
helpful for the results and discussion that follow to provide a brief summary here.8 The
real-space specimen shape and dimensions directly affect the characteristics of the
reciprocal-lattice points, as described by a shape function [denoted as D(q) following De
Graef 28 where q is the reciprocal-space vector]. The D(q) for a thin foil having relatively

large in-plane dimensions is shown in Equation 3.1.

D(q) = 2,6(qy)5(qy) TT%Ze) (3 9)

TqzZo

Here, 2, is the real-space specimen thickness, and gx,; are the magnitudes of the reciprocal-
space vector components (x,y are in the plane of the specimen, while z is normal to the
plane). For this particular specimen geometry, the reciprocal-lattice points become rods
(called relrods for short) owing to gxy going to zero. Thus, the shape function normal to
the specimen plane [D(q)] is a thickness-dependent sinc function (Figure 3.1a,b). Here, a
50- and 120-nm thick foil are compared in order to illustrate the effect of thickness on
D(02).

A consequence of D(q;) for thin foils is that the Bragg condition for such specimens
is relaxed such that measurable Inq still occurs when the Ewald sphere does not exactly
intersect the center of the reciprocal-lattice position. The extent of this deviation is defined
as the deviation parameter, sq (Equation 3.2).

_ —gQk;+g)
g 7 2|k;+g| cos B (3-2)

Here, g is the reciprocal-lattice vector for a particular hkl reciprocal-lattice position, and j

is the angle between k; + g and the foil normal. Importantly, this means that slight changes
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in the tilt orientation of the thin foil with respect to ki will produce corresponding changes
in Ik, with the degree of intensity change depending directly upon specimen thickness [i.e.,
how quickly D(q.) falls off from the center position]. This can be seen by noticing that sq
is equivalent to g; in Figure 3.1 and therefore determines Ina, which is affected by specimen
tilting for a fixed ki. The effect of tilting can be better appreciated from a more practical
viewpoint by rewriting Equation 3.2 to include specimen tilt angle () and Bragg angle
(@nu) (Equation 3.3).

¢ = —2|g||k;| cos p—|gl? (3.3)
& 2cospy/Ik;[Z+2|k;llgl cos p+]g|? '

Here, ¢ is equivalent to (90° + Gna + «), and S is (260na — a) (see Appendix C for the
derivation of Equation 3.3). Figure 3.1c illustrates the effect of tilt angle on sq for the 200
family of planes. This approach then allows for quantification of the fall-off in Ing with a.
For example, the intensity of the 200 reflection goes to zero for « tilts of £0.09° and £0.23°
for a 120- and a 50-nm thick foil, respectively (Figure 3.1d). Of course, this sensitivity is
lessened for thinner specimens, with the limit being an atomic monolayer, as is the case for
graphene.®44% This illustrates the sensitivity of Iy on changes in o for specimens that are
tens of nanometers thick, thus posing a significant challenge to accurate and precise DW-

effect measurements.
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Figure 3.1 | lllustration of the sensitivity of I to specimen tilt angle. (a) Reciprocal-space
shape function D(q) for a 50- (black) and 120-nm (red) thick crystal having relatively large
in-plane dimensions, such that D(0,0,q.) is plotted versus g;, the magnitude of the
reciprocal-space vector component normal to the plane of the foil. Here, g, = 0 is defined
as the center of the specimen. (b) Square of the shape functions shown in (a). The blue
horizontal line at D(q) and D(q)? = 0 is to highlight where Inq goes to zero. (c) Deviation
parameter sg versus specimen tilt angle for the 200 family of reflections. (d) Overlay of (c)
(blue line) onto D(q)? illustrating the angles at which Ina goes to zero. Here, the intensity
drops to zero at £0.09° and +0.23° for a 120- (red) and a 50-nm (black) thick crystal,

respectively, as indicated by the red and black horizontal and vertical lines, respectively.
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3.2.2 In Situ Temperature Measurements from Diffraction-Ring Radii and In

In light of the discussion thus far, it is at first glance reasonable to hypothesize that
the effects of changes in specimen orientation on In could potentially be eliminated by
using a small-grained, polycrystalline specimen rather than a single crystal. As mentioned
in Section 3.1.1, this is because one might expect all zone-axis orientations to be uniformly
represented for specimens having average grain sizes much smaller than the overall region
of interest. To test this hypothesis, temperatures were calculated from DPs of pc-Al
specimens using changes in diffraction-ring radii (thermal expansion) and Ina (DW effect).
The former was calculated using a linear expression for thermal expansion with a
coefficient of 23.5 x 10% K, while the latter was done using the DW effect by means of
Equation 1.1 and experimental data for (u?).3%84%0401 Calculated temperatures were also
compared to the temperature set-points of the specimen holder, which previous work has
shown to be an accurate indicator of actual specimen temperature for furnace-type heating
holders, though systematic discrepancies for other in situ thermometry methods have been
reported.174:205213.407408 Detajls of DP collection are given in Section 3.1.4.

The results of the experiment are displayed in Figure 3.2. As can be seen, there is
good agreement between the set-point temperature and the temperature determined from
diffraction-ring contraction. It is worth noting that while the accuracy of the thermal-
expansion method is high, the precision is rather low for this set of measurements, in some
instances spanning +40 K. This could potentially be improved by doing more
measurements, which may reduce the random error, and by using smaller integration angles

for more accurate determination of peak positions owing to a reduction in peak broadening
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due to ellipticity.}’* The agreement between the temperatures measured using the DW
effect and the other methods, however, is significantly worse, in some cases being off by
more than 300 K. This indicates that measurements of Ing from small-grained
polycrystalline specimens studied with large fields of view (e.g., large probe sizes) are
affected by factors other than changes in (u?). Additionally, the large standard deviation
of several of the DW data points is indicative of poor repeatability, suggesting this
particular approach is neither accurate nor precise for the type of specimens under study.
Thus, this illustrates the importance of understanding and mitigating the other sources of

intensity change in order to explicitly assign a specimen temperature via the DW effect.
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Figure 3.2 | Comparison of in situ thermal measurements of 120-nm thick pc-Al
specimens. Three methods are shown and compared: direct readout of the specimen-

holder thermocouple (black squares), calculation from thermal expansion via diffraction-

(red circles), and calculation using the DW effect via changes in I'Zi (blue
0,220

data was generated from the 220 Debye-Scherrer ring and represents the

average of five separate DPs acquired in random order. Error bars represent one standard

deviation from the average.

of Error: Specimen Tilting

. . | . . .
potential sources of error in the Izi measurements in Figure 3.2. As will be shown, each

0,220
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of the sources essentially involves a change in specimen position or orientation (tilting,
bending, bulging, x,y-translation, z-translation), all of which are likely to occur to some
degree during ultrafast pump-probe scattering measurements.  Here, to mimic
photoinduced specimen motion in a controllable manner, the spatial position and tilt was
manipulated with the microscope goniometer, and multiple DPs were acquired and

analyzed for the purposes of statistical analysis. That is, the effect of specimen tilting or

I'”—k’ was quantified and analyzed in order to determine the statistical
o,hkI

translation on

significance of any observed variations.

Specimen Tilting — As shown in Figure 3.3, it was found that specimen tilting had
a statistically-significant effect on the change in lxo despite the small-grained
polycrystalline nature of the Al thin film. For these experiments, five individual DPs were
acquired at each tilt value, in random order, in order to mitigate beam or specimen drift
effects. In this particular experiment, it was found that Alxg varied by nearly 4% over a
tilt range of 30° (Figure 3.3a). Repeating the experiment over a total tilt-angle range of 2°
(at finer tilt-angle steps) resulted in a Alx2o of more than 1% (Figure 3.3b). The observed
changes remain statistically significant and mostly unaltered after normalizing to various
parameters (e.g., background counts, 111 ring intensity, and total counts). See Figures 3.6
and 3.7 and Table 3.1 for the results of various normalizations and the statistical analysis.
It is worth noting that, though the changes in In are statistically significant with tilt, they
are substantially smaller than those expected for a single crystal of the same thickness (see
Figure 3.1). This indicates that use of polycrystalline foils can significantly reduce —

though not entirely eliminate — the influence of specimen tilting on DW-effect
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measurements. The degree to which this reduction will impact such measurements will

also depend on what material is under study, as atomic mass affects how l'“—k' behaves with
o,hkl

temperature (see Equations 1.1 and 1.2). It is important to note that the manner in which
Al varies with tilt angle in Figure 3.3 is specific to the particular specimen field of view
from which the DPs were obtained; the approximate magnitude of the change is consistent

across specimens, but the trend for Al versus tilt angle is not.
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Figure 3.3 | Percent change in l220 generated from pc-Al thin-film specimens as a function
of tilt angle. (a) Change in l220 over a range of specimen tilt angles spanning 30° (£15°).
(b) Change in 220 over a range of tilt angles spanning 2° (£1°). For all experiments, error
bars are one standard deviation generated from the average intensity of five separate DPs
obtained in random order of tilt angle. A one-way analysis of variance carried out on all
of the data confirms that the effect of changing tilt angle is statistically significant at the
0.05 level (see Table 3.1). The effect of tilting holds for all Debye-Scherrer rings and does
not fall below the 0.05 level when it is normalized to the subtracted background, total
number of counts, or intensity of any other peak (see Figures 3.6 and 3.7). All patterns
were acquired with a camera length of 250 mm at 200 kV and with an 800-um selected-

area aperture.

Consideration of the effects of specimen tilting on both the electron-scattering
condition and on the region probed suggests several possible sources for the observation

shown in Figure 3.3. One possible source is a change in the specimen effective thickness
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that occurs upon tilting of a thin film. Because this changes the amount of material with
which the incident electrons interact, this essentially amounts to an increase in the
occurrence of the various scattering mechanisms at work. Here, the change in effective
thickness of the Al specimen at the maximum tilt-angle values shown in Figure 3.3 is
calculated to be 4.3 nm, a 3.5% change. In addition, the change in effective thickness of
the silicon nitride membrane for the same tilt angle is calculated to be 7 nm. While the
effects of such changes in effective specimen thickness are certainly present, they do not
solely account for the results observed from the tilting measurements. One reason for this
is that one would expect changes in Inq arising solely from effective increases in specimen
thickness to manifest as a parabolic curve having its vertex centered at 0° tilt, because the
change in thickness is also parabolic when tilting about this position. Such behavior is not
observed here. Note that repeating the tilting experiment on a thinner 50-nm pc-Al film
also resulted in a statistically-significant change in Ina not explainable by effective
increases in specimen thickness alone. Again, though this does not indicate such effects
are negligible, it does indicate other more-influential effects are at work.

Unlike changes in effective thickness with tilting, which is judged to have only a
minor impact, a potentially major contributing factor is texturing of the thin pc-Al film. It
is known that grains comprising thin polycrystalline films of face-centered cubic (FCC)
metals like Al, Au, Cu, and Ag commonly display some degree of in-plane preference for
the [111] orientation.**®-*1 In short, this arises from a thermodynamic drive to minimize
surface energy through the preferential orientation of grains to expose the 111-type planes,

which have the highest planar density. This would result in a disproportionate number of
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grains having a preferential orientation within a particular field of view and would manifest
as tilt-angle-dependent intensity variations of particular Debye-Scherrer rings. For
polycrystalline films of FCC metals having [111] texturing, one would expect Iz in the
parallel-beam DPs to be higher when the plane of the specimen is normal to the incident
electron beam compared to when it is not. The reason for this is that the 220-type
reflections are the first symmetry-allowed reflections for an FCC elemental metal when the
crystal grain is oriented along the [111] zone-axis direction. Correspondingly, tilting the
specimen away from normal incidence would lead to a decrease in the intensity of the 220-
type diffracted beams and to an increase in the intensity of the other beams.

Figure 3.4 summarizes the result of a tilt-angle study conducted on 120-nm thick
pc-Al films meant to determine the presence of texturing and the potential effects on DW
measurements. As expected from a textured film having grains displaying a preference for
the [111] orientation, l>20 was observed to decrease upon tilting away from normal
incidence (here to £45°). Further, the relative intensities of the 111 and 200 reflections
were observed to increase with tilting. For such specimens, tilting during in situ

photoexcitation or heating would result in deviations from expected DW-effect behaviors

of l'“—k' Note that the degree of texturing can be changed by annealing, but one must also
o,hkl

be aware of possible effects of solid-state de-wetting when heating to temperatures below

the melting point.#1:414
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Figure 3.4 | Anomalous changes in Debye-Scherrer-ring intensities with specimen tilt
angle for pc-Al films. (a) Azimuthally-averaged radial profile for 120-nm thick pc-Al tilted
to +45° (black, red). A profile obtained at normal incidence (0°) is shown for comparison
(blue). Peaks are labeled with the corresponding hkl indices. (b) Magnified view of the
111, 200, and 220 reflections. The behavior of peak intensity upon tilting away from

normal incidence is denoted with arrows.

Numerous theoretical and experimental studies, several of which are cited here,
have indicated that varied mechanical motions — such as rippling, bulging, and local tilting
- can arise within a few picoseconds following fs
photoexcitation,116:160.207,209,210212.214216,217.415-417 Accordingly, it is reasonable to conclude
that such motions, which may be present during UED and UEM experiments, could
produce errors and artifacts analogous to those detailed above. Thus, it is useful to get a

sense of the degree to which such mechanical motions could affect transient lattice

temperatures extracted via the DW effect beyond determining the potential impact on I'ﬂ
o,hkl
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A simple estimate can be determined by treating measured changes in Ina due entirely to
specimen tilting as instead being due entirely to a photoinduced temperature change. To
accomplish this, a cubic fit was performed on the data shown in Figure 3.3a, the result of
which is shown in Figure 3.5. The fit was used to calculate a relationship between the tilt
angle and the error in estimated temperature if the DW effect was invoked. Again, while
the approximate magnitude is consistent across specimens, the exact relationship will differ
— a further complicating effect when attempting to assign intrinsic materials behaviors to
experimental measurements. Here the observed change in Iz arising from tilting up to
15° would correspond to a temperature change ranging nearly 100 K were it interpreted as

arising only from the DW effect.
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Figure 3.5 | Hllustration of the magnitude of an erroneous temperature assignment using
the DW effect. (a) Change in I220 as a function of specimen tilt angle shown in Figure 3.3a.
The data is fit with a cubic polynomial, which was used to calculate a relationship for the
error in specimen temperature if one assumed the observed change in l220 were due entirely
to the DW effect. (b) Relationship of error in temperature as a function of specimen tilt
angle, as determined from the polynomial fit to experimental data shown in (a). As
discussed in the text, the relationships here are not universal but rather are specific to the

particular specimen region of interest probed.

3.2.4 Normalization of Tilting Data

It is mentioned above that the tilting effects shown in Figure 3.2 remain statistically
significant when normalizing to total counts, peak fit subtracted background, or intensity
of other peaks. Figure 3.6 shows graphically the meaning of the latter two terms as they
are used here, demonstrated on a representative radially averaged DP. Total counts refers

to the summed intensity of the entire DP.
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Figure 3.6 | Representative rotationally-averaged radial profiles for pc-Al. Each peak is

fit out to six times its FWHM. The red area denotes the subtracted intensity from the 220

peak. The blue area denotes the intensity of the 111 peak.

Figure 3.7 shows the same data as is shown in Figure 3.2, as well as this data
normalized to the three factors described above. It is clear from this figure that the
relationship between intensity and tilt angle is not significantly changed by normalizing to
any of these factors. However, to establish whether the trends are still statistically
significant, an ANOVA is necessary. This is shown in Table 3.1. The F values represent
the ratio of mean squared variance of tilt angle divided by the mean squared error. The P
values represent the probability of a falsely disproven hypothesis, such that a value of over

0.05 means that the effect of tilting is not statistically significant. However, Table 3.1
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shows that for all trends shown in Figure 3.7, the effect of tilting is still statistically

significant.
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Figure 3.7 | Demonstration of effect of normalization on Figure 3.2 data. (a) Percent

change in intensity of the 220 ring versus alpha-tilt angle.

deviations over five data points.

subtracted background, 111 peak intensity, and total counts, respectively.
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Data Value

Intensity F L

P 0.0

Intensity Normalized by Background F oY
P 1.0E-04

. . F 37.2
Intensity Normalized by Total Counts P 2 9E-10
Intensity N lized by (111) Peak Intensit F 125
ntensity Normalized by (111) Peak Intensity P 6.5E-07

Table 3.1 | ANOVA results for the data shown in Figure 3.7. F represents the ratio of
mean squared variance of tilt angle divided by the mean squared error. P represents the
probability of a falsely disproven hypothesis, such that a value of over 0.05 means that the

effect of tilting is not statistically significant.

3.2.5 Sources of Error: Specimen In-Plane Translation

In addition to re-orientation in the form of local or whole-specimen tilting, it was
explicitly shown that minor translations in the x,y plane of as little as 20 nm can produce
statistically-significant changes in Inq (Figure 3.8). In essence, this arises from an effective
change in the diffraction conditions owing to the polycrystalline nature of the specimen
and because of likely deviation from exact parallelity of the incident electron beam.* The
resulting effect is similar to that for the tilting experiments described and discussed above.
That is, specimen tilting also causes a subtle shift in the illuminated area because incident
beam paths are often slightly angled relative to the optic axis. Importantly, small in-plane
shifts of the sort studied here would not be unexpected during UEM and UED experiments
due to laser excitation and the resulting thermal expansion, with the degree of shifting

expected to scale with fluence (laser-pulse energy per unit specimen area). Here, the effect
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of relatively small specimen shifts in the X,y plane on changes in Ini was determined by
acquiring DPs after translations of as little as 10 nm (Figure 3.8a). A t-test of five separate
DPs acquired at eight unique positions (45 DPs in all) shows that Iz for the 120-nm thick
pc-Al film changes by a statistically-significant amount due to the 10-nm in-plane shifts
(see the Supplementary Materials for details of the statistical analysis). Indeed, the t-test
indicates a very-low probability that 1220 for any of the positions from which DPs were
acquired (2 through 8) is statistically the same as the reference position (1) to the 95%
confidence interval (Figure 3.8b). From this, it is reasonable to conclude that specimen
translation could be an additional contributing factor to the results shown in Figures 3.2

and 3.3.
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Figure 3.8 | Effects of in-plane specimen translation on lz20. (a) Schematic map showing

the extent and direction of in-plane specimen translation for positions 2 through 8 relative
to the reference position 1. The translations were performed with the microscope
goniometer. Each grid square is 10 nm x 10 nm. (b) Change in Iz at each position on the
specimen. The average change in lx2o at positions 2 through 8 are relative to the average
value of Iz at position 1, which is set to zero. All DPs were acquired in random order of
position with a camera length of 250 mm at 200 kV and with an 800-um selected-area
aperture. Error bars are one standard deviation of the average of the five individual

measurements per position.

From the data shown in Figure 3.8, it can be seen that relatively small specimen
displacements, including those caused by shifts in illumination due to tilting, can affect
significantly affect measured Ina values. The differences between DPs obtained at the
slightly-different specimen positions are statistically significant to the 0.05 level, with five

DPs per position, according to an ANOVA. The ANOVA F-value is 19.94, which
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corresponds to a probability (P-value) of 5.3 x 10'%. Table 3.2 uses t-tests to compare each
position to position 1. The results demonstrate that, in addition to specimen position being
a statistically significant factor in Iz, each individual position — except for position 3 —

produces significantly different intensities compared to position 1.

Pos. | Distance from Pos. 1 | t Statistic | Probability >t | 95% Confidence Interval

2 28.3nm 4.984 0.001 0.519 -1.413
3 10 nm 2.17 0.062 -0.025 - 0.801
4 10 nm 3.063 0.015 0.167 -1.185
5 20 nm 8.117 3.93x10° 1.05-1.89

6 20 nm 8.224 3.57 x10° 1.113-1.98

7 10 nm 3.365 0.0098 0.186 — 0.995
8 10 nm 3.673 0.0063 0.254-1.111

Table 3.2 | Statistical analysis of data in Figure 3.8. Individual t-tests completed between
position 1 and positions 2-8, respectively. All statistical significance was measured to 95%

confidence.

3.2.6 Sources of Error: Specimen Out-of-Plane Translation

Finally, in addition to in-plane translations, it is the case that specimen bulging
caused by photothermal expansion or in situ heating causes a significant change in out-of-
plane (z) position, which effectively blurs high-resolution images and changes the
diffraction camera length.174207418 Thijs causes a shift in diffracted-beam position on the
detector, which can interfere with shifts caused solely by thermal expansion. Importantly,
changes in camera length also affect the total number of counts in the DP. This is because

the distance that electrons travel between the specimen and the detector is altered, while
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the angle at which they scatter from the specimen for a change in z position is not, thus
potentially affecting Ina.2%%297216 To determine the extent to which such an effect impacts
changes in Inq for the pc-Al specimens studied here, DPs were acquired over a range of
specimen heights spanning a total of 0.18 um (Figure 3.9). Here, all conditions were held
fixed while the specimen z-position was changed with the microscope goniometer. As can
be seen in Figure 8a, 1220 was observed to change a statistically significant amount at the
0.05 level, with five individual DPs collected per Az position. However, when the data is
normalized to total image counts (Figure 3.9b), the observed variations are no longer
significant. That is, normalization to total counts eliminates any statistical difference in
Ina for changes in specimen z position. Note that the scatter in the intensity-change data
(for five data points) ranges over 2% in some cases, indicating the measurement precision

is still impacted by effective changes in z.
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Figure 3.9 | Effect of changes in specimen height on 1220. (a) Percent change in l220 versus
position in z direction relative to eucentric height, as measured with the microscope
goniometer. All DPs were acquired in random order of z position with a camera length of
250 mm at 200 kV and with an 800-um selected-area aperture. (b) Data shown in (a)
normalized to total counts in each respective image. Error bars are one standard deviation

over five measurements for all data points.

3.3 | Summary and Conclusions

In summary, we have explicitly shown that effects such as specimen tilting and in-
plane translation can have non-negligible effects on temperatures calculated using the DW
effect. These effects can, however, be mitigated — though not completely eliminated — by
data analysis, statistical treatment, and specimen preparation. Indeed, normalizing peak
intensity to the diffuse background or to other diffraction peaks does not render the effects
due to tilting and translation statistically insignificant. However, normalizing intensity

measurements in the DP to total image counts is effective for eliminating the otherwise
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statistically-significant effects of changes in specimen position along the optic axis (i.e.,
changes in z height). Thickness effects (e.g., relrod size and drop-off in diffracted-beam
intensity along the specimen normal) can be reduced by simply using the thinnest-possible
specimen and the thinnest-possible substrate. Relatedly, the use of small-grained
polycrystalline specimens will further aid in reducing tilting and translation effects, and
analyzing multiple reflections can help elucidate, if not altogether eliminate, any
anomalous behaviors arising from texturing. Overall, the results reported here explicitly
illustrate the need to account for a number of practical experimental effects when
attempting to attribute measured changes in static and transient diffracted-beam intensities

to the DW effect.
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Chapter 4 | Coherent Acoustic Phonon Spectroscopy in
Gallium Arsenide

Femtosecond photoexcitation of semiconducting materials leads to generation of
coherent acoustic phonons (CAPs), the behaviors of which are linked to intrinsic and
engineered electronic, optical, and structural properties. While often studied with pump-
probe spectroscopic techniques, the influence of nanoscale structure and morphology on
CAP dynamics can be challenging to resolve with these all-optical methods, as mentioned
in Section 1.3. Here, we show that the spatiotemporal capabilities of UEM can be used to
differentiate the impact of amorphous and crystalline morphologies comprising
semiconducting materials on time-domain CAP dispersion behaviors via imaging of
nanoscale-picosecond in-plane propagating lattice perturbations. Using amorphized GaAs
specimens prepared via focused ion-beam milling, subtle variations in CAP dispersion
behaviors — as directly imaged with UEM — were observed following in situ pulsed-laser
annealing and an associated increase in crystallinity. In addition to describing in detail the
specific approaches taken to directly observe and quantify this behavior, we also discuss
the manner in which subtle differences in dispersion responses manifest in space-time
contour plots, while also illustrating the increased level of structural and dynamic
information that can be obtained with UEM for studies such as these. We conclude by
noting the implications of this work for connecting morphologically-dependent electronic
and optical properties of semiconductors to lattice dynamics with techniques having high

spatiotemporal resolutions.
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4.1 | Experimental Methods

4.1.1 Specimen Morphological Characterization

The specimens studied here were thin lamella of undoped GaAs prepared from bulk
crystals via focused ion-beam (FIB) milling (see Section 2.1.2 for preparation details).
This archetypal semiconductor was chosen for study because it is known to support
coherent optical and acoustic phonons that may have non-trivial connections to coherent
charge-carrier phenomena.**%42° In addition, the elastic properties are known to be
dependent upon the degree of amorphization caused, for example, by ion bombardment
and implantation, as occurs during FIB milling.*?! Indeed, surface amorphization is a well-
known consequence of FIB milling, which leads to the formation of both amorphous and
polycrystalline damage layers on the exposed faces of the lamella surrounding a region of
higher crystallinity.*?242®  Electron diffraction patterns from such specimens display
relatively sharp Bragg spots together with significant diffuse-scattering signal arising from
the damage layers (Figure 4.1a). Following in situ photothermal annealing of such a
specimen, during which the overall degree of crystallinity in the damage layers is increased,
associated diffraction patterns show a commensurate decrease in the diffuse-scattering
signal (Figure 4.1b-e) (see Section 2.1.2 for in situ photothermal annealing details). From
here forward, Bragg scattering, Bragg peaks, and Bragg spots shall all refer to the relatively
sharp Bragg spots observed in the patterns, while any reference to diffuse scattering or
diffuse signal shall refer to the relatively diffuse ring arising from the FIB-damaged layers.
Note that, while referred to as amorphous, it may be more accurate to classify the damaged

layers as consisting of randomly-oriented nanocrystallites (ignoring any possible
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texturing). Regardless, differentiation of these two types of signal and classification of the
morphologies as relatively crystalline and relatively amorphous is adequate for the

purposes of the work described here.
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Figure 4.1 | In situ photothermal anneal of a GaAs lamella. (a) Selected-area electron
diffraction (SAED) pattern of a pre-annealed GaAs specimen viewed along the [112]
crystallographic zone axis. Three Bragg spots are indexed for reference. The light cyan
disk marks the approximate region of the pattern that was azimuthally averaged to obtain
the profiles shown in subsequent panels. (b) SAED pattern of the post-annealed specimen
viewed along the [112] zone axis. The 000 beam is indexed for reference, and the light
magenta disk marks the approximate azimuthally-averaged region. (c) Total-intensity
profile (Bragg and diffuse) of the pre-annealed specimen. (d) Bragg-only intensity profile

(solid blue line and light cyan fill) of the pre-annealed specimen. The total-intensity profile
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shown in panel (c) (blue dotted line) is included for comparison. (e) lllustrative comparison
of the pre- and the post-annealed diffuse-only intensity at the same observed scattering
vector as the <111> planes (calculated position shown for reference). Peak shifts from the
calculated position may arise from residual tensile strain or a slight systematic error in the

calibration of the microscope.

The relative degree of crystallinity of the lamella before and after in situ
photothermal annealing can be estimated from selected-area electron diffraction (SAED)
patterns.*?* Here, this was essentially done by isolating the Bragg-scattered intensity from
the total intensity via azimuthally averaging over select regions of the pattern containing
the spots. This was followed by subtracting the Bragg intensity from the total signal once
the underlying diffuse signal was quantified and removed. Bragg-spot intensity was
isolated by least-squares fitting with a Gaussian peak-fitting algorithm.>®® This effectively
extracts the diffuse-scattering signal so that direct comparison of the associated intensities
of the pre- and post-annealed specimen can be made.

More specifically, pre- and post-annealed patterns were azimuthally averaged, and
the lowest scattering-angle peak in each was integrated to obtain the total intensity, which
included both the diffuse ring and the lowest-order Bragg spots. Next, the average intensity
per unit area of the diffuse ring was calculated by averaging the integrated intensity of 10
separate, randomly-selected regions within the ring and then dividing by the area of each
corresponding region. When a beam block was used (e.g., see Figure 4.1a), the missing

intensity of the diffuse ring was recovered by calculating the associated arc length and the
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corresponding intensity based on the average value of the measured signal (here, no Bragg
spots were covered by the beam-block image). The intensity of each of the Bragg peaks
was determined using a 2D Gaussian fitting algorithm, and the underlying contribution by
diffuse scattering was removed in order to isolate the Bragg-only scattering.®*® The total
Bragg-peak intensity was then subtracted from the adjusted total integrated intensity,
leaving the total diffuse-scattering intensity. The total diffuse-scattering intensity was also
calculated using the diffuse intensity per unit area for comparison, and the values obtained
using each approach differed by less than 1%. Finally, the Bragg-peak intensity (i.e., that
arising from the crystalline region of the specimen) as a percentage of the total intensity
was compared for pre- and post-annealed patterns, thus returning an estimate of the
increase in crystallinity following in situ photothermal annealing.

Here, following this method, percent crystallinity was calculated from the pre- and
post-annealed specimen patterns (Figure 4.1) and was determined to be 23 £ 4% and 79 +
2%, respectively, where uncertainties are standard deviations over five repetitions of the

analysis.

4.1.2 Capturing Coherent Acoustic Phonons in UEM

Direct imaging of CAP dynamics with UEM is possible due to the combination of
high spatiotemporal resolutions (routinely nanometer-picosecond) and the sensitivity of
diffraction contrast to slight changes in overlap of the reciprocal lattice for thin foils and
the Ewald sphere when at or near a Bragg-scattering condition.?>4% Here, UEM bright-

field imaging was used to quantify CAP dynamics in the pre- and post-annealed GaAs
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lamella for direct comparison. For reference, the FIB-damaged outer layers of the lamella
surrounded an inner relatively crystalline layer, and the incident electron wave vector was
perpendicular to the lamella surfaces. Additional details of the UEM CAP experiments are
given in the Materials and Methods section, and other pertinent but generally-applicable
information is published elsewhere 26:116.121.211212229  Eqllowing in situ femtosecond
photoexcitation, coherent contrast waves arising from excitation of CAPs were observed
in both the pre- and the post-annealed GaAs lamella. Figure 4.2 shows a summary of the
CAP dynamics observed and quantified in the pre-annealed specimen (see Figure 4.2a for
a representative UEM bright-field image). Similar results were obtained for the post-
annealed specimen but with a different time-varying phase-velocity (vp) dispersion
behavior arising from differences in the elastic constants. As a shorthand, the pre-annealed
experiment will be referred to throughout this chapter as V1, and the post-annealed
experiment as V2. Though the individual phonon wavefronts produce an elastic unit-cell
distortion that is likely on the order of a few picometers or less, orientation near or at a
Bragg-scattering condition (i.e., near or at an existing bend contour) ultimately gives rise
to an associated coherent, oscillatory contrast response due to modulation of the excitation
error.282%5 |n this way, CAP behaviors, such as emergence, propagation velocities (Figure

4.2b,c), and vp dispersion, can be quantitatively tracked.
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Figure 4.2 | Demonstration of UEM imaging of CAPs in a free-standing, pre-annealed
GaAs lamella. (a) Representative UEM bright-field image at t = 85 ps (i.e., 85 ps after in
situ photoexcitation). The red rectangle indicates the region within which phonon
dynamics were tracked and quantified. (b) Magnified view of the select region shown in
(a). Three select positions (colored lines) at which average image counts were monitored
are shown. Relative positions of the lines are labeled, with the position of the red line set
as the origin. The white arrow indicates the observed direction of the propagating phonon
wavetrain. (c) Average region-of-interest (ROI) image counts at the select positions shown
in (b) as a function of time. Propagation of a single representative phonon wavefront is
highlighted with the dotted line to exemplify how velocity can be determined from such
profiles. The wavefront arrives at the 106-nm and 212-nm markers approximately 16 ps
and 31 ps, respectively, after passing the origin, thus indicating a phase-velocity
magnitude, |vp|, of 6.8 nm/ps for this particular phonon. The fits straddling the dotted line
are simple undamped sine functions and are meant to highlight the localized oscillatory

response arising from the individual phonon wavefront.
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4.1.3 UEM Parameters

The UEM was operated at 200 kV in pump-probe, bright-field imaging mode for
the CAP experiments. The pump beam consisted of 515-nm wavelength pulses of 300-fs
duration (fwhm), with an estimated spot size on the specimen of 120 um fwhm and a
resulting fluence of 0.75 mJ/cm? The probe consisted of discrete electron packets
generated via the photoelectric effect by directing 258-nm wavelength laser pulses onto a
graphite-encircled, 50 pm truncated LaBe cathode (Applied Physics Technologies). Here,
the electron packets contained an average of 80 electrons each at the detector, and the CAP
imaging experiments were conducted at a repetition rate of 20 kHz (50 us between
pulses/packets) with an acquisition time per image of 50 seconds. The arrival time between
the pump laser pulse and the probe electron packet is controlled with a linear-bearing
mechanical delay stage (Aerotech PRO165LM). All images and diffraction patterns were
acquired with a 16-megapixel CMOS camera modified for continuous operation (Gatan
OneView). Further information about the Ultrafast Electron Microscopy Lab at the
University of Minnesota can be found in references 26211229230 and in Section 2.2. The
UEM videos reported here spanned from either -5 ps or -10 ps to 485 ps, with a step-size
of 5 ps. Here, 0 ps is defined as experimental time zero, or the first moment when dynamics
are detected, which may be different from true time zero (i.e., the moment of femtosecond

photoexcitation).?®
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4.1.4 UEM Control Experiments and Repeatability

Because the approach taken here to generate picosecond snapshots of CAP
dynamics was to operate UEM in a stroboscopic pump-probe fashion, verification and
demonstration of robustness and repeatability was accomplished by conducting various
control experiments. Specimen drift and reorientation during a typical UEM scan is one
possible source of false dynamics; diffraction contrast is especially sensitive to orientation
changes with respect to a fixed incident electron wavevector.?!>4% To identify and account
for such effects, UEM images within a scan can be acquired in a randomized fashion; that
is, the images are acquired out of time order. This is accomplished using a script that
identifies all the desired time points comprising a particular scan and then moves the
retroreflector on the optical delay stage randomly from point to point to acquire all the
desired images. By reordering the frames to time order in post-processing, non-reversible
effects are readily identified as frame-to-frame abrupt changes in contrast lacking any
apparent coherence. When this occurs, space-time contour plot (STCP) normalization
(described below) can be carried out to minimize the interference of large-scale tilting.

Here, V1 was acquired in a temporally-sequential fashion (i.e., not in the
randomized time order described above) so that additional control experiments aimed at
ensuring the observed CAP dynamics were repeatable and were not an artifact could be
demonstrated. The results of two such experiments are shown in Figure 4.3 and consisted
of repeating the UEM scan but at a single, fixed time point (i.e., without moving the
retroreflector on the optical delay stage). First, the same time point (60 ps in this case) was

imaged repeatedly for 45 minutes, the same duration as the UEM scan to generate the
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images comprising V1. The expected result of this experiment is that, while contrast
features arising from CAPs are visible in the resulting images, they appear spatially fixed
(i.e., no motion is detected) because the images are all of the same time point. Such a result
would indicate that dynamics are repeatable and robust. The result of this control
experiment is shown in Figure 4.3b; the expected result is indeed observed, as contrast
ascribed to CAPs are visible (shown as broad oscillations in line-profile intensity) but do
not display any propagation behaviors (see, for comparison, Figure 4.2c, where
propagation is explicitly illustrated). Second, an experiment was completed where the
same range of time points as in the original experiment were imaged, but with the pump
laser shuttered (i.e., no specimen photoexcitation). Without in situ photoexcitation, no
dynamics or apparent dynamics should be observed. If this is indeed the result, it indicates
that the pump laser is triggering the dynamics. The result of this control experiment is
shown in Figure 4.3c; the expected result is again observed, as the STCP shows no coherent
dynamics, which would appear as dark lines with non-zero slope (see Figure 4.6 and Figure
4.7 below). Note that the observed contrast in Figure 4.3c results from motionless bend
contours. These control experiments confirm that the images comprising V1, while

acquired in time order, are nevertheless representative of photoinduced CAP dynamics.
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Figure 4.3 | UEM control experiments. (a) Representative bright-field UEM image of a
GaAs lamella. The red line marks a region of interest (ROI) used to generate line profiles
for the control experiments. (b) Contrast profiles from the ROI shown in (a) for the same
time point (60 ps) but generated over 45 minutes of total control-experiment time. That is,
the pump laser was not shuttered, but the retroreflector was fixed in position over the entire
experiment time. (c) STCP generated from a control experiment, where the pump laser

was shuttered while UEM images were acquired over a 45-minute duration.

In addition to long-term specimen drift and other sources of positional artifacts,
temporal aliasing with respect to sampling rate is a concern for imaging dispersive phonons
with UEM. Accordingly, bright-field UEM imaging of dispersive phonons in a GaAs
lamella was conducted using both 1-ps step sizes and 5-ps step sizes. The resulting image
series were analyzed, and the phase-velocity behaviors were extracted. The STCPs were
then generated for each and compared to the results from V2 (5-ps step size; Figure 4.4).
The resulting strong correlation between the separate data sets indicates, for these sampling
rates and over these time windows, that no temporal aliasing was present. Experimental

settings such as laser fluence, repetition rate, and microscope imaging conditions were the
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same for all three experiments shown, but some fluctuations in intensity and image quality
occurred due to room condition changes, leading to changes in the intensity of the pulsed
electron beam. This led to some data points being necessarily eliminated due to low signal-
to-noise ratio in the analysis. Nevertheless, fits to the dispersion behaviors for each data
set (not shown in the plot for clarity) are the same within error, as summarized in Table
4.1. As stated in the main text, the dispersion data was least-squares fit with Equation 4.1.

Vp = Vpo + AeC0) 4.1)

Here, vpo IS the asymptotic phase-velocity value, A is a pre-exponential, t is time, and zis

a time constant.
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Figure 4.4 | Control experiment to test for the presence of temporal aliasing. Phase-
velocity dispersion behaviors are shown for a 1-ps step and 5-ps step experiment, as well

as for the phonon behavior shown in V2. Error bars are one standard deviation of 10

separate fitting routines to the associated STCP data.

Data set Vp,o (hM/ps) A 7 (ps)
SV2 (5 ps) 5.10+0.10 31.6+0.9 120.8 +3.5
5 ps 5.16 £ 0.15 33.0+14 1147+ 4.3
1 ps 5.21 +0.07 32.0+04 1194 +2.3

Table 4.1 | Parameters of the Equation 4.1 fits to the data in Figure 4.4. The errors are one

standard error of the fit.

4.1.5 Experimental Confirmation of Pulsed Laser Annealing

Experimental confirmation of pulsed laser annealing was determined using the

same control experiment as that shown in Figure 4.3b, where the same time point was




imaged repeatedly rather than varying the time points to build video frames. The resulting
intensities are shown in Figure 4.5 — in contrast to Figure 4.3b, where the same contrast
profile is present in each image (indicating the dynamics are unchanged from one frame to
the next), the behavior is not consistent across all images, as evidenced by the varying
profiles. This indicates that the specimen is not returning to the original, unperturbed state
between pump-pulse excitation. This is likely due to the higher pump-pulse fluence and
the higher repetition rate used for in situ photothermal annealing as compared to the
phonon-dispersion experiments (50 kHz compared to 20 kHz). This results in an increase
in specimen temperature with time, ultimately producing the change in crystalline and

amorphous morphology shown in Figure 4.1.
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Figure 4.5 | Control experiment testing for pulsed laser annealing. Contrast profiles from
the ROI used in this experiment (see Figure 4.3a) during in situ photothermal annealing at
35 mJ/cm? and a 50-kHz repetition rate. As for the control experiments discussed above,
images were acquired over a 45-minute span. Because the retroreflector was again fixed
in position, the changing profiles are indicative of a specimen which is not returning fully
to the ground state between experimental repetitions, leading to accumulation of energy
and therefore a change in specimen position, orientation, and morphology with

photothermal annealing time.

4.1.5 Space-Time Contour Plot Analysis

Key to differentiating CAP behaviors for pre- and post-annealed GaAs specimens

is quantification of the time-varying vp dispersion behaviors for each. The method for
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extracting this information from a UEM bright-field image series is summarized in Figure
4.6. Following establishment of a rectangular region of interest (ROI) oriented with the
long axis parallel to the phonon propagation direction (see Section 4.1.2), average-intensity
image profiles for each UEM temporal snapshot in the series are generated (Figure 4.6a-
c). The width of the ROl is set such that a balance is struck between maximizing the signal-
to-noise ratio and preserving the nature of the extent of the wavefront. Individual phonon
wavefronts are identifiable as depressions in the profile counts arising from an increase in
Bragg-scattered intensity for the reasons described above. Progress of each individual
phonon across the ROI can then be tracked by combining the spatial intensity profiles
together to form a space-time contour plot (STCP; Figure 4.6d). This procedure allows
tracking of phonon movement with few-pixel (i.e., 10 nm at the magnification used here)
precision. Panels (e), (f) in Figure 4.6 show a representative UEM image of a pre-annealed
GaAs specimen, a select ROI positioned within a section displaying active CAP dynamics
and the resulting STCP. Individual phonon behaviors manifest as dark, linear features in
the STCP, from which v, can be extracted by determining the slope, the magnitude of which

is then plotted as a function of time (Figure 4.6g), thus revealing the dispersion behavior.?®
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Figure 4.6 | Dynamics and dispersion of CAPs from UEM imaging. (a,b) Representative
UEM bright-field images of a GaAs lamella at t = 375 ps (left) and t = 390 ps (right)
showing the presence of contrast bands arising from propagating CAPs. The red rectangles
mark the position of an ROI from which contrast profiles were acquired, as shown in (c).
The colored arrows highlight two individual CAP wave fronts, and the white arrow
indicates the propagation direction. (c) ROI profiles from the UEM images shown in (a)
(upper plot) and (b) (lower plot). Wavefronts produce a drop in average counts owing to
increased scattering strength and are fit with a peak function to quantify position with time
(colored inverted peak fits to the data). The dashed vertical lines spanning both plots mark
the position of a select wavefront and illustrate the propagating nature of the contrast
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feature. (d) Concept of the generation of a space-time contour plot (STCP) from the ROI
profiles. For each UEM image in a temporal series (e.g., t1, to, etc., where each time point
is an individual snapshot), counts are averaged along one spatial dimension of a 2D ROI
to produce a temporal intensity profile with one spatial dimension. These profiles are then
combined into an STCP, where single wavefronts appear as sloped lines revealing speed
and direction (i.e., velocity, v). (e) Select UEM image with ROI indicated (red rectangle),
from which the STCP shown in (f) was generated. (f) STCP spanning from t = -5 ps to
485 ps. Each dark band is a phonon wavefront (the position of a select wavefront is

indicated with the white dashed line). The |vp| of the marked wavefront is 16.8 nm/ps. (Q)

Time-domain v; dispersion behavior determined via STCP analysis from a UEM image
series. Only dark bands which could be accurately fit are included; more details can be
found in Section 4.1.6. Error bars on the data points are one standard deviation of the

average of 10 repetitions of the analysis procedure for the same data.

4.1.6 Determination of Phase-Velocity Behavior

Analysis of CAP characteristics from a UEM image series is done by first
generating an STCP. This is done by extracting a line profile from the same location in
each frame of the series and plotting temporally-consecutive profiles next one another such
that the y-axis represents the spatial position along the profile and the x-axis represents the
time elapsed following in situ femtosecond photoexcitation. A detailed description of the
construction of STCPs is given above. Generally, background irreversible contrast

movements are corrected for by normalizing each row and column of the STCP to the
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average of each respective row and column. This approach ensures that if intensity changes
occur due to tilting, fluctuations in beam counts, differences in background specimen
contrast along the line profile, or specimen drift, the STCP fitting is not affected. Example

as-generated and normalized STCPs are shown in Figure 4.7 for a side-by-side comparison.
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Figure 4.7 | As-generated and normalized STCPs. (a) An as-generated STCP. (b) The
same STCP as shown in (a) but with rows and columns normalized by the average of each
respective row and column. An additional smoothing algorithm has been applied to each

data set using Origin for appearance only.

Values of vp extracted from the STCPs are most accurate when the ROI is oriented
perpendicular to the CAP propagation direction. Accordingly, an iterative process is used
to determine the most-probable propagation direction. A set of ROIs are established, each
originating from the same point but oriented at slightly different angles relative to one

another and to the most-likely propagation direction. STCPs are then generated for each,
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and v, for the same wavefront is determined via fitting. The ROI returning the lowest v, is
set as the correct position for the full analysis owing to the associated geometric arguments.
Here, template matching was used to ensure the ROI position was the same across the pre-
and post-annealed data sets.>”* To extract v, from STCPs, linear features arising from
individual CAP wavefronts are identified, and the lowest-count pixels along the feature are
found and linear least-squares fit (Figure 4.8). Phonon velocity is determined from the
slope of the line. Here, the entire procedure, including selection, was completed 10
separate times for each line in order to estimate the error associated with the procedure.
The standard deviation of these 10 repetitions of the fitting procedure form the error bars
on the data points in the STCPs in Figures 4.4, 4.6g, and 4.10. Lines which did not produce
repeatable velocities due to noise, such as the first two faintly visible dark lines in Figure

4.6f, were eliminated from the analysis shown in Figures 4.6 and 4.10.

122



800

700

600

[<)]
[=]
o

Position (nm)
g

.4 1 " | — l L ] L4 1
0 100 200 300 400 500
Time (ps)

Figure 4.8 | Extraction of CAP v, from STCPs. Orange disks mark the lowest-count
positions along the phonon wavefront feature, and the red line is a least-squares fit to these

points. The slope of the fit line gives vp.

4.1.7 Comparison of Dispersion Behaviors

In order to ensure direct comparison between the pre- and post-annealed CAP
dispersion behaviors, template matching between the two videos was completed with Fiji
using a normalized cross-correlation algorithm which matches the images with sub-pixel
accuracy.®™* Determination of the most-probable ROI orientation was completed on the
pre- and post-annealed image series, and the same pixel values were selected
algorithmically for both. This procedure returned the same relative orientation to within

0.5°, which is the angle associated with a 7-nm arc length and a radius of 800 nm (the
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length of the ROI). This precision corresponds to a maximum velocity difference of only
2.5 pm/ps, as determined following the procedures described above. The same pixel values
were used for the endpoints of each ROI, meaning that the only mismatch between the
spatial analyses of the two image series is the template matching algorithm. Owing to the
7-nm arc length, vp values were deemed to not be susceptible to such a small potential
variation. That is, because vp was determined by measuring the wavefront propagation
along the ROI, and because the pixel sizes for the two series were the same, mismatch
along the ROI between the two series would not result in a variation in v,. Also, mismatch
perpendicular to the ROI would not be expected to result in a measurable change in vp

because there is little change in wavefront behavior from one pixel to the next.

4.1.8 Calculation of Expected Bulk Speeds of Sound

To determine the expected speeds of sound in a fully crystalline GaAs specimen, it
was necessary to know the crystallographic direction in which the CAP wavefronts were
propagating. This was done by conducting correlative electron diffraction and bright-field
imaging experiments on the specimen of interest. To accomplish this, the angle of rotation
between imaging and diffraction modes in the microscope were determined by severely
under-focusing the diffraction pattern such that the real-space image could be observed.
Rotational template matching was incorporated to determine the illumination-condition-
dependent angle between the two (88.8° clockwise in the case of the post-annealed
specimen, for example). Upon correcting for this, the diffraction pattern could be

accurately overlaid onto the real-space image (Figure 4.9). The ROI used to calculate the
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STCP can then be superimposed onto the diffraction pattern at the correct angle and can be
used to determine the crystallographic direction along which the wavefronts propagate.

Here, this was approximately the [131] direction.

Figure 4.9 | Determination of crystallographic direction associated with CAP wavefront
propagation direction. Shown is a representative UEM bright-field image superimposed
onto the associated SAED (Bragg spots indexed). The diffraction pattern is rotated
clockwise by 88.8° relative to the real-space image to correct for the rotation that occurs
upon changing from imaging to diffraction mode in the TEM. The select ROI for
generating the STCP is shown as a solid red line and extended to guide the eye using the
dashed portion. By placing the direct beam spot (not indexed) on this line, the
crystallographic direction which is represented by the angle of the ROI can be determined.

Here, the angle of the ROI line matches the angle between the direct beam and the (131)
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reflection, indicating that the approximate crystallographic direction of the CAPs is the

[131] direction.

Here, the speed of sound in the [131] direction was approximated to be the same as
that in the general <111> direction. Thus, the expected longitudinal speed of sound along
this direction in crystalline GaAs can be calculated using Equation 4.2. Note that the
longitudinal speed is used here because the experimentally-observed asymptotic value is a
much better match to this than the transverse speeds, as has also been observed in

crystalline Ge.?

v = ’—3[) (42)

The elastic constants used in Equation 4.2 are C11 = 1.19 x 107 N/cm?, Ci2 = 5.34 x 10°
N/cm?, and Cas = 5.96 x 10° N/cm?, and p is the density of GaAs at 300 K. This results in
a calculated longitudinal speed of sound of 5.4 nm/ps.*?® For the estimated speed of sound
in a fully amorphous specimen, the following calculation was undertaken. First, it has been
reported that amorphization of GaAs by ion bombardment causes a softening of the Ci1
and Ca4 elastic constants by 17% and 41%, respectively. Because the Ci2 softening was
not reported, this value was approximated as that observed for Si, in which the transition
from crystalline to amorphous causes a 10% softening of the C11, a 13% softening of the
C1z, and a 40% softening of the Cas.*?"#% Thus, the Ci2 softening is 10% of the range

between C11 and C4s. By comparing this with the data for GaAs, an approximation is made
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that C12 in GaAs softens by 19%. Using these elastic constants, the stiffness matrix was
inverted, and the first term was inverted again in the standard procedure for acquiring
Young’s modulus from the stiffness tensor. The Young’s modulus and the measured
density of GaAs was then used to calculate an estimated speed of sound of 3.8 nm/ps.*?
This assumes a fully amorphous, isotropic GaAs specimen and is therefore a lower bound,
as the disordered GaAs forming the upper and lower layers on the sandwich structure in

the specimen studied here is not expected to be homogeneously disordered.

4.1.9 Effect of Tilting on Velocity

Inspection of the diffraction patterns in Figure 1 of the main text reveal that some
specimen tilting occurred between experiments. Because Lamb-type guided-wave modes
travel down the bisector of the GaAs plate, v, could be affected by specimen tilting because
the observed distance could differ from the actual distance traveled. Specifically, the
relationship follows Equation 4.3.

dobs = dirue €OS(Otire) (4.3)
Here, dobs is the observed distance traveled, die is the actual distance traveled, and @i is
the degree of specimen tilting. This equation is only applicable to tilts where the axis of
tilting is perpendicular to the direction of CAP travel or parallel to the wavefront, as these
are the tilts which would change the observed distance measured in the velocity analysis.
Following this geometrical argument, in order for the difference in velocities observed to
be due to tilting, the ratio of the velocities must be equal to the cosine of the tilt angle.
Using the final (asymptotic) velocities shown in Figure 4.10, this states that the angle of

tilt necessary to achieve this change in velocities is 22°. Based on the diffraction patterns
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shown in Figure 4.1, this is not possible, as such a large tilt would cause an entirely different
orientation rather than a slight change in adherence to the zone axis. Continuing with this
argument, a 1° tilt would cause a change in velocity from 4.720 nm/ps to 4.721 nm/ps,
which is well within the error of the measurement. This indicates that while some degree
of tilting likely occurred based on simple inspection of the diffraction patterns, it was not
enough to cause the observed change in velocities between the pre- and the post-annealed

states.

4.2 | Results and Discussion

4.2.1 CAP Propagation Dynamics

It is worth noting that while the STCP analyses performed here were conducted on
a single, select ROI, inspection of the Supplementary Videos shows that CAPs were in fact
initiated and launched from each vacuum-specimen interface, or lamella edge, following
in situ photoexcitation. This indicates that the direction of CAP propagation is not
dependent upon crystallographic orientation. Instead, acoustic-phonon launch from
morphological features such as step-edges and interfaces, is hypothesized to arise from a
rapid dephasing of directional phonon modes due to inherent differences in the interfacial
boundary conditions at such features and the associated influence on the lattice response
following photoexcitation.?!? Indeed, rapid dephasing of CAPs caused by crystal step-
edges that are a single unit cell in height has been observed with UEM.??° Further, the

CAPs imaged here are hypothesized to be Lamb waves, as has been observed in single-
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crystal, undoped Ge.?®?* Such guided-wave modes generally display multiple orders in
the frequency domain, most of which have hypersonic phase velocities with strong
dispersion behaviors. However, it remains an open question as to why single-mode
excitation appears to occur here and also in previous UEM studies.?® Further, the observed
single exponential decay of vp in the time domain (Figure 4.6Q) is subject to several
explanations, such as enhanced carrier screening during charge-carrier equilibration and

cooling.26419

4.2.2 Effect of Crystallinity on CAP Propagation

Using the methods described above, CAP time-domain dispersion behaviors for the
pre- and post-annealed GaAs specimen shown in Figure 4.1 were determined with UEM
imaging (Figure 4.10). Methods for ensuring that CAP dynamics could be directly
compared across the pre- and post-annealed specimen are described in the Supporting
Information. For reference, the specific phonon wavetrains analyzed were each found to
propagate approximately along the [131] crystallographic direction, as determined with
correlative imaging and diffraction (see the Supporting Information). As noted above,
however, the particular crystallographic direction does not dictate CAP propagation
direction. Here, determination of the wavetrain propagation direction with respect to
crystallographic orientation was done in order to provide a common reference for the
compared CAP behaviors. As can be seen in Figure 4.10, CAPs in both the pre- and post-
annealed specimen display hypersonic phase velocities that exponentially decay to the

range of longitudinal speeds of sound in GaAs. Importantly, however, the final asymptotic
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velocity values (vp0) differ; in the pre-annealed state, vp 0 = 4.76 £+ 0.14 nm/ps, while vpo =
5.13 + 0.08 nm/ps in the post-annealed state, thus giving an increase in CAP velocity of
0.37 + 0.15 nm/ps upon annealing and increased specimen crystallinity. The vpo error
values are standard errors of the fit of the exponential decay function to the data, while that
of the difference is a propagated error. As is the case for the data in Figure 4.6g, error bars
on the data points in Figure 4.10 are one standard deviation of 10 repetitions of the entire

STCP fitting procedure.
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Fits: v = Ae™ + v
P p,0

post-anneal
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Vp,o,posr-annea.' =5.13 £ 0.08 nm/ps

v =476 +0.14 nm/ps
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Figure 4.10 | Time-dependent phase velocity (vp) for pre- and post-annealed GaAs (blue
squares and red dots, respectively). The data are fit (solid curves) with the single
exponential decay function shown in the upper-right corner of the plot. The asymptotes
for each curve (vpo) are indicated with horizontal, colored dashed lines, and the values
determined from the fit are shown. The error bars on the data points are one standard
deviation of the average of 10 separate fits of the wavefront peaks in the associated STCPs
(not shown), and errors on the asymptotic values for vp o are one standard error of fits to

the v, data.

The observed difference in vpo for the pre- and post-annealed specimen indicates

that a change in morphology — namely an increase in relative crystallinity — is the source
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of the difference and that UEM CAP imaging is sensitive to such variations. Comparison
of the values of vy 0 determined here to those for entirely crystalline and entirely amorphous
GaAs is informative. The longitudinal speed of sound in the [131] direction for crystalline
GaAs is estimated to be 5.4 nm/ps [33]. By comparison, it is expected that an amorphous
specimen would support a significantly reduced speed of sound of 3.8 nm/ps, as estimated
from the associated elastic constants (see Section 4.1.8 for details). Here, both the pre- and
post-annealed state are some combination of crystalline and amorphous structure as a
consequence of the FIB-preparation method used and the resulting damage layers. Though
calculation of the precise dispersion behaviors in such a structure are non-trivial and
beyond the scope of this work, the experimentally observed behavior in Figure 4.10 is in
agreement with that expected for both a mixed morphology (i.e., between the two Vvpo
extremes) and a post-anneal increase in crystallinity (i.e., a commensurate increase in vp).

Measurable differences between the asymptotic vpo values for an as-prepared and
an annealed specimen raises the question of whether it is generally possible to use UEM to
access additional material information by measurement of phonon phase velocities.
Indeed, acoustic-wave behavior has been used to study a broad range of optical phenomena
and discrete structures, including the effect of heterostructure architectures and ion
implantation on optical refraction, the structures of buried layers and interfaces, the
constants associated with deformation potential, and the properties of bond stiffness and
elasticity. 23236430434 Accordingly, combining the relatively high spatiotemporal
resolution of UEM imaging with modeling and controlled specimen geometries and

compositions may lead to significant improvements in precision and accuracy, as well as
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to new insights into structure-function relationships via correlative methods. In particular,
significant impacts may be made on improving understanding of the influence of discrete
nanoscale structures and morphologies — especially at both exposed and buried interfaces

— on emergent optical and electronic properties of semiconducting materials.

4.3 | Summary and Conclusion

In summary, we have described a method based on UEM bright-field imaging for
quantifying coherent acoustic-phonon dynamics, especially the time-domain dispersion
behaviors that manifest in thin lamella of archetypal semiconducting materials like GaAs
and Ge. We have shown that the combined nanometer-picosecond spatiotemporal
resolutions of UEM imaging can be used to isolate and differentiate subtle differences in
dynamics induced by changes in specimen structure and morphology. In particular, the
high-resolution aspects of UEM relative to all-optical spectroscopic methods enable access
to higher-order structural and temporal information, with correlative unit-cell and
nanoscale studies potentially leading to a broader understanding of the underlying physical
principles at work. We envision that extension of the methods described here to systems
of increasing complexity and highly-varied composition will lead to new insights into
semiconductor heterostructures and buried epitaxial interfaces, highly-beam-sensitive
hybrid materials with sensitive compositional constraints, and engineered nanostructured

materials for carrier-transport optimization.
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Chapter 5 | Pulsed Beam Damage Mitigation in Organic
Crystals

Despite development of myriad mitigation methods, radiation damage continues to
be a major limiting factor in transmission electron microscopy. Intriguing results have
been reported using pulsed-laser driven and chopped electron beams for modulated dose
delivery, but the underlying relationships and effects remain unclear. Indeed, delivering
precisely-timed single-electron packets to the specimen has yet to be systematically
explored, and no direct comparisons to conventional methods within a common parameter
space have been made. Here, using a model linear saturated hydrocarbon (n-
hexatriacontane, CssH74), we show that precisely-timed delivery of each electron to the
specimen, with a well-defined and uniform time between arrival, leads to a repeatable
reduction in damage compared to conventional ultralow-dose methods for the same dose
rate and the same accumulated dose. Using a femtosecond pulsed laser to confine the
probability of electron emission to a 300-fs temporal window, we find damage to be
sensitively dependent on the time between electron arrival (controlled with the laser
repetition rate) and on the number of electrons per packet (controlled with the laser-pulse
energy). Relative arrival times of 5, 20, and 100 us were tested for electron packets
comprised of, on average, 1, 5, and 20 electrons. In general, damage increased with
decreasing time between electrons and, more substantially, with increasing electron
number. Further, we find that improvements relative to conventional methods vanish once
a threshold number of electrons per packet is reached. The results indicate that precise

electron-by-electron dose delivery leads to a repeatable reduction in irreversible structural

134



damage, and the systematic studies indicate this arises from control of the time between

sequential electrons arriving within the same damage radius, all else being equal.

5.1 | Experimental Methods

5.1.1 Hexatriacontane as a Model Material

Hexatriacontane (CssH7s, C36) microcrystals were used as a model material for
several reasons. First, damage due to electron-beam irradiation has been previously
studied, and a range of critical doses (i.e., dose producing a Bragg-spot intensity drop of e
1 or approximately 37%) have been reported.3’837743% This provides benchmarks and points
of reference for results of both the thermionic- and the pulsed-beam experiments reported
here. Second, microcrystals oriented along the [001] crystallographic zone axis and with
easily-quantifiable dimensions suitable for study with TEM are readily formed via drop
casting from an organic solvent (e.g., decane) onto conductive amorphous carbon grids. In
addition, the crystals so formed have a low intrinsic defect density and a nearly
monodisperse thickness distribution (see Section 2.1.1). Thus, the influence of thickness
on measured radiation damage is effectively normalized out for all experiments.?®® These
properties are ideal for identifying multiple crystals suitable for beam-damage studies in
order to generate statistics and for precisely determining geometric dimensions. It should
be noted that care was exercised in accounting for elastic deformation, strain relaxation,
and n-beam dynamical scattering in the crystals, as these effects will impact the measured

Bragg-spot intensities.>’
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5.1.2 Experimental Parameters

Table 5.1 is a collection of pertinent parameters associated with all experiments
presented and discussed in the main text (in addition to a repeat of the experiment shown
in Figure 5.4; included to demonstrate repeatability). The experiment number corresponds
to the figures in the main text; for example, experiment 3.1 is the first experiment
associated with Figure 5.3, and experiment 5A.1 is the first experiment associated with
Figure 5.5a. Experiments 4.3 and 4.4 are not shown in any figures but are included here to

demonstrate repeatability.
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Beam .

Beam Beam Dose Acq. Total Final

Exp. I_B»rear: -{BSI)D E/P EE:'I;r Current Cg::grt Area Rate Time | Time Al11o
we A | a | @m | @Ay [ o | o) [ e

3.1 Pulsed 100 | 1.03 | 0.15 1.6 0.24 132.4 7.76E-7 90 224 -0.81
3.2 Therm n/a n/a n/a 1.6 0.22 131.5 1.77E-7 90 22.3 -1.55
4.1 Pulsed 5 1.04 | 011 33.3 3.45 218.9 9.52E-6 10 1.82 -0.93
4.2 Therm n/a n/a n/a 32.2 3.71 218.6 9.20E-6 10 1.89 -1.66
4.3 Pulsed 5 0.99 0.12 31.7 3.72 219.4 9.04E-6 10 1.92 -0.92
4.4 Therm n/a n/a n/a 32 3.45 220.7 9.06e-6 10 1.91 -1.73
5A.1 Pulsed 5 4,96 0.16 158.7 497 98.7 1.00E-4 5 0.173 -4.89
5A.2 Pulsed 5 5.02 0.05 160.8 1.64 98.8 1.02E-4 5 0.171 -5.60
5A.3 | Pulsed 5 095 | 0.13 30.4 4.23 98.4 1.93E-5 5 0.898 -0.52
5A.4 Pulsed 5 0.89 0.14 28,5 4.56 98.7 1.81E-5 5 0.961 -1.31
5A.5 Pulsed 20 0.99 0.06 7.9 0.50 98.4 5.02E-6 5 3.46 -1.53
5A.6 | Pulsed 20 1.08 | 0.10 8.6 0.78 98.9 5.47E-6 5 3.18 -3.75
5A.7 | Pulsed 20 5.04 | 0.05 40.3 0.37 98.7 2.55E-5 5 0.680 -7.49
5A.8 Pulsed 20 4.96 0.06 39.7 0.52 98.6 2.52E-5 5 0.690 -7.70
5B.1 Pulsed 5 2%1 0.61 644.7 19.38 221.8 1.82E-4 2 0.096 -9.45
582 | Pulsed | 5 1?'7 056 | 6306 | 1807 | 2211 | 1.78E-4 2 | 0097 | 972
583 | Pulsed | 5 13'5 130 | 6252 | 4172 | 2204 | 1.77E-4 > | 0098 | -1479
5B.4 Pulsed 5 2%'3 1.13 650.2 36.17 220.1 1.85E-4 2 0.094 -11.25
5B5 | Pulsed | 5 193'5 075 | 6248 | 2399 | 2213 | 1.76E-4 2 | 008 | 762
5B.6 | Therm n/a n/a n/a 627.5 16.92 220.8 1.78E-4 2 0.098 -9.86
5B.7 Therm n/a n/a n/a 632.4 24.01 220.4 1.79E-4 2 0.097 -6.48
5B.8 | Therm n/a n/a n/a 636.9 15.99 220.9 1.80E-4 2 0.096 -7.82
5B.9 Therm n/a n/a n/a 652.0 19.32 221.4 1.84E-4 2 0.094 -11.59
5B.10 | Therm n/a n/a n/a 649.1 18.60 220.0 1.84E-4 2 0.094 | -10.85

Table 5.1 | Experimental parameters and associated errors for all experiments presented in
Chapter 5, as well as one repetition that is not shown but is reported here to demonstrate
repeatability (Exps. 4.3 and 4.4). Exp. = Experiment number, where the first number is the
figure number in Ch 5 (i.e., if the first number is a 3, the experiment appears in Figure 5.3),
and the second number is the specific experiment referred to. Beam Type = pulsed beam
(Pulsed) or random thermionic beam (Therm). TBP = time between electron-packet arrival
at the specimen. E/P = electrons per packet. Beam Area = size of the electron beam. Acq.
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Time = camera exposure used to acquire each diffraction pattern. Total Time = the total
time required to conduct the fading-curve experiment up to a predetermined total dose.
Final Ali0 = the final average intensity value of the 110 Bragg spots up to the total

accumulated dose specific to the experiment.

5.1.3 Bragg-Spot Fading Curve Method

A decrease of 110 Bragg-spot intensity as a function of dose and dose rate was used
to track and quantify beam damage. An example at high total dose (relative to the
experiments reported in the main text) of the type of data generated using this method is
shown in Figure 5.1. In this case, a hexatriacontane (CzsH74, C36) microcrystal was
irradiated with a 0.57 nA thermionic (random) beam, and a series of diffraction patterns
(DPs) were acquired at steadily increasing dose. Progression of the damage manifests as a
loss of intensity in the Bragg spots, with the higher-order spots being more sensitive than
those generated at lower scattering angles (i.e., larger planar spacings). The average
intensity of spots generated from a family of planes is then plotted as a function of dose in
order to quantify a damage rate. The dose, D, is D = (I')-A, where I is the beam current
(e-s™h), tis the exposure time (s), and A is beam area (A2). For each experiment described
in this work, a single C36 crystal was centered in the field of view, and DPs were acquired
at regular intervals up to a predetermined total dose (e.g., 0.063 e-:A?). The predetermined
dose was selected by balancing the need for high stability with the need for a sufficient
amount of reliable data for making comparisons and drawing conclusions. Note that while

an exponentially-decaying fading curve is shown here and in Figure 5.1c, we also observed
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linearly-decaying behaviors at high total doses. Variation in the functional form of Bragg-
spot fading curves at high dose rates has been noted many times in the literature, especially
in crystalline paraffins, and there are likely numerous possible sources, 2%2-254351,372,436-442
However, the data displayed in Figures 5.2, 5.3, 5.4, and 5.5 below extend over
comparatively small accumulated-dose ranges and, thus, remained within a regime where
a linear appearance is expected. While further experiments regarding the origins of

different fading-curve shapes are perhaps merited, such work is well outside the scope of

the present study.
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Figure 5.1 | High-dose example of the Bragg-spot fading-curve method for monitoring
beam-induced damage as a function of accumulated dose. (a) Representative diffraction
patterns (DPs) from a C36 microcrystal as a function of dose (e-A?). (b) Difference in
intensity of the 110 Bragg spots as a function of dose relative to the intensities at nominally
zero dose. Here, Al11o0 = (l110 - lo,110)/l0,110, Where 1110 is the average 110 Bragg-spot
intensity at a non-zero dose, and lo 110 IS the average intensity at nominally zero dose. The
DPs and fading curve shown here are also displayed in Figure 1 in the main text. It is

emphasized that the example fading curve shown is for a large total dose relative to the

ultra-low dose experiments that were the focus of study.

For the low-dose experiments that were the subject of study here, fading curves
were least-squares fit with a line, and the resulting fit equation was used to calculate the
value of Alio at a predetermined dose (e.g., 0.063 e-A?), as shown in Figure 5.2.
Expectation of linearity at these low accumulated doses is further supported by noting that

the value of Al11o at the predetermined dose was not affected by the overall functional form
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of the fading curve. This was tested by completing a paired t-test on experimental data,
with one set displaying a linearly-decaying behavior for a high total dose and the other
displaying an exponentially-decaying behavior for a high total dose. The p-value on this
paired t-test was 0.5, indicating no significant difference between the data generated from

a linear vs. an exponential fading-curve behavior at 95% confidence.

0 001 002 003 004 005 006

Dose (e-A?)
Figure 5.2 | Method for determining the value of Al11o at a predetermined total dose (here,
0.063 e-A2). The vertical blue line marks the position of a dose of 0.063 e-A, the black
line is the linear least-squares fit to the data (black circles), and the horizontal red line
marks the position of the value of Ali1o at the predetermined dose, as per solution to the

equation for the linear least-squares fit.
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After acquisition of all data and recording of all experimental parameters, the data
analysis proceeded as follows. First, any shifts in position of the diffraction patterns was
corrected using a template-matching plugin in Fiji to calculate the shifts (in pixels in the x

and y directions) and a MATLAB code to carry out the correction.3"

This typically
resulted in the loss of a few columns and rows of pixels around the frame edges, though no
critical Bragg-spot information was lost. Next, the 110 Bragg peaks (the peaks of interest
here) for all diffraction patterns in the stack were fit with a 2D Gaussian function, which
included background determination. The intensities of the peaks were determined via
background removal followed by numerical integration. Because the patterns were
analyzed as a stack, the robustness of the automated fitting algorithm was routinely
checked. This involved comparison of background values (which did not vary by more
than 1% across all patterns) and comparison of peak fits for the first and last patterns, as
well as those at all three quartiles, thus ensuring consistency of background correction and
peak fitting across the entire stack. Finally, the intensities were plotted as a function of
dose (e-A?), and the resulting plots were fit with a linear trend line for the low-dose data.
The total change in intensity for each peak was then calculated for a predetermined
accumulated dose (e.g., 0.063 e-A?). Note that when peak fitting with a 2D Gaussian was
not ideal, which occasionally occurred for patterns generated with pulsed beams due to, for

example, a non-circular laser profile on the cathode, an edge-finding algorithm was used

to calculate the peak area.
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5.2 | Results and Discussion

5.2.1 Ultra-low Dose Comparison: Pulsed vs. Thermionic Beam

Effects of pulsed- and random thermionic-beam irradiation on 110 Bragg-spot
intensities from individual C36 microcrystals for an identical ultralow dose rate of 7.8 x
107 e-A2.st are summarized in Figure 5.3. For the pulsed mode, the number of electrons
generated per laser pulse was 1.03 + 0.15, and the time between arrival of each at the C36
microcrystal was f1 = 100 ps (see the Supporting Information for details on the
measurement of the number of electrons per packet). Intensities were monitored up to an
accumulated dose of 0.066 e-A (see also Figure 5.2). Linear intensity decreases were
observed for each over this relatively low range of accumulated dose. When elastic-
bending and dynamical-scattering effects are negligible, Bragg-spot intensity attenuation
as a function of dose is indicative of a loss of crystallinity due to increasing disorder and
irreversible structural damage.”” Here, the slopes of the responses differ by a factor of
1.8, with the rate of damage sustained for the pulsed beam being lower than that of the
thermionic beam despite being applied at the same dose rate. See Figures 2.10 and 2.11
and Section 2.2 for descriptions of the methods used to measure beam current and beam
size. Note that care was taken to ensure the C36 microcrystals studied were the same
thickness (see Figure 2.4 and Section 2.1.3). Note also that, despite the necessary long
experiment times, stability of the lab environment and the instruments was such that
negligible net specimen drift occurred (i.e., drift occurred about a single center-of-mass
position after system and lab equilibration). This resulted in individual C36 microcrystals

remaining positioned under the beam for the entire duration of each experiment for both
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thermionic and pulsed-beam measurements (i.e., net specimen drift was negligible for both
conditions, as expected owing to the same dose rates and accumulated doses). This
controls for systematic errors arising from potentially different net specimen drifts for the
pulsed vs. thermionic experiments. Further, owing to the results, net specimen drift would
need to consistently be greater for the thermionic condition despite being administered at
the same dose rates (beam current and beam size) and under the same lab- and instrument-
stability requirements as the pulsed condition. See Figure 2.13 for an illustrative example
of the typical specimen spatial stability achieved and for a discussion of how lab-

environment and instrument stabilities were monitored and assessed.
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Figure 5.3 | Comparison of pulsed and random (thermionic) electron-beam damage for the
same dose rate (7.8 x 107 e-A?.s1). Representative (a) pulsed- and (b) random-beam
diffraction patterns of a C36 microcrystal with the 110 Bragg spots used to generate the
fading curves in panel (c) highlighted. (c) Fading curves and least-squares fits for the
pulsed and random beams. The slope of the line fit to the random-beam data is steeper
than that of the pulsed beam by a factor of 1.8. Pertinent specifications are as follows:
Pulsed-beam current and illuminated area were 1.6 + 0.24 fA and 132.4 um?, respectively
(0.01 zeptoamps per nm?). Random-beam current and illuminated area were 1.6 + 0.22 fA
and 131.5 um?, respectively. The pulsed beam was generated with a 300-fs FWHM pulsed

laser operated at f = 10 kHz (f! = 100 ps). The laser pulse energy incident on the TEM
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photocathode was set such that the number of electrons per packet was measured to be 1.03

+0.15.

Because the only difference between the two beam types was the temporal profile
of electron arrivals (i.e., electrons may arrive more closely together in time for
conventional thermionic emission, whereas this is strictly controlled in the pulsed-beam
case), the results shown in Figure 5.3 suggest that damage caused to the specimen is
sensitive to shorter-than-average durations between electron arrivals. This then raises
questions pertaining to the relationship between sequential electron arrival and damage
accumulation in the specimen. That is, if two electrons arrive within a particular time
interval and spatial proximity to one another, a description must be formed regarding what
additional damage this would cause compared to the case in which the electrons arrive 100
ps apart, as well as what the relevant spatial radius and time scales are for additional
damage to occur. To explore this, insight is drawn from the relevant physical damage
mechanisms.

The primary damage mechanism — excitation and ejection of specimen electrons
caused by collisions with incident electrons — occurs in femtoseconds and is essentially
confined to a single molecule.?48443444 Thjs is because the inelastic scattering cross section
of a high-energy electron makes it unlikely that more than one collision per incident
electron occurs. Secondary electron damage caused by ejected and Auger electrons, which
has been estimated to cause up to 80% of the damage to the specimen, also occurs very

quickly, over tens of femtoseconds.?*” Because the energy deposited by incident electrons
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(37 eV, on average, for paraffins) is much higher than the threshold for damage (4.8 eV),
a single secondary electron can break multiple bonds and excite multiple additional
electrons before its energy drops below the damage threshold.?*” This in essence
constitutes a non-linear relationship between the number of damage events and the number
of incident inelastic collisions. While the damage radius of an individual event for
secondary electrons is spatially localized — on the order of ten unit cells — due to the
relatively large scattering cross sections the non-trivial probability of multiple events
occurring from one electron leads to an increased chance of multiple radicals and additional
excited electrons being formed.?82502°1  Therefore, the damage radius associated with
secondary-electron excitation is significantly larger when relevant aspects of all associated
excitations are accounted for. That is, the damage radius for all associated events arising
from a single incident inelastic collision includes typical diffusion lengths, mean free paths,
and lifetimes for the radicals generated, the products of the radical reactions, and the
phonons excited during relaxation of each event.

Occurring on the order of nanoseconds after initial formation, free radicals react
with the surrounding lattice or with small, diffusing molecules (e.g., free H> and light
hydrocarbons), though several factors dictate the precise reaction rate, including molecular
identity, free-radical site reactivity and geometry, radical concentration, and local lattice

energy.2#

Degradation of unstable species follows the initial reactions, subsequently
causing structural deterioration manifest as loss of crystallinity and Bragg-spot intensity
fading.?*32*° This process continues for hundreds of nanoseconds to microseconds, though

again the precise duration is dependent upon free-radical concentration and on local
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energy.2*844°> Because the manner in which this process proceeds is dependent upon local
energy, radical concentration, and diffusion rates, the thermal energy available
significantly influences the damage sustained. For example, a temperature increase of 1 K
produces an additional 3% damage, while an increase of 9 K produces an additional
28%.%522%  This is noteworthy because while the global increase in equilibrium
temperature is negligible at low beam currents, the energy released locally during excited
electron relaxation is not, as evidenced by the processes described above, 253254441446
Ilustratively, excited phonons vibrating in the 5 to 15 THz range have 3 to 10 meV of
energy, which corresponds to local temperature increase of 30 to 110 K.*4744® (Note that
while it may not be technically correct to use temperature as a descriptor of thermal energy
at these length scales, it is nonetheless instructive to consider the kT energies involved.)
This energy will be distributed over tens to hundreds of nanometers, per the damage radius
discussion above, and will persist for hundreds of nanoseconds to microseconds.?®116
From this discussion, it is therefore reasonable to assume that local phonon
excitation, while not sufficient to significantly raise the global thermalized lattice
temperature, can cause appreciable increases in energy locally at the excitation site, thereby
causing a non-linear increase in the damage caused by free radicals and higher diffusion
rates. The combination of dominant damage mechanisms, and the associated compounding
synergistic effects (e.g., Arrhenius-type increases in reaction and diffusion rates with local
energy), suggests that incident electrons impinging upon the specimen within hundreds of
nanoseconds to microseconds and tens to hundreds of nanometers of one another could

produce a degree of irreversible damage that would not occur if reactive species, phonons,
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and secondary electrons were allowed significantly more relaxation time between electron
arrival. Following these arguments, one would then expect events of electrons arriving
with shorter-than-average durations between them to result in more extensive irreversible
structural damage from otherwise reversible processes owing to increased accumulation of
local lattice energy and a higher spatiotemporal number density (i.e., species per volume
per time) of reactive species during moments of greater instantaneous dose in the random
beam. See the Supporting Information for details of the measures taken to account and

control for sources of both random and systematic error.

5.2.2 Effect of Shortening Time Between Pulses

To test the hypotheses stated in Section 3.2.1, a set of pulsed-beam experiments
were conducted, wherein both the time between electrons (f1) and the number of electrons
in each packet were systematically varied and compared to the random thermionic-beam
method and to one another. Figure 5.4 shows the result of reducing f* to 5 ps (f = 200
kHz) for 1.04 £ 0.11 electrons per packet, again compared to the random-beam approach
administered at the same dose rate (in this case, 9 x 10 e-A2.s owing to a higher f). A
statistically-significant reduction in damage at a given accumulated dose (here, up to 0.077
e-A) is again observed for the pulsed beam. Interestingly, damage for the pulsed-beam
approach is again reduced by nearly a factor of two relative to the conventional low-dose
method. This reduction in damage recurred nearly identically in a repetition of the
experiment (see Table 5.1), demonstrating the repeatability of the result. The damage at a

common accumulated dose (e.g., 0.066 e-A?), however, is higher by approximately 15%
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for both the pulsed and the random beams when compared to that sustained with the lower
dose rate shown in Figure 5.3. This supports the hypothesis that contributions by
irreversible aspects of otherwise reversible mechanisms to the accumulated damage
sensitively depend upon the time between arrival of each individual electron at the

specimen.
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Figure 5.4 | Comparison of damage induced by pulsed and random (thermionic) electron-
beam irradiation for the same dose rate (9 x 10 e-A-2.s). Fading curves and least-squares
fits for the pulsed and random beams are shown. The slope of the line fit to the random-
beam data is steeper than that of the pulsed beam by a factor of 1.9. Pertinent specifications
are as follows: Pulsed-beam current and illuminated area were 31.7 + 3.54 fA and 219.4
um?, respectively. Random-beam current and illuminated area were 32.0 + 3.45 fA and
220.7 pm?, respectively. The pulsed beam was generated with a 300-fs FWHM pulsed
laser operated at f = 200 kHz (f* = 5 ps). The laser pulse energy was set such that the

number of electrons per packet was measured to be 1.04 =+ 0.11.
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5.2.3 Increasing the Number of Electrons Per Packet

The effect of the number of electrons in each packet on damage was also studied,
the results of which are summarized in Figure 5.5. Because two factors were tested (f* and
the number of electrons per packet), a two-level factorial approach was taken in order to
avoid conflation. It was observed that the degree of damage sustained at a given
accumulated dose is significantly higher when the number of electrons per packet is
increased (here, from one to five; Figure 5.5a). Reducing f* for the 5-electron packets from
100 ps to 5 ps produced a further increase in damage, potentially to a larger degree than
for the 1-electron packets. An analysis of variance shows that both factors are statistically-
significant predictors of damage (to 95% confidence), but no super-additive effect was
apparent at this confidence level. That is, the results do not indicate that varying both
factors produces any additional effect beyond the additive ones observed. This said, an
unexplored region of the very-large parameter space may indeed exist where super-additive
effects do occur. Interestingly, the deleterious effects caused by increasing the number of
electrons per packet are substantially more significant than those caused by decreasing f;
the five-fold increase in electrons per packet produces a greater increase in damage than a
five-fold decrease in f2.

The dramatic increase in damage caused by a modest increase in the number of
electrons per packet suggests that, for a given f?, a point should be reached where all
benefits provided by pulsing the source compared to the conventional low-dose approach
are lost. Figure 5.5b shows a comparison of pulsed- and random-beam irradiation, where

the number of electrons per packet for the pulsed beam was increased to 20 (f* =5 ps;
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same dose rate = 1.8 x 10* e-A2.s%). As can be seen, no statistical difference (to 95%
confidence) at a given dose (here, 0.063 e-A?) is present, indicating that the amount of
damage caused by the arrival of 20 electrons at the specimen over an estimated 2-ps time
period [increased from 300 fs due to Coulomb repulsion] is comparable to that occurring
during the conventional low-dose approach.!®® It is reasonable to speculate that the
quantitative behaviors observed here are material dependent, but more work is needed.
Taken together, these results support the hypothesis that, despite being administered at the
same dose rate, the statistical generation of multiple electrons over a shorter-than-average
period of time during conventional emission processes is the source of the observed

increased damage compared to the precision pulsed-source approach.
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Figure 5.5 | Effect of the number of electrons per packet and the duration between each
packet on damage. (a) Change in l110 after a total accumulated dose of 0.063 e-A. Error
bars represent the standard error over four separate experiments. All data points were
generated using a pulsed beam, and the same size specimen area was irradiated for each
(within 0.5%). (b) Change in l110 after a total accumulated dose of 0.063 e-A for a pulsed
beam with 20 electrons per packet and f* = 5 us (f = 200 kHz) compared to a random
(thermionic) beam of the same current (0.5 pA) and for the same size irradiated specimen
area (within 1%; same dose rate = 1.8 x 10 e-A2.s). Error bars represent the standard

error over five separate experiments.

5.3 | Summary and Conclusion
Via systematic studies and direct, statistical comparisons to conventional methods,
we have conclusively shown that delivering dose using a precise, highly-controlled pulsed-
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beam approach in a TEM can reduce the damage sustained by beam-sensitive materials.
We accomplish this by using the highly regular and stable emission from a fs pulsed laser
to strictly control critical aspects of electron emission from the source. We find that the
degree of damage is sensitive to both the duration between arrival of each electron at the
specimen and to the number of electrons per packet. Increased damage with increased
electrons per packet, as well as the observation of a loss of advantageous effects, suggests
the temporally random emission occurring during conventional low-dose methods is a
significant contributor to beam-induced damage and that the pulsed-beam approach in
essence mitigates the cumulative effects of sequential inelastic events occurring within a
damage-mechanism-specific spatiotemporal window. The results of this work open an
entirely new avenue of research into fundamental studies of radiation-damage mechanisms
and into mitigation of the associated deleterious effects. Myriad future studies are
envisioned, including quantifiably testing the effects on spatial resolution and extension of
the approach to probing biological structures, biomaterials, biological macromolecules,
radiation-sensitive organic and inorganic materials (e.g., organic semiconductors, hybrid

perovskites, and zeolites), liquid environments, and cryo-EM.

155



Chapter 6 | Pulsed Beam Damage Mitigation &
Elucidation in Metal Halide Perovskites

As discussed in Section 1.4, electron beam damage to perovskite specimens during
TEM experiments limits the efficacy of TEM and related techniques to provide insight into
specimen structures and morphology. In addition, MHPs are a particularly useful test case
for using pulsed beams as a kinetic tool as their stability upon exposure to stimuli such as
light, strong bias, and heat has been outpaced by efficiency improvements.?’"?’® Thus,
structural understanding of various degraded phases of MHPs is valuable and the many
tools associated with TEM, such as EBIC, STEM, and EDX, have a high potential to aid
in this effort. Additionally, parallels have been drawn between degradation via electron
beam and similar pathways followed upon exposure to light and heat.?”>2763%° This work
uses the prototypical MHP MAPDI3 as a test material. Electron beam degradation in
MAPDI3 is thought to be initiated by iodide migration, as evidenced by careful high-
resolution TEM analysis as well as theoretical calculations highlighting the low activation
energies of iodide vacancies and interstitials compared to other point defects.272:274276,325:449
Observed self-healing processes in MHPs suggest that a temporal component to the
damage mechanism, even a certain reversibility, is possible and may be exploited through
temporal manipulation of the material 3333343545045 Therefore, the work discussed in this
chapter is two-fold.

First, we explore fs laser-driven pulsed TEM for mitigating damage in MHPs,
specifically methylammonium lead iodide (CH3NHsPblz or MAPbIz). Our main goal was

to determine — all else being equal — if a pulsed beam leads to a reduction in MAPDI3
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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 MAPDIz is lower than that for CasH7a, supporting the hypothesis that
the pulsed-beam effect is material and mechanism dependent.

Then, we explore differences in degradation behavior of MAPDI3 according to the
temporal profile of the electron beam used. The fine control exhibited over the temporal
profile of the pulsed beam may allow for new information in kinetic processes due to the
triggering of different components of the energy landscape upon successive electron
arrival, although effects like texturing may also have some effect. We use pulsed electron
beams to exhibit a potential second kinetic step in the degradation of MHPs. This technique
was used to manipulate two time constants independently, opening the door to further

kinetic experiments using pulsed electron beams.
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6.1 Experimental Methods

6.1.1 Data Collection & Experimental Parameters

Overall, the data collection for these experiments was very similar to that described
in Chapter 5. Specifically, a polycrystalline specimen of MAPbIs was irradiated with the
electron beam at a given dose rate. Specifics for the experimental apparatus are given in
Section 2.2, and the procedure for measuring dose rate is given in Section 2.2.3. The fading
of the diffraction pattern was used as a proxy for damage. Beam currents were significantly
higher in these experiments than those shown in Chapter 5, as MHPs are more resistant to
radiation damage than organic paraffin crystals. In this case, they ranged between 4 and

900 pA. Details of each experimental run used in this chapter are shown in Table 6.1.
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Beam

exp, | Bm [ TEP | g | B currane | Carrent | S0 | ke | Time | Time | AL

©PA) | pay | M) [ E@AZSH | 6) | min) | (%)
P11 | Pulsed 2 50.42 0.99 4.03 0.08 245.1 0.001 30.0 | 162.01 | 19.37
P8 | Pulsed 2 50.44 1.84 4.04 0.15 245.1 0.001 30.0 | 161.93 | 19.37
P3 | Pulsed 4 99.63 1.65 3.99 0.07 246.0 0.001 20.0 | 16459 | 21.14
P6 | Pulsed 4 100.41 | 1.36 4.02 0.05 2441 0.001 10.0 | 162.09 | 20.81
P9 | Pulsed 4 100.19 | 1.85 4.01 0.07 245.1 0.001 30.0 | 163.05 | 20.91
P10 | Pulsed 4 100.31 | 1.99 4.01 0.08 245.1 0.001 30.0 | 162.86 | 21.07
T8 | Therm | N/A N/A N/A 4.03 0.07 245.1 0.001 5.0 162.34 | 23.24
T11 | Therm | N/A N/A N/A 4.08 0.08 245.1 0.001 30.0 | 160.19 | 23.31

P7 | Pulsed 2 199.63 | 1.64 15.97 0.13 99.2 0.010 20.0 | 16.56 27.92
P5 | Pulsed 2 199.04 | 2.10 15.92 0.17 99.9 0.010 50 |16.73 28.15
P4 | Pulsed 4 396.34 | 3.67 15.85 0.15 99.9 0.010 1.0 | 1681 34.47
P2 | Pulsed 4 398,51 | 2.10 15.94 0.08 99.9 0.010 200 | 16.71 34.67
T10 | Therm | N/A N/A N/A 15.91 0.14 99.9 0.010 1.0 | 16.74 31.27
T1 | Therm | N/A N/A N/A 16.02 0.16 995 0.010 0.5 | 16.56 30.99
T5 | Therm | N/A N/A N/A 16.23 0.17 99.5 0.010 1.0 |16.35 30.83
T4 | Therm | N/A N/A N/A 881.90 0.15 366.7 0.150 10 111 44.85
T6 | Therm | N/A N/A N/A 882.18 0.16 369.4 0.149 1.0 | 112 44.88
T7 | Therm | N/A N/A N/A 895.75 0.17 369.4 0.152 1.0 |1.10 44.72
T9 | Therm | N/A N/A N/A 878.86 0.13 368.0 0.149 1.0 | 112 44.88

Table 6.1 | Experimental parameters and associated errors for all experiments presented in
Chapter 6. Exp. = Experiment number, where the letter identifies whether the experiment
was pulsed (P) or thermionic (T) and the number identifies the order in which the
experiments were conducted. Beam Type = pulsed beam (Pulsed) or random thermionic
beam (Therm). TBP = time between electron-packet arrival at the specimen. E/P =
electrons per packet. Beam Area = size of the electron beam. Acq. Time = camera
exposure used to acquire each diffraction pattern. Total Time = the total time required to

conduct the fading-curve experiment up to a predetermined total dose. Final Aliio = the
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final average intensity value of the 110 Bragg spots up to the total accumulated dose

specific to the experiment.

6.1.2 Diffraction Pattern Analysis

Due to the polycrystalline nature of these specimens, DPs were azimuthally
averaged to enable tracking of peak intensity. A circular Hough transform was not possible
due to the low number of crystallites included in each DP and therefore the incompleteness
of the polycrystalline DP circles (Figure 6.1a inset). Instead, Fiji and Digital Micrograph
were used to measure at least ten opposing peaks (corresponding to various planes) and the
center point was calculated as an average of the center points for each measurement. As
many of these experiments did not include a beam block due to their low beam currents,
visual confirmation with the [000] peak was used to ensure the result seemed reasonable.

Upon azimuthally averaging, peaks were fit to Gaussian functions to confirm their
centers corresponded with the expected locations for the 14/mcm space group (another
check on the center-finding method) and the peak intensity was calculated using integration
(Figure 6.1b). Only peaks corresponding to expected 14/mcm MAPbDIs planes were
included, in order to avoid noise from the appearance of other phases or species during the
damage process. As in Chapter 5, damage was therefore quantified using a fading-curve
method, where a reduction in Bragg-beam intensities (Al; indicative of destruction of
MAPDI3 crystalline order) was tracked as a function of accumulated dose (Figure 6.1c).?%
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 Al = (I — lo)/lo, which is the
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normalized change in intensity relative to that at nominally zero dose (lo). This is especially
important in this work because of the low number of crystals within the selected area
aperture, leading to a polycrystalline diffraction pattern that does not manifest as smooth
rings and in which certain phases are likely to be over- or underrepresented. A total

accumulated dose of 10 e-A2 was used as the reference point throughout.
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Figure 6.1 | Quantification of damage to MAPDbIs. (a) Low-magnification bright-field
image of the TEM specimens (scale bar =5 pum). The diffraction pattern (inset; scale bar
=5 nm™) was obtained from the red-circled region. (b) Intensity plot from azimuthally
averaging the pattern in (a). Red peaks are those used for monitoring beam-induced
intensity changes. The space group used for indexing was 14/mcm, though the structure is
not yet universally agreed upon.>??" (c) Bragg-intensity fading curve for a pulsed electron
beam (dose rate = 0.001 e-A2.s%; beam size = 245 + 3 um?; 50.4 + 1.0 E/P; f* = 2 ps).

Red curve is to determine Al at 10 e-A2, which here is -19.2%.

6.1.3 Bragg Peak Analysis

To determine the existence of disparate damage effects on certain crystallographic
planes, Bragg peaks were also analyzed separately, rather than being summed as shown

above. Due to the disparate prevalence of certain orientations in each specimen, only four
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planes were tracked as these corresponded to the Bragg peaks that appeared most
consistently with sufficient SNR in the DPs. These peaks, the 022, 110, 020, and 220, were
integrated and fitted with Gaussians similarly to the procedure described in Section 6.1.2
and tracked individually.

After the peak intensities were calculated for each frame of each experiment, these
were plotted vs dose, similarly to what is shown in Figure 6.5. Each plot was fitted with a
double exponential, corresponding to the Equation 6.1.

1= I + A exp (-2) + A% exp (-2)  (61)

In Equation 6.1, | corresponds to the intensity, A; and A are fitting constants, D
corresponds to the accumulated total dose, and t1 and t2 are time constants for the two
exponentials. This equation was chosen because it fits much better than a single
exponential (average R? coefficient of 0.99 rather than ~0.9) for the process which
experienced a fast initial decay (e.g., the 200 E/P 020 plane shown in blue in Figure 6.5b).
Of course, a triple exponential produces an even higher R? coefficient, but in accordance
with practices to avoid overfitting, the simplest possible function that provides a
satisfactory fit (satisfactory being subjective but in this case meaning an R? coefficient of
over 0.97) was chosen to represent the data. Complicating matters is the fact that the peaks
which did not experience a comparatively fast initial decay (e.qg., the thermionic 020 plane
shown in red in Figure 6.5b) also fit quite well to a single exponential (average R?
coefficient of 0.98). Equation 6.1 was still used for these plots in order to facilitate
comparison, operating under the assumption that the damage mechanism is the same in

both cases and that the relative kinetic rates of the various steps are the main differentiator
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(more details on this in Section 6.2.4). However, it is possible that the two damage profiles
are in fact indicative of two entirely different damage mechanisms. Future work will be
needed to further elucidate this.

After fitting, the Al for each peak in each experiment was determined, in the
identical manner to the determination of the overall Al shown in Figure 6.1c. In order to
compare the effect of disparate damage to certain peaks without conflation with the overall
damage caused to the specimen, the peak intensities were not only normalized to the
original intensity but also compared (via subtraction) to the total Al. For example, if the
overall specimen experienced a 30% loss in intensity over the course of 10 A delivered
dose, but the 022 peak experienced a 33% loss in intensity, the disparate damage to the 022
peak was reported as 3%. If the 110 peak experienced a 27% loss in intensity, the disparate
damage to the 110 peak was reported as -3%. This value is intended for ease of comparison
and does not necessarily correspond to a phenomenological value (i.e., actual damage to
the 022 plane is not necessarily 6% higher than actual damage to the 110 plane if measured

by atomic displacement or some other physical metric, in the example given above).

6.1.4 Planar Density of lodide

Planar densities of iodide were calculated in order to determine correlation between
planar iodide content and disparate damage to a specific plane. First, CrystalMaker was
used to slice a model of the unit cell to eliminate ions that do not intersect the plane.**® The
14/mcm space group was used as it is the most commonly measured space group at room

temperature, although some disagreement on the crystal symmetry for MAPbIs does
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exist.>? The resulting planes are shown in Figure 6.5a-c. In the images, carbon, nitrogen,
and hydrogen were not shown for the sake of simplicity and because they contribute
minorly to the percent iodide result. They were, however, included in the calculation itself
to maximize accuracy. The number of ions of each species centered on the plane were
determined using the CrystalMaker model. Then, the total area on the plane taken by each
ion was calculated using ionic radii.*>® To account for ions that were not entirely contained
within the unit cell, ions on the corner of the plane were counted as % of their total area,
and ions on the edge of the plane were counted as %2 their total area.*>*

The percent iodide reported below is defined as the percentage of the area taken up
by iodide ions centered on the plane, divided by the total area taken up by ions centered on
the plane. This denominator is not intended to be indicative of the total area of the plane,
as there are nearby ions which are not centered on the plane but for which a portion of the
electron cloud takes up space on the plane. Of course, some of these ions are iodide as
well. Accordingly, there is an alternative method to calculate percent iodide in which the
portions of the electron cloud which overlap with the plane in question are also counted in
the calculation. This method was not used as it is not the crystallographic standard, but
there could be an argument made for it as the electron cloud does interact with the incoming
electrons as well.288  As the use of this latter method of calculation changes the percent
iodide values significantly, it will be relevant to consider the method of calculation
carefully in work building from these results. This is especially true if the future work
seeks to confirm iodide migration as the source of one of the time constants, testing the

hypotheses laid out in Section 6.2.3.
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6.2 Results and Discussion

6.2.1 Direct Comparison: Pulsed vs. Thermionic Electron Beam

Comparison of damage caused to MAPDIs by a pulsed beam to that of a
conventional thermionic beam is shown in Figure 6.2. For acommon dose rate (0.001 e-A-
2.5 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 pus). 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%. The experiments
shown correspond to P11 and T8 in Table 6.1. Experiments P8 and T11 repeat the result.

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 MAPDI3 structural order compared to conventional random-beam low-dose
methods. Note that for pulsed-beam TEM experiments performed on CssH72 and
bacteriorhodopsin, the extent to which damage was reduced was greater than seen here,
though evidence indicates the degree of reduction also depends on f1.35334 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 6.2 | Comparison of pulsed and thermionic beam. Shown are Bragg-peak intensity
fading curves for MAPDIs for pulsed (blue) and thermionic (red) beams delivered at the
same dose rate (0.001 e-A2.s%). Fits to the data are for determining Al at 10 e-A2, 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, respectively). The beam was
spread over an area of 245 + 3 um? for both types. The pulsed beam consisted of 50.4 +

1.0 E/P and f1 =2 ps (i.e., a 500-kHz repetition rate).

6.2.2 Effect of Varying Time Between Pulses and Electrons per Packet

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
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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 (Figure 6.3). Depending upon
the mechanisms at work, one might intuitively expect an increase in damage with increased
E/P, due to more 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).®%3%3%4  However,
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regimes do exist wherein the benefits gained by increasing f* are lost when simultaneously
increasing E/P, as observed for C3sH74.3%% This is indeed the case for MAPbIs. For dose
rates of 0.001 e-A2.s* and 0.01 e-A?.s (Figure 6.3a and 6.3b, 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
CasH74, 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 us.>*® 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 6.3 | Effect of E/P and f* on damage to MAPDbI; for a total dose of 10 e-A?2. (a)
Bragg-intensity reduction (Al) for pulsed (blue) and thermionic (therm., red) beams

administered at a dose rate of 0.001 e-A2.s1,

The time between electron pulses in
microseconds (f1) 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 (Al) for pulsed (blue) and
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thermionic (therm., red) beams 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.

In addition to the overall trends shown in Figure 6.3, 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 (Figure 6.3b).
Here, such a crossover is seen when increasing from 200 E/P separated by 2 s 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-A2.s, assuming uniform illumination across the 245-pum? 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 A2 per pulse is only 2 x 108, 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 MAPbIs when using pulsed-
beam TEM is likely driven by temporal processes that are active on the pulse-to-pulse

timescales,349-351:35335% gy ch processes include thermal effects which, while not yet well
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understood for electron-beam excitation and damage in MAPDI3, are important in similar
low-thermal-conductivity materials.?*6253263 The effect of thermal processes in damage
reduction can be appreciated by noting timescales of thermal diffusion and relaxation in
MAPDI; relative to f1. Using known constants, it is estimated that thermal energy
deposited into a 2.5-um diameter MAPbI3 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 estimate indicates thermal-dissipation times are comparable to f?,
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 MAPDI3 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.
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6.2.3 Preferential Damage of lodide-Containing Planes

While the results in Section 6.2.1 and 6.2.2 are based on the sum of all Bragg peaks
within 5 nm™ of the DP center, analyzing some of these peaks separately provides
additional insight. Specifically, it shows how specific planes are damaged differently from
one another, and this can be related to the qualities of the electron beam in each experiment.
An example of how manipulation of the beam temporal profile affects the damage
sustained by MAPDIs crystals is shown in Figure 6.4. This figure compares damage
sustained by planes with varying planar densities of iodide during illumination by a
conventional beam (red, red triangles), a pulsed beam with 200 E/P (blue dashed line, blue
hollow squares) and a pulsed beam with 400 E/P (blue dotted line, blue solid circles). All
beam profiles have the same illuminated area (100 um?) and dose rate (0.01 e-A2-s%). For
all beam profiles, planes with higher densities of iodide sustained greater damage, which
is expected based on previous work on damage mechanisms. However, the degree of
difference, that is the degree to which planes with more iodide are damaged more than
those with less iodide, is greatest for the 400 E/P pulsed profile, and least for the thermionic

profile. This can be seen most easily by comparing the slopes in Figure 6.4d.
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Figure 6.4 | Correlating iodide planar density with damage and beam profile. (a) 0% iodine
peak is the 022 family of planes. lodine is shown in purple and lead in grey. (b) 66%
iodine peak is the 020 family of planes. lodine is shown in purple and lead in grey. (c)
79% iodine peak is the 110 family of planes. lodine is shown in purple and lead in grey.
In (a)-(c), nitrogen, carbon, and hydrogen are not shown in the figure. They are included
in the calculation but affect the % iodine value by 2% or less. (d) Comparison of damage
caused to planes corresponding to different amounts of iodide by beams with different
temporal profiles. Damage is shown in terms of intensity loss compared with the overall
specimen; see Section 6.1.3 for more details. Linear fits are added for illustrative purposes,
to make slope differences obvious, and are not necessarily phenomenologically correlated
to any physical process. Damage caused by thermionic beam shown in red, with a solid
line and solid red triangles. Damage caused by 200 E/P pulsed beam shown in blue, with
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a dashed line and hollow blue squares. Damage caused by 400 E/P pulsed beam shown in
blue, with a dotted line and solid blue circles. Error bars are standard deviation over 2, 2,

and 3 independent experiments (for pulsed 200, pulsed 400, and thermionic, respectively).

There are several possible reasons that the iodide-containing planes sustain more
damage. One is a general orientational dependence to the damage. As stated above, the
perovskite specimens are polycrystalline but consist of large crystallites relative to the size
of the overall specimen, meaning that only a small number of crystallites (on the order of
tens) are selected in each selected area aperture and therefore represented in each DP.
Because of this, a certain orientation in each specimen receiving greater irradiation than
any other cannot be ruled out. It has been shown that electron beam damage can have an
orientational dependence. In fact, the damage mechanism may even be entirely different
depending on the zone axis orientation during irradiation.*®® Therefore, a texturing-like
phenomenon, in which certain zone axes are overrepresented in the DPs, is possible and
could lead to disparate results for certain planes and certain temporal beam profiles.
Further work using specimens with consistent zone axis orientations (either truly random
polycrystalline specimens or single-crystalline specimens with a known and constant zone
axis) would need to be completed to elucidate the role of orientation.

However, while texturing cannot be ruled out, it is important to note that the results
shown in Figure 6.4d represent the average of two to three experiments per data point, in
which each experiment was completed on a new polycrystalline MAPDI3 specimen. As

can be seen from the error bars, the variation within repetition of experiments is low.
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Therefore, it is possible to reason that while the effect of crystallite orientation cannot be
detangled from other effects, that the chances each experiment happened to be completed
using a specimen that happened to show the same orientational dependence as those used
during repetitions, but different from those used during experiments with other temporal
profiles, seems unlikely. Therefore, the consistency of the trend and low variability
between experimental repetitions leads one to believe there may be some other processes
contributing to the trends shown in Figure 6.4d.

In order to hypothesize a source for this other process, we note that the primary
difference between the three beam profiles is the instantaneous dose rate at various points
in time. In the thermionic case, the instantaneous dose rate is likely to be near the average
dose rate, although certainly varying in time due to the stochastic nature of thermionic
emission. In the case of the pulsed beam, the instantaneous dose rate during the arrival of
the electron pulses is high, offset by a long period (long in comparison with the length of
the pulse) in which the instantaneous dose rate is zero. Importantly, the instantaneous dose
rate is related to the amount of energy that is deposited within a certain period of time,
meaning that assuming the same number of damage-inducing collisions in each case, in the
pulsed beam case, many of these collisions are happening within close temporal proximity.
This translates to a high amount of energy deposited in the specimen during each pulse in
the case of the pulsed beam, to a degree that is not statistically likely in the thermionic case.

Fast deposition of energy into the specimen can be a trigger for ion migration, as
has been shown through thermal studies. As stated in Section 5.2, because the deposition

of energy is localized near the collision with the incoming electron, thermal energy in this
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area can be much higher than a specimen temperature would indicate as phonon
populations build up.237238:429434-436 Thyjs excess energy can serve to overcome activation
barriers for defect formation at a higher rate, as well as allowing for faster diffusion of
vacancies and interstitials.3?® lodide has been shown to be the main diffusing defect, as
they have a low formation energy and a low diffusion barrier.276321323  Therefore, it is
possible that the high instantaneous dose rate caused by pulsing the beam could accelerate

the degradation of iodide-containing planes as vacancies and interstitials form and migrate.

6.2.4 Relationship Between Fading Curve and Beam Temporal Profile

Interestingly, when the results in Figure 6.4 are compared with the total damage
sustained to the crystal, it is clear that the beam profiles that cause the most damage are not
necessarily those that cause the most disproportionate damage to the iodide-containing
planes (Figure 6.5a). That is, there is no strong correlation between preferential destruction
of iodide-containing planes and total damage to the crystal. Specifically, the 200 E/P
pulsed beam causes less damage to the overall crystal than thermionic beam, but is more

disproportionately destructive to iodide-containing planes than the thermionic beam.
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Figure 6.5 | Demonstration of the two-step mechanism in perovskite damage processes.
(@) Total damage (dark blue, filled circles) is plotted on the same graph as degree of
disparate damage to iodide containing planes (light blue, hollow squares). Note that in this
plot, in both cases, the highest degree of damage is at the top of the plot, which is reversed
from earlier plots in this chapter. Error bars for total damage are standard deviations over
3, 2, and 2 experiments, respectively. Error bars for disparate damage are standard errors
of the linear fit. (b) Fading curve for the 020 plane, damaged using a pulsed 200 E/P beam
(blue squares) and a thermionic beam (red circles) both at a dose rate of 0.01 e-A2.s™.
These plots correspond to experiment numbers T10 and P5. Fits are plotted alongside the

data; equation 6.1 was used as the equation of best fit in both cases.

In order to understand this phenomenon, it is instructive to compare the fading

curve shapes created by different beam profiles (Figure 6.5b). It is immediately visible
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that while the initial damage occurs more quickly in the case of the pulsed beam, the
process eventually slows and is overtaken by thermionic fading curve, in which the damage
occurs more slowly but results in a greater total degree of damage. In both cases, a double-
exponential fit (Equation 6.1) is used to describe the fading curve. See discussion in
Section 6.1.3 for more information about the choice of fit equation. In the context of
kinetics, a double exponential curve for a reactant typically corresponds with a two-step
mechanism in which the first step is reversible. Note that this definition of reversibility is
quite different from that used to determine whether a given event can be studied using
UEM, discussed in Chapter 1. In this case, it refers to a step in which the forward and
reverse reaction are taking place simultaneously, usually at different rates, which typically
corresponds with a two-step mechanism. Drawing the analogy to the current system may
be instructive. One could treat the initial structure as the reactant which is degrading over
time, via two reaction steps which depend on one another, corresponding to two different
time constants.

The two time constants vary with respect to one another, depending on beam
profile. In the example given in Figure 6.5b, the pulsed beam has a faster initial step and
then a slower second step, compared with the thermionic beam. It is necessary, however,
to take a more holistic look at the interplay of the two time constants given varying beam
conditions. In Figure 6.6, we plot the ratio of the two time constants (t1/t2) for each beam
temporal profile within the 0.01 e-A2.s" dose rate. This ratio is related to the shape of the
curve; when ti/to is higher, the fading curve looks more like a single exponential and

damage increases more gradually (similarly to the red square data in Figure 6.5b), and
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when t1/t2 is lower, the fading curve falls off more quickly before leveling off (similarly to
the blue circle data in Figure 6.5b). In the case of the thermionic beam profile, all four
measured sets of Bragg reflections experience similar shapes, and are all more gradual. In
both pulsed beam cases, however, there is a significant difference between the damage
profiles of the Bragg reflections that represent planes containing iodide and those that
represent planes not containing iodide. Again, there is a correlation in the shape of the

curve depending on the makeup of the Bragg plane.
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Error bars are standard deviations over 3, 2, and 2 experiments respectively.

Again, the difference between the effect observed in the thermionic case and the
pulsed beam cases is likely to be due to their main difference, the periodic variation in the
instantaneous dose rate. However, a thorough explanation of this phenomenon will not be
offered here as further experiments are needed. The role of orientational dependence must
be elucidated, and a model of the kinetics will be necessary to fully understand the role of
each species or step in the damage mechanism. One interesting direction in which to begin

is the intertwined role of organic cation migration and iodide migration. There is some
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debate in the literature over the respective roles of these two ions in the damage process,
and both are likely to be occurring simultaneously.?’4276.277:323449.461-465  Theoretical
calculations suggest methylammonium (MA) fragmentation may produce byproducts
which react with iodide ions and facilitate the migration of anions and lead.?’"466-46% |f this
is indeed the process occurring, there are many potential kinetic pathways and
intermediates, making it difficult to identify which species or reaction may be affecting the
damage rate profile. The role of hydrogen is also currently unsettled, and the reaction of
hydrogen and iodide has been suggested as a pathway for damage as well, in concert with
the MA fragmentation described above.?’"#7%4"1 Further experiments, likely combined
with theoretical calculations, will be necessary to determine the role of these various
processes and the rate-profile-determining steps in the kinetic process of beam damage.
Such experiments could include more thoroughly exploring the parameter space of the
beam temporal profile, altering the specimen lattice constants to change defect diffusion
barriers (e.g., alloying cations or halides or applying strain), or changing the electronic

environment and diffusion rates through application of an electric field.3%

6.3 Summary and 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 MAPDbIz. 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
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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. In addition, this work shows that certain
crystallographic planes are preferentially damaged in the TEM, and that degree of disparate
damage is correlated to the temporal profile of the beam and the time frame in which energy
is deposited. While this result is not yet conclusive and more experiments are necessary to
determine whether this correlation is actually causation, it is the first step towards using
pulsed TEM beams for radiation damage kinetic studies. 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 and durability of
MAPbDI3, as well as providing structural, chemical, electronic, and dynamic information

from less-damaged specimens.

183



Chapter 7 | Conclusion & Outlook

To summarize, this thesis presents work on how pulsed electron beams can be used
to elucidate materials properties and behavior in three new ways. One of those ways is
through ultrafast experiments, where mapping thermal energy and tracking CAP behavior
can be used in both directions — to understand how these phenomena interact with known
heterogeneities in the specimen, and to learn more about the heterogeneities through their
interaction with well-understood transient structural motion. The second way is by
reducing the total damage caused to the material, allowing more robust and complete
electron microscopy experiments on radiation-sensitive specimens. Pulsing the beam can
allow for a lower total damage for a given dose, due to the reversible and nonlinear nature
of certain damage mechanisms such as charging and heating. The third way is through the
use of a pulsed beam to deliver precise doses of electrons at prescribed times which can
elucidate damage mechanisms in new ways.

Each of these projects have interesting and useful outlooks going forward. Since
the work shown in Chapter 3, fellow Flannigan group member Ryan Gnabasik has done
impressive work on other ways to access specimen temperature at specific locations.(cite
thesis) Several group members also continue to work on using UEM and the structural
motions observed therein to better understand how specimen morphology, such as
interfaces and step edges, affects phonon propagation, even taking it so far as to quantify
the energy and resulting strain of these transient waves. This work will undoubtedly extend
the usefulness of techniques such as the CAP spectroscopy explored in Chapter 4. The use

of pulsed beams to reduce damage, as discussed in Chapter 5, has spurred significant
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interest and continued study. Work is under way to incorporate pulsed beams into
conventional TEMs specifically for damage reduction, and several funded projects are now
exploring the implications of pulsed beams for radiation-sensitive specimens. | look
forward to seeing where this interest leads, as there are many open questions left by this
preliminary work. Finally, the use of pulsed beams in TEM to explore and better
understand damage mechanisms is also relatively new, and continued work by future
Flannigan group members as well as others who are working on this could uncover many
interesting results.

I am very grateful to have had the chance to work on several relatively disparate
projects, as they provided substantial intellectual stimulation and allowed me to connect
ideas between subfields in a way | couldn’t have done if | was focused entirely on one
project. | look forward to seeing where this work, and the UEM/pulsed TEM field in
general, goes over the next years and decades, as the potential is enormous and largely
unexplored due to its novelty. | feel honored to have had access to such a unique research

area and to have contributed to the accumulation of knowledge in the basic energy sciences.
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Appendix A | List of Common Abbreviations & Acronyms

A Angstrom

BBO Beta barium borate

C36 Hexatriacontane (CasH74)

CAP Coherent acoustic phonon

CCD Charge coupled device

CMOS Complementary metal-oxide-semiconductor
DP Diffraction pattern

DTEM Dynamic transmission electron microscopy/microscope
DW Debye-Waller

e Electron

E/P Electrons per packet

eV Electron volt

f Repetition rate

ft Time between electron pulses
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fA Femtoamp

FEG Field emission gun

FIB Focused ion beam

fps Frames per second

fwhm Full-width half max

keV Kilo-electron volt

kHz Kilohertz

MA Methylammonium (CH3NHz3)

MAPDI3 Methylammonium lead iodide (CH3NH3Pbls)
MEMS Microelectromechanical systems

meV Milli-electron volt

MHP Metal-halide perovskite

nA Nanoamp

nm Nanometer

ns Nanosecond

pA Picoamp

pm Picometer

SEM Scanning electron microscopy/microscope

SHG-FROG  Second harmonic generation frequency resolved optical grating

SNR Signal-to-noise ratio

TEM Transmission electron microscopy/microscope

UED Ultrafast electron diffraction

UEM Ultrafast electron microscopy/microscope

V1 Pre-annealed experiment in Chapter 4

V2 Post-annealed experiment in Chapter 4

W Watts

Yb:KGW Ytterbium doped Potassium-Gadolinium Tungstate [Yb: KGd(WOa4)]
T Microjoules

um Micrometer
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us Microsecond
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Appendix C | Derivation of Equation 3.3

The following is a derivation of Equation 3.3 from Equation 3.2 in the main text.

IECTT RN
9 2|k +g|cosB

Using the distributive property and the definition of a dot product,

— '2(9 ) k) - (g ) g) (Cl)

g 2|k + g|cosp

_ -2lglIk|cose - |g|?

3 = 2|k + glcosp (C2)
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where ¢ is defined as the angle between the vectors g and k.

_ -2lglIk|cose - |g|?

3 = 2|k + glcosp (C3)

Also, by definition,

lk+gl=y(k+g) (k+g) (C4)

=J&-K)+(k-g) +(@-k+(-09) (C5)
=J/IKkI? + 2|K[|g|cose + |g|? (C6)
Therefore,
_20°0-09 _ —2|gl|k|cose — [g|? (3.3)
9 2lk+glcosp  2cospy/[kIZ+2[kl[glcosp+]gl? '
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