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ABSTRACT

In photoexcited systems, the interplay in space and time of thermal carriers such as
phonons and electrons involve many overlapping and coupled processes that can change
as a function of material properties as well as extrinsic boundary conditions and
imperfections. In order to gain understanding of the behavior of thermal carriers on the
nanoscale, studies of the abayagp excitation of semiconductors were performed using
an ultrafast electron microscapd@dditionally, considerable effort was put into thed

and instrument development, including a method of in situ thermometry using precise
reciprocal lattice vector measurements to determine specimen temperature wit@in 10
accuracy over a range of 35@. The effect of nanoscale imperfections on the
mechanical, mulimode excitation in silicon, as well as the necessity of multimodal
imaging techniques were also investigatddechanical oscillations in the-B0 MHz
regime were observed in imaging and diffraction modalities, but higbguency
oscillatons, up to 30 MHz, were observable only in the higdpatiallyresolved imaging
mode. These results stressed the effects of nanoscale heterogeneity on mechadéal
excitation, as well as the potential for crucially missing data as a result of using
techniques that rely upon ensembaveraging. In addition, the firsiever direct
visualization of the generation, travel, and decay of individual acoustic phonons in the
vicinity of atomicscale defects was performed on germanium and tungsten diselenide.
Crosspropagating eousticwavefrontimaging and diffraction studies were performed on
the transition metal dichalcogenide tantalum disulfide, which validated the importance of
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a multrmodal approeh and suggested potential optoacoustic switching mechgnism
Further study of photoexcitation of germanium led todiseoveryof the time-dependent
dispersion of the S_.amb mode, starting at hypersonic spe@f000 m/sand decaying

to the speed of soun®,300 m/s)over hundreds of picosecond¥he invarance of the
observed phonon velocity or frequeray/a function ophoton energy suggests that, here,
the specimen morphology plays a determining role in the energy dissipation timeline

following denseplasma generation.
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Figure 3-8. Centerof-mass measurements of the silicon SAED patte at various thermocouple
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Figure 4-1. Structural morphology and atomic order of the Si cantilever 2%vedge specimen. (a)

Optical darkfield image of the overall region of interest. The red dashed lngkne the region
dimensions that yield the observed vibrational frequencies (discussed below). The black box denotes the
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Xiv



Figure 4-2. Paralletbeam SAED dynamics as a function of time delay.(a) Representative UEM
SAED pattern at200 ns. Note that a negative delay denotes the amount of time remaining before
photoexcitation occurs. The white box highlights #2eBragg spot. Scale bar = 5 nth (b) Temporal
behavior of the2 2 Braggspot relative intensity over the delay rang80 to 7000 ns at-8s increments

(i.e, a UEM SAED pattern was obtained every 2 ns fr@®0 to 7000 ns). The Braggpot intensity ér

each time delay was normalized by the mean intensity over the entire delay range. (dpiiane
Fourier transform of the relativiatensity trace in (b). The SAED experiments were performed using a

200-um selectechrea aperture and a 208N CONAENSEAPEITUIE........ocuvvreireeriiiiiee e e e 97

Figure 4-3. SAED peak intensity trends across multiple experiments and timescale¢a) Temporal
behavior of the2 2 @d 1 1 Bragg peaks over the delay range-200 to 2000 ns. Timepoints were
obtained at zhs increments and taken in random order to account for photoelectron intensity fluctuations
due to laser/tip instability over the course of the experimensetirRepresentative photoelectron SAED
pattern (camera length: 200 mm)-32 ns delay highlighting th2 2 &hd1 1 deaks. The intensities of the

two reflections have been offset for clarity. In order to extract an intensity value from the SAED patterns,
each Bragg peak was fit with a Gaussian profile. (b) Temporal behavior of the same two Bragg peaks over
a delay range of200 to 7000 ns at 2 ns increments. Due to the amount of images obtained during the
experiment (3600), the images were taken inydelder (i.e.-200 ns,-198 ns,-196 ns, etc.) to capture the
largest possible delay range while maintaining thes XStep size. (inset) Representative photoelectron
SAED pattern (camera length: 150 mm)}2@0 ns delay highlighting th2 2 &nd1 1 deakswith blue and
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Figure 4-4. CBED dynamics as a function of time delay(a) UEM CBED pattern a200ns. Here, the
specimen is tilted 17° off the [011] zocaex i s , and the beam is converged
dotted white lines denote the recipresphce region of interest around 26 CBED disc. Scale bar = 5
nm™. (b) Surface plot ofhe 026 CBED-disc position parallel to the reciprodattice vector as a function

of time delay. The position axis corresponds to the radial distance from the direct beam in tHeftefter
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frame (a). The images were acquired with a randomized tefes/ ih order to compensate for any real
time beam or specimen instabilities. The position of the dotted white lines corresponds to those shown in
panel (a). (c) Timelomain Fourier transform of the spatiatensity trace shown in (b). The inset shaws
UEM BF image of the specimen region of interest, with the position of the convergent beam indicated by

the green circle (not to scale; actual probe diameter = 20 nm). Scale bar =.1.um............cccceeueee. 101

Figure 4-5. Representative difference images from a UEM BF image seried\ll raw images were
binned by four and acquired with a thheecond integration time. The difference images were created by
first drift-correcting all images within the series, followed by subtracting a reference frame from each
image. The referenceaime consisted of an average of 10-fimee-zero frames. The particular time delays

at which the representative difference images were obtained are shown in theidbtveorner of each
frame. The green circle highlights a strong and eab#igernibletransient contrast response. The dotted

red lines outline the edge of the specimen, as seen in Figh(fB.4...........ccooooiiiiiiiiiccn i 103

Figure 4-6. Sacetime analysis of the UEM BFimage series. (a) Spacdime plot illustrating the
oscillatory contrast behavior observed in the BF imaging modality. The peakisrcorresponds to the

long axis of the red rectangle shown in the pdhbglinset. Thebright band at approximately 2000n

position corresponds to a Fresnel fringe at the edge of the specimen, with position values above that
corresponding to the vacuum region. (b) Positlependent Fourier spectrum generated from panel (a).
The positionaxis is the same as in panel (a), and color represents frequency amplitude; warmer colors
indicate larger amplitude. The inset is a UEM BF image of the Si cantilever, with the red rectangle

indicating the region of interest from which panels (a) and @rpwenerated...............ccooevvvviiannns 105

Figure 4-7. Select realspace frequency maps of the optomechanical response of the Si cantilever.
Each pixelin each frame is the absolute value of the Fourier spectrum for that pixel at the particular
frequency shown in the lowdeft corner of each panel. Warmer colors represent larger Fourier

amplitudes. The black outline was added in fprstessing to derte the edge of the specimen....... 108
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Figure 4-8. Linear-elastic COMSOL modeling parameters, eigenmodes, and eigenfrequencies of a
model Si cantilever. (a) The dimensions of the model system, as determined with optical and electron
microscopy. The cantilever was fixed on #eface but was free on all other faces. The red box denotes
the location of the BF image shown in Figuré®). (b) The first five eigenmodes with eigenfrequencies
labeled and displacement exaggerated for clarity. The color is a measure of the degree of deflection in the

direction; warmer colors denote a higher degree of deflectian.............cccvvviieeericciiiiiiiiiiieeeeeee e 109

Figure 5-1. Morphological heterogeneity and atomiescale order Ge specimen regions of interest.

(A) Thermionic brightfield image of the germanium specimen used in the experiments described in this
chapter. The red circle denotes the location and size of the sedeetedperture used to obtain to the
SADP shown in (B). (B) Thermionic selectacka diffraction pattern taketown the [110] zonaxis from

the region shown in (A). (C) Crystal structure of germanium as viewed down the [116fxeneThe

grey spheres represent the atomic positions in the [attiCe..........cccvvviiiccciiii e 114

Figure 5-2. Realspace fs electron imaging of singiphonon wavefronts in Ge. (a) Brightfield images

of the Geregion shown in Fig.-8 and obtained at-®0-ps time delays. The imageem acquired over a
550-ps delay window at a 2&Hz repetition rate and with a 43integration time per frame. The three
colored lines mark regions from which the mean intensity was quantified and used to generate the time
traces in (h). The propagatialirection is perpendicular to the colored lines. Scale bar = 500 n+g) (b
Surface plots generated from an image series [region of interest = white rectangles in (a)] highlighting
approximately one period of wave train propagation, with atipre-zero frame included for reference.
Motion of an individual wavefront, which appears as a continuous;geke@epression, is indicated by the
white arrows. The blue arrows map the orientation to the 2D image shown in (a). (h)inieagey

measurements, tdined at the colored lines in (a) as a function of time delay (offset for clarity)....119

Figure 5-3. Simplified schematic of theUEM imaging-contrast mechanism arising from transient

local elastic strain. (Left) Freestanding specimen prior to lagefuced deformation. Under this
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condition, the diffracted beams (green and orange dashed lines) are only weakly excited, arfig thus, t
resulting image contrast is weak owing to most incident electrons being contained in the direct beam (green
and orange solid lines; blue solid line is the optic axis); the direct beam is selected for image formation with
the objective aperture. (Right)pon photoexcitation, elastic deformation of a properignted specimen
produces a spatialyarying orientation, with some regions satisfying the Bragg condition, thus leading to
strong excitation of the diffracted beams (green and orange solid lifiks) produces a relative reduction

in the number of incident electrons contained in the direct beam (green and orange dashed lines) and an
increase in the imageontrast strength. As the diffraction contrast strength is a function of the strain, the
regon of highest contrast is located at the region that is strained the most; in this schematic it is the region
of the specimen on the optic axis. The black regions at the edges of the detector represent the electron
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Figure 5-4. Spacetime plot of Ge phonon propagation. (A) Bright-field stroboscopic image taken -at
100-ps delay. The red box is the region from which the sgiate plot was generated. (B) Shown are the
spatiallydependent contrast waves as a function of time delay. The contrast waleseaiia intersity

than the prdime-zero valuesi(e., the darker diagonal waves rather than the bright waves). The position
axis is (B) runs from the tail to the head of the arrow in (A), meaning the waves traveled from right to left
based on the specimen orientatiorfA). The UEM images from which this dataset originates are the same

AS TTOM FIQUIE B, ...ttt e e e e bbbt e ettt e e e e e st et e e e e e bbb eeenees 123

Figure 5-5. Spacetime plot of Ge phonon propagation in pristine crystallographic region. (A)
Bright-field stroboscopic image taken -dt00-ps delay. The red box is the region from which the space
time plot was generated. (B) As in Figuré 5the contrast waves al@ver in intensiy than the prdime-

zero valuesi(e., the darker diagonal waves rather than the bright waves). The position axis is (B) runs
from the tail to the head of the arrow in (A), meaning the waves traveled from left to right based on the
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Figure 5-6. Frequency analysis of acoustiphonon propagation in Ge. (a) Brightfield image of the

Ge region from Figte 51. Scale bar = 500 nm. (b) Intensity measurements obtained across the colored
regions marked in (a), offset in intensity for clarity. Black lines arepass filtered data (i.e., filtered
above 100 GHz). (c) Timdomain Fourier transform of theates in (b). The oscillation frequency is
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Figure 5-7. Probe location and convergenbeam electron diffraction pattern under a high-
convergence condition in stroboscopic mode(A) Stroboscopic brightield image from series in which
deformation waves were observed. The convergmite location is denoted by the red circle, which
corresponds to the gon in which strong transient contrast fluctuations were observed. (B) Centrast

enhanced, photoelectron CBED pattern taken at 12 degrees off of the 011 zone axis................ 127

Figure 5-8. Out-of-phase, oscillatory Bragg line behavior.(A) Stroboscopic CBED pattern acquired at
-50-ps delay. The red box denotes the region from which the djpaeeplot in (B) was generated. (B)

Spacetime plot of Bragg line dynamics as a function of pupnpbe delay.........cc.coooeevvvviiiiiieennncnnnns 128

Figure 5-9. Anisotropic response of multiple Bragg lines The spacdime plots for each Bragg line
were created in the same manner, where the position axis always runs perpendicular to the Bragg line itself.
The delay range is identical for each sptwee plot, making direct comparison simple. The gold lines

denote the Bragg lines that showed strong oscillatory behaviar.................covcecviiiiiiiiinieeeeeees 129

Figure 5-10. Doubleexposure of CBED pattern and BF image shwing complementary dynamic
orientation. A clockwise rotation of 156 degrees was performed on the CBED pattern to ensure proper
orientation of the two modes. This value was measured by taking slaghtiergerntbeam patterns of a
recognizable readpaceformation at the proper camera length. The gold lines denote the Bragg lines that

showed a strong oscillatory response, as in FIgHIE .S ...t 130

Figure 6-1. Overlapping, freestanding Ta$ flakes probed with UEM. (A) Bright-field TEM image of

suspended flakes on a 200@&sh Cu grid. (B) Schematic highlighting the distinct but overlapping flakes
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visible in the brighffield TEM image. Each flake is outlined, colooded, and numbered for clarity (red
number 1, blue number 2, and green number 3). Note that the flakes extend beyond-ttevisid (C
through E) Selectedrea diffraction patterns (false colored)rfrdlakes 1 through 3, respectively. The
color bar in the upperight corner of (C) corresponds to the intensity range of O (blue) to 255 (red). The
location and size of the selectarka apertures used to generate each of the patterns are shown as dotted
colored circles with the numbers 1, 2, or 3 in the center in (B). All patterns are nominally down the [001]
zone axis, and the incident electron wave vector is fixed; the diffraction pattern from flake 1 indicates it is

tilted several degrees with respéo flakes 2 and 3. The scale bars represent2 nm.................... 137

Figure 6-2. Selecteearea diffraction spot fitting results. (A) Surface plot of ROI centered on the (001)
reflection from stroboscopic selectacea diffraction pattern acquired at a delay-50 ps. (inset)
Cropped SADP from image series with the (001) reflection indicated by the gold box. (B) Fitted surface of
(A) using the function in equation-B. The colorbar represents the image intensity in counts going from

cooler colors (lower counts) to hotter colors (higher COUNLS).........cccouiiiiiiieeriie e 141

Figure 6-3. Extraction of diffraction spot intensity for entire image series from fitting algorithm and
coefficients of determination. (A) Gaussian height values from each image in the delay series as extracted
from fit coefficients of equation-&. (B) Coefficients of determination orsguared values for each fit,

showing the goodness-fit for each image in the Series...........ccoeiiieei e, 143

Figure 6-4. Select frames from a stroboscopic UEM image series showing photoexcited, cross
propagating acousticwave trains in a freestanding, manylayer Tas, flake. Each frame is 413 by 486

pixels, with a fieldof-viewo f 1. 32 by 1. 56 & m. The red and gol d
and crystal/crystal interfaces, respectively. The green dashed ellipse and blue dashed lines denote
diffraction-contrast features that were modulated by the propagating aceusstes and monitored to
qguantify dynamics The figure is comprised of select frames-gisdftervals, ranging frorl0 to 470 ps

(time stamps are in the uppleft corner of @ach frame)............eueeiiiiiiiiiicccii e, 145
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Figure 6-5. Control experiment illustrating system stability at both negative and positive time delays.

(A,B) Average of 10 UEM brighfield images obtained at50- and 50ps time delays (A ah B,
respectively). The redashed rectangle denotes a region of interest from which the contrast strength was
monitored. (C) Surface plot generated by averaging along the short axis of 4h@shed rectangle in
panel (A); the long axis of the rathsked rectangle is held constant as the position axis (pixels), here
ranging from 0 to 240 pixels. The daskue regions correspond to the dark diffract@mntrast features in

(A) and (B) that curve downward sharply between the anel postime-zero timepoints. The intensity

color bar corresponds to grayscale values from the raw UEM images.........ccoooevveveceeiiieeeeeeeeeeenns 147

Figure 6-6. Crosspropagating acousic phonons in a Ta$ flake. (A) Time-dependent image intensity
obtained from a 20 by 2fixel region of interest in which the primary dynamic contrast behavior arises
from acoustiewave propagation normal to the vacuum/crystal interface, as denoted lighttblue arrow

in the inset of panel (C). (B) Tirependent image intensity as in panel (A), but obtained from a region
of-interest in which the primary dynamic contrast behavior arises from aceustes propagation normal

to the crystal/crystal ietface, as denoted by the lighltie arrow in the inset of panel (D). The solid black
curves in (A) and (B) are smoothed data, generated with -p#ew filter (36GHz cutoff), to guide the eye.

(C) Time-domain Fourier transform of the temporal tracepanel (A), with the primary contrastave
frequencies centered between 8 and 12 GHz. (inset) RepresentativefiblighEM image. The light

blue arrow denotes the direction of propagation of acoustic waves having frequencies between 8 and 12
GHz. (D) Time-domain Fourier transform of the temporal trace in panel (B), with the primary centrast
wave frequency occurring at 20 GHz. (inset) Representative Higgiht UEM image. The lighblue
arrow denotes the direction of propagation of acoustic wavesdhfrequencies of 20 GHz. The scale bars

represent 500 NM iN DOt INSELS.........uuiiiiiiii e 149

Figure 6-7. Selectedarea diffraction from a region of interest in a TaS flake displaying cross
propagating acousticwave dynamics. (A) Time-dependent intensity of the (100) Bragg spot, as
guantified by fitting with a 2D Gaussian peak function. The solid black curve is smoothed data, generated

XXi



with a lowpass filter (36GHz cutoff), to guide the eye. (inset) Representative bfiglt UEM image.

The reddashed circle denotes the position and effective size of the seteetedperture used to generate

the UEM parallebeam diffraction patternsThe scale bar represents 500 nm. (B) Fdoenain Fourier
transform of the temporal trace in panel (A), revealing frequencies occurring at approximately 12 and 20
GHz. (inset) Representative (falselored) UEM selectedrea diffraction pattern obtaineghproximately

along the [001] zone axis. The scale bar repreSentS™5.NM............ccooveueeeeeereee e eeeeee e e 153

Figure 7-1. Acoustic wave imaging control experirant. (A) Linescans taken from region showing
acoustic wave contrast modulations with the pdasger illuminating the specimen. The linescans are
derived from a region 250 pixels in length along the direction of wave propagation (the Position axis), and
averaged 40 pixels down the wavefront to increase the sigiradise ratio. Each line was taken from an

image of the series from 50 ps to 275 ps takenp Bicrements. The linescans are offset for clarity. (B)
Linescans taken from the same region(A&sbut from an experiment with the pump laser blocked. The

lines were generated in the exact same manner as (A) and each color corresponds to the same timepoint as

in (A). The linescans are offSet fOr ClArity............cooii i 159

Figure 7-2. Comparative bright-field and dark-field phonon imaging. (A) Bright-field image of Ge

wedge sample. The red box indicates region from which sjraeepla was generated, with the long axis
being the position axis, and the short axis being averaged over. (B)}t8pagdot of brightfield image

series showing travelling waves localized around the dark diffractotrast feature at 0.4 to 1.0 um. (C)
Dark-field image with same fieldf-view as (A). The red box here similarly indicates the region from
which the spacéime plot was generated. (D) Sp&aae plot of darkfield image series showing travelling
waves. The darkeld images were created ugithe 04 P?Bragg spot. Both experiments were performed
using a 26um objective aperture such that only the central or Bragg spot were selected to pass into the
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Figure 7-3. Schematic of the mechanism that enables acoustic phonon imaging with stroboscopic
UEM. (A) Snapshots of acoustic wave photoexcitation and a@eolun the ultrafast timescale. (B) Image
formation in UEM imaging mode in the presence of acouwstive deformation. The image on the CCD
has been falseolored to improve the visibility of acoustic waves, but the contrast originates from the raw
image. The colorbar on the right denotes the scale of intensity from the original stroboscopic image in

count s. (I'nset) R e 275 eps fomt stobadsoomc infiageaseries showinggspatial

Figure 7-4. Analysis procedure for contrastwave velocity determination. (A) Spacetime plot created

from four-dimensional UEMinage series. (B) Schematic of linear Hough transform as applied to space

ti me plots. Rho (4J) represents the distance from t
the angle between the abscissa and that point. (C) Hepeyle imagefdA) in the phase space region of

interest showing local maxima at the angles and distances from the origin which correspond to the diagonal
features in the spadame plot. (inset) Portion of Hough space that shows local maxima (white regions
surroundedby black) corresponding to the diagonal contrast. (D) Fitted line segments (corresponding to
Houghspace maxima), from the linear Hough transform process superimposed on the originéihgpace

image from (A). Red and yellow crosses indicate the endtpaf the extracted linsegments. (E)

Extracted wave velocities as a function of pupipbe delay................ovviiiiiiiiicceiiii e 166

Figure 7-5. Thickness neasurement from KosseM™ | | enst edt (A)rCBEDgpatterh fakert i n g .
under a twebeam condition for the (115) reflection of germanium. Th®IKringes can be seen in the

(115) disc, and the center of the bright fringe represents an excitationz@)oof (B) Plot of CBED disc
intensity as a function of excitation error from the CBED pattern in (A). Excitation error is measured from

the center of the bright fringe in (A) towards the main beam..............ccccvvvieeeriiiicciiie e 170

Figure 7-6. Time-dependent velocity dispersion of acoustic phonons(A) Spacetime plot from the

specimen ROI. The dark, diagonal features are the traveling wavefronts.vdttichl column of pixels
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originated from a 1024 by 1024 stroboscopic UEM image taken at the delay value given on the abscissa.
The colorbar gives the image intensity range as normalized to the average intensity of the vacuum region
f or & a(B)helapty dispersion measured as a function of delay, as determined from tracking each
wavefront in (A); the velocity determination method described in Section 7.2.2 was used. An exponential
fit of the extracted velocities is shown in red. The green banegepts the range of values for the

longitudinal speed of SOUNd IN GEIMEANIUML.......ciiiiiiie e e e e e e snaeereees 173

Figure 7-7. Velocity-dependence of delagtep-size. Three consecutive scans were performed from 0 to

500 ps with delay stepizes of 10 ps, 5 ps, and 2 ps. The images were obtained with an acquisition time of

25 s and all microscope and laser parameters were kept constant throughout theeatgeritme velocity
measurements were performed on the same region in each image series as described in Section 7.2.2. As
with the other velocity determinations, Hough space thresholds were chosen to excludedatses in

the dataset, which explaitise disparity in the number of velocity measurements between scans.175

Figure 7-8. Hypersonic Velocity Repeatability Study.Images were obtained from00 ps to 1500 ps by

5 ps steps, with an acquisition time of 35 s. Velocity measurements were obtained via the process
described in Section 7.2.2. Variation in the number and placement of velocity datapoints between scans
were dueto realtime fluctuations of the photoelectron brightness, which reduced the SNR and, thus, the
ability to accurately extract velocities for the wavefronts. The green dotted line represents thef-speed

sound velocity in germanium, which was chosen 85BKM/S........ccuuviiiiiieeeiiiiiiiccceee e 176

Figure 7-9. Acoustic phonon properties as a function of excitation energyA) Velocity dispersion as

a function é delay for excitation at 515 nm and 1,030 nm (2.4 eV and 1.2 eV, respectively). Experiments
using these two photon energies were performed with all other experimental conditions constant (incident
laser fluence, specimen region, tilt, laser repetitide, rdelay timepointsgtc). In order to maintain a high

level of accuracy in reporting wave velocities, the earliest waves, for which accurate velocities could not be

confidently determined, were excluded, as were later waves for whiddigihato-noise from the image
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series was below acceptable levels. (B) Waveledgffendence of contrast amplitude in the region
traversed by higivelocity contrast waves. The linescans were generated by taking the average image
intensity, at each delagoint, from a 20 pixel by 20 pixel region through which the contrast waves

travelled. The intensity values were then normalized to theimpeszero intensity for direct comparison.

Figure 7-10. Time-domain Fourier transform of wave amplitude as a function of excitation energy.
In order to generate the Fourier transform, the raw image intensities werpdsigliiltered at 2GHz to

remove reatime beam instabilities and then normalized to thetipne-zero image intensity.............. 179

Figure 7-11. Phase veloity dispersion and comparison with elastic plate model.(A) Experimental
wavefront velocity as a function of wavenumber and comparison to calculated dispersion relation from
linear elastic plate model. The fistder symmetric mode is shown in red.) @hase velocity dispersion

as a function of frequency for the first several symmetric and asymmetric modes from linear elastic plate

model. The firsorder symmetric mode is ShOWN iNred...........oovviiiiiiiiieccceee e eeee e 182
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CHAPTER1T INTRODUCTION

Climate change and rising energy demana, of the most pressing challenges of
the 21st centuryare directly tied to efficiency @nergy production and usagé&he U.S.
Department of Energy estimates that 25 to 50% of industrial energy use is lost as heat,
and similar figures exist for the transportation setfoThese two sectors alone combine
to contribute 63% of CO, emissions and consume 60% dfetenergy produced.
Consequently, any improvements in waste heat utilization will have an enormous positive
impact on these issues, both economically emdronmentally However, reducing the
amount of emitted hedbwards the thermodynamic limisuch as in switching fro
incandescent to compact fluorescent light bulbs, not only reduces the amount of energy
needed, but also lowers the risk of system failure due to overheating. This latter concern
is of paramount importance in the electronics industry, where the drive for
miniaturizationi reduction in device size with continued increases in computing gower
remains a key area of focus. Indeed, the potential economic benefits of the development
of new thermabarrier materials hee driven titanic research efforts in redteyears
impacting a host of industrial and consumer applicatioRsogress on these applied
fronts will be bolstered by an increased understanding of the complex inteflay
thermal carriers on thepatial and temporal scales at work during energyians

Phononsi the primary thermal carrier in nanetalsi are at the core of
innumerable atomiscale physical processes and mesoscale phenomena, from structural
variations associated with lattice fluctuations, phase transitions, and bond mod8iation
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to electromagnetic and electronic properties, including electric susceptibility and electron
mokility .*** Consequently, atomiscale manipukion and control of phonon modes has
been proposed and vigorously pursued farabling technological developments,
including electromagnetic confinement in opticalijven cavitie}*'® and, especially,
thermatenergy management and conversioft Achieving these aimsequires a deep
understanding of the profound influence phonons have on emergent properties in both
engineering and advanced materials through the fundamental structatien
relaionships at work therein.

My research, thuss motivated by the poortunderstood aspects of nanoscale
thermal transport which aucialto the knowledge and usé real nanoscale systems
Following the required background information, the structureéhs document will
roughly follow the chronological order of the projects that | have tackled during my time
at the University of Minnesota, which | believe will give valuable insight into the

thoughtprocesses and threads of interest that have drivezurosity and efforts.

1.1| Theory

The study ofsolid-statethermal transport can be more accurately described as the
study of the properties of materials or systems that influence thermal tran$gartic
research efforts have attempted to freelytmdnmaterial properties such as thermal
conductivity, boundary conductandbe Seebeck coefficient, and electrical conductivity.
These properties, however, are determinedmwye fundamental physical parameters

such asbondstrength,electronic structure, and crystal symmetryin addition, these
2



properties carspatiallyvary due to strain, defects, imperfections, and specspenific
boundary conditions. Progress toward nexfeneration thermal devices can orig
accomplishedthrough the use of metrology in which these heterogeneities can be
determined and their effect isolated and studied

In this section laim to lay the theoretical groundwork with which the
experimental results of Chapters 3 through 8 caproperly contextualized! will begin
by discussing the concept tifermal carries and their roles in transporting energy in
materials. | will then discuss how carriers apgically generated, undergo scattering,
and decay on the time and lengttalesof interest, and in the semiconductor materials
that were the focus of my researckollowing this, | will lay out the theory fothe
generation oplate waves in an elastic medium, which is crucial to the resuthaters
5, 6, and 7.Finally I will introduce andummarize the operational principles of ultrafast
electron microscopynd give a motivation for the use of germanium in several of the

projects described herein
1.1.1| Thermal Carriers on the Nanoscale

Energy as heat is carried in solidg two distinct particles: 1) electrons,the
primary carrierin metals and ) quasiparticle phonons (quantized oscillations of the
atoms) in all other solidsWhen describing individual atoms or molecules, the electrons
and vibrational states take onlivdescribed energy levels described by the principles of
guantum mechanicsWhen a collection of atoms and their associated electron density

form an energetically stable structure such as a crystal, the discrete energy levels of the
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electrons and latticeibrations becomaemicontinuousbands, which can be described

by a dispersio relation (Figure 41). The filling of the electronic bands, from low energy

to high, determines whether the material is a metal -{tiai band), semiconductor
(small bandgap) or insulator (bandap greater thad eV, generally. At nonzero
temperatures, the electron and phonon populations are not filled perfectly from the
bottomup, however, but follow the Ferdllirac and Bosdinstein distributions,
respectivey. The introduction of energy via photoexcitation redistributes, both spatially
and energetically, the electron and phonon populations based on the photon energy and
absorption coefficient of the material. As the direct signals measured in UEM codespon
to lattice deformation, and since phonons are the primary thermal carriers in the materials
studiedherewith UEM (germanium and tantalum disulfide), the rest of this section will
focus on the role of phonons, though electrons will be discussed funtht@e inext

section on the energgissipation timeline.
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Figure 1-1. lllustration of electronic and phonon band diagrams (A) Electronic
dispersion relation for oreimensional crystal. The variablea on theabscissas the
interatomic distance in the case of the -ditaensional crystal.(B) Phonon dispersion
relation for diatomic lattice chainAs in (A), he variablea on the ordinate axis is the

interatomic distance in the case of the diatomic chain.

The behavio of phonons as thermal carriecan be described in multiple ways
depending on the lengttale of interest. #bulk scales, diffusive transport reigns, while
ballistic-type transport describes the regime at which the characteristic length approaches
the meanfree-path(MFP) of the carrief*?® The MFP isdefinedas the average distance
a carrier will travelbetweenscattering evest and, along with the mean relaxation time,

is one of primary factors in determining the thermal conditgtiof the system The



MFP and relaxation time adependent on the phontmanchesandwave vectos, each
point on the bands in FigureTlwill have a differentMFP and relaxation timé™?® The
causes of scatteringhich affect the relaxation time crystalline materials are usually
grouped into three categories: boundsggttering Umklapp (phonofphonor) scattering
and impurityscatering The combined effect of these three processeégssribed with
Matth i e s mile,which weighsthe effects of each scattering type into a togixation
time and, along with the phonon group velocity and MBRjsed to predict the thermal
conductivity of nanoscale systems.

Descriptions ofndividual instances of these scattering events are experimentally
sparse due to the difficulty with which thequisitespatial and temporal scales can be
accessed simultaneously. The MFK®P phonons in matels such as germanium are in
the range ofl0' to 1 nm, below the resolution limit of optical techniques. order to
capture the temporal behavior of phonons travelingedocities of 16 m/s requires
resolution on the order of picosecond®™ s) to capturea dynamicscattering event.
This desirgo visualize these scattegrevents at their native scalesms the heart of the
motivation for my research. He formulation of a comprehensive microscopic
description of the redime interaction of ppagatingphononmodes with individual
lattice discontinuities would constitute a significant advance toward ultraprecise directed

energy nucleation and mode guiding in defaden materials.

1.1.2| Energy Dissipation TimelineFollowing Photoexcitation



Atomic-scale, lightmatter interactions are ubiquitous in mature and nascent
technologies, and the evmrcreasing precision with which they can be probed has
enabled new discoveries in fundamental physics and chemistry. The energy timeline
following abore-bandgap excitation of semiconductor materials involves many spatially
and temporallyoverlapping mechanisms: photetectron, electromlectron, electron
phonon, and phonephonon coupling, which begin within picoseconds of Hgtatter
interaction”®® In this section | will describe the order of events followingspdlaser
excitation, along the way describing the current understanding of coupling mechanisms,
dispersion relations, lifetimes, anghereavailable spatial behavior.

Regardless of the electronic properties of the materials, the initial transfer of
enaggy from the photorwave packeto the material is in the form of excitation of the
electron density This transfer of energio the electronsccurs in tens of femtoseconds
(10™ s) based on the electron screening of the material and the densitesi‘statthe
simplest case, a metahet transfer of eneygfrom the electron density to the lattice is
describedby a twetemperature model, in which two separate temperatures: an electron
temperature and a lattice temperature, are connected via the efgutroon coupling
constant® In semiconductorshowever,based on the density of states of the material
and the type of electron excitatiomterband vsintraband excitation) the electron
density relaxation and thermalization occurs over tens of fs to tens’®°pk the case
of germanium, where the electron density remains excitetbiiger thanthe electron

phonon coupling time, thesegzesses begin to temporally overlamd the rates of



intraband relaxation, interband relaxation, and pheutwonon scatteringbecome
interwoven.

The excitation of phonon branches, both optical and acoustic, can occur
coherently via four mechanisms: therefasticity, deformation potential, inverse
piezoelectricity, and electrostriction. As the materidéscribedhere are optically
opaque, | will limit my discussion to thermoelasticity and deformation potential.
Thermoelasticityis the process by whiclné lattice is deformed througin increase in
the kinetic energyof the bonds The anharmonicity of the energetic potential in which
the atoms of a crystal reside enables a temperdependent pressure of the phonon
population, which leads tihe well-known phenomenon of thermal expansi&@oherent
deformation via thermoelasticity involves intraband relaxation to the lattice, rdisng
lattice temperature through incoherent excitation of the optical phonon branches, which
are often in the THz regint®. Deformation potential however,does notrequire a
temperature increaseedistribution of the electron population upon photon absorption
causesa change in electron orbital overlaghis is turnleads to a change in covalent
bond strength andhus,a deformation of théattice. In general, ultrafast generation of
coherent acoustic phonons in semiconductors occurs via a mixture of deformation
potentialand thermoelasticit§f**

In the absence of an electric potential removing excited electrons from the system,
energy from the excited electron density of a material will results in an excited phonon

population, whether via a thermoelastic or deformation potential mechaniBne



phononspectrum is incredibly bro&dfrom the THz frequencies of optical phonons in
metals down to the infrasound regime in which many seismic events tesitlre
portion of the phono branch that is excited is a function of the stiffness properties of the
material as well as the boundary conditions of the specific specimen. In addition, the
boundary conditions of a epimen give rise to both traved) and resonant modes that are
preferentially excited under the proper excitation conditiome vibrational amplitude

of these modes will ring down until the system reaches liequm with the
surroundings.

As several of the experimental results herein involve the excitation of uncommon
cohereniphonon types, theynerit a brief discussion. Thud, will next discuss the
process by which elastic modes known as Lamb waves arise in thin.*plaits
understanding of how these waves form from photoexcitationagrial to understanding

the results of thehonon imaging experiments described in Chapters 5 through 7.
1.1.3| Acoustic Waves in ElasticThin Plates

As referencedin the previous section, the excitation of longitudinal phonon
modes can lead to modeuding at the surfaces of the material which enable plate, or
Lamb modes. The procesdhatlead to the excitation of these modes and the dispersion
relation of these modes, including the presence of hypersonic phase velocities,-are non
trivial. 1 will briefly discuss the origin of these waves and the dispersion properties of

them in the thickness regime of standard TEM specimens.



The theoretical framework for Lamb waves can be derived from the balance of
linear momentum.
Ty

) — (1'1)
T w

Wherej} o is the density of the material,is the acceleratiorx is the spatial variable, and
T is the traction matrix given bigquation 12.

Y 1 O ¢0©O (1-2)
Wherea-ande are the Lamé parameteisi§ also known as the shear modulusis the
Kronecker delta, ané& is the elastic strain tensor. Substituting the traction matrix into
the balance of linear momentum and replacing the single spatial variable with the
displacement vector yieldsquation 13.

e L (1-3)
=

— w—n

Whereu is the displacementector andt is time** The form of the solution to this
differential equation is the weklnown acoustic wave equatiowrittenin Equations 34
and 15 after using the Helmhtz decomposition to break the displacement vector into

vector ¢) and scalary() fields**

TT b‘” 0 % (1-4)
1;—5 I onr (1-5)

WhereUandb are given by
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1 Q (1-6)

S (1-7)

Where ¥ is the angular frequencyC is the longitudinal speedf-sound, C; is the
transverse speeaf-sound, and is the wavaumbe. Applying thewave equatiorno our
chosen geometry: a thin, twhmensionalplate, as well as thdractionfree boundary

conditions at the surfaces, the following solution emerges.

Q .
& o (19

G
Whered is the plate thickness, atib, andk are as defined abovéhe exponent of the
right-hand term refers to the two motges: symmetric or dilatational (+1) and
antisymmetric or flexural-{), which refers to the symmetry of the wave across the mid
line of the platehickness. This equation has an infinite number of roots which can be

solved for numerically to generatkspersion relations for the frequen@igure +2) and

wavenumber (Figuré-3).
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Figure 1-2. Dispersion relation of 10énm germanium plate showing frequency-
dependence of the phase velocity fdhe first four symmetric (Sx) and asymmetric
(Ax) modes. The dispersion relation was calculated using the bulk properties of

germanium which yield G 5350 m/s; €= 3570 m/s.

Severalinteresting phenomenare immediately apparentfrom the dispersion
relationfor this relatively simple geometrykirst, the zeroth order modesyand 3) are
present at all frequencies. Theié highly dispersive in the IoMrequency limit at which
the phase velocity trends to zero. At high frequencies then8de asymptotes to the

transverse speed of sound (here, 3570 fA/sfhe $ mode has a relatively constant

12



phasevelocity at the longitudinal speedf-sound (here, 5350 m/s) in the ldmequency
regime, which asymptotes to the transverse spésdund after an inflection point at
around 25 GHz.In addition only the zerdh order modesre present at all frequencies;
all higher order modes havecatical frequency below which they are not resonaftis
critical frequency can be thought of as a standing wave in-theection of the plate A
surprising result is that ewy higherorder mode has a regime in which the phase velocity
is higherthan the longitudinal speesf-sound. This ipossible becaughe deformation

of the lattice bya Lamb wave does not involve the transfer of energy faster than the
speedof-sound {.e., the group velocity). Notablyhe firstorder symmetric modeX() is
almost entirely nosispersive over the phaselocity range down to the longitudinal
speed of soun®. In fact, the curvature is such that there is a brief portion of the
dispersion relation in which the mode can be described as having a negative group
velocity***® All of the highorder modes become ledispesive as thefrequency
approaches the critical frequencyhe critical frequency for the Amode and thus the
lowestcritical frequencyjs at roughly 15 GHz for the 18@m germanium plateOutside

of the frequency and phase velocity bounds shown haegepliase velocities approach

infinity at the critical frequency for that mode and additional, highedes appear with

increasing frequency.
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Figure 1-3. Dispersion relation of 106hm germanium plate showing the
wavenumberdependence of the phase velogitfor the asymmetric and symmetric
modes. The dispersion relation was calculated using the bulk properties of germanium

which yield G = 5350 m/s; €= 3570 m/s.

When the dispersion relation is plotted as a function of wavenuyniber
dispersion behavior of the higherder modes is much more apparent. The zevadbr
modes (the black and blue lines that reach the ordinate in Fig)r@d inthe frequency
dispersion curve, are not stronglispersive as a function of wavenuentand approach

14



the transverse speed-sound with increasing wavenumberhe higher order modes are
strongly dispersive and asymptote to the longitudinal and transverse -sfysedsid for

the symmetric and asymmetric modes, respectively. As in Figreolitside of the
bounds of this plot, the phase velocities trend to infinity as the wavenumber approaches

zera

S 19
Where ¥ is the angular frequency ardis the wavenumber. As the phase space is
expanded, an infinite number of modes emerge which are further from the-aeteth
fundamental modes. As will be discussed in Chapter 7, the ability to accurately model
the dispersion behavior of these platavesis directly tiedto the discovery of new time

resolved phenomena whighovide hitherto unknown insight into the enerdissipation

timeline.

1.2 | Principles of Ultrafast Electron Microscopy

Seemingly mature research a@asich as the study of phongeneration and
propagation, the dynamics of nanoscale mechanical motion, the thermodynamics and
kinetics of phase transitions, and tlpeocesses of thermal transgbitave been
reinvigorated by the advent of analytical techniques capable of observing these
phenomena on the atomic scale. These processes, many of which are observable in real
time on the mesoscale, require a different observation method when the characteristic

lengths approach the Knudsen number. Ppngbe techniques enable observation of
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such dynamic processes, with instrumémtited temporal resolution on the order of
femtoseconds (f$f>? Indeed, phonon generation and propagation, mechanical motion,
and phase transitions can all be observed by recording the response of the crystalline
lattice following coherent excitatiof>’ Thus, the ability to directlyobserve lattice
dynamics on the appropriate time scales is critical for new discoveries and insight, and
considerable work has already been done in the areas of ultrafast electronrayd X
diffraction>®®! In particular, electron diffraction generates an array of signals that can be
used to quantify dynamics; including (for example) unit cell parameter changes indicative
of phonon propagation and subsequent diffusive hefinffraction-beam intensity
modulation due to an increase in lattice thermal en&rggd pattern changes indicating
unit-cell symmetry changes accpanying structural phase transitiofisin many cases,
however, heterogeneous systems require spatial resolution beyond sndnabiXoptical
diffraction systems can provide.

Ultrafast electron microscopfEM), also known agour-dimensional ultrafast
electron microscopy (4D UEM)ot only enables ultrafast electron diffraction with both
parallel and converged beams on -pueveyed (i.e., imaged) nanoscale specimen
volumes, but also can be used to correlate atscate lattice dynamics resolved in
reciprocal space with specificalespace regions of intereSt™* Generally, in order to
capture lattice dynamics on the fs time scale, a stroboscopic-probe variant of UEM
is employed. For one pumgprobe cycle, a pulsemitted from theultrafast lasers split.

One part is steered into the pump (i.e., specimen excitation) line, while the other is
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steered into the probe (i.e., specimen interrogation) line. The probe pulse is directed into
the electrorgun region of a maified transmission electron microscop& an optical
periscope, at which point a packet of electrons (the probe packet) is generated from the
emission source via the photoelectric effect. In conjunction with this, the pump pulse is
steered through a smud optical periscope, this one located near the specimen holder
contained in the modifiettansmission electron microscope (TENDniometer. The fs

pump pulse then excites the specimen into aewpnlibrium state. The condition at

which the pump lasgpulse and electron prolgacketoverlap in space and time at the
specimen is @led time zero. When the pungmd probe pulses are offset by some
amount, the amount of delay is referred to as ddlgat and has the units of time ranging
from femtosecond® microseconds in magnitudd.his pumpprobe process is repeated

until an acceptable sighe built up on the detectdrusually this involves thousands to
millions of individual excitation and probe event®8y precisely varying theelative

arrival times of the photon pump pulse and electron probe packet at the specimen, a
kinetic trace of thespecimerresponse to laser excitation can be obtairnexperimental
details and irdepth discussion of the UEM system in use at the University of Minnesota

can ke found in Chapter 2.

1.3 | Properties ofGermanium

Elemental grmanium is a indirectsemiconductothat is crystallographicallgnd
chemically similar to the ubiquitouslementsilicon, but optically and electronidgl

dissimilar enough that it has found usage as mhaterial of choice for many
17



communications and opticahodulation applications As part of the minerafjermania
(GeQy), a material with a high index of refraction and low dispersi@nmaniumis used
extensively in lenses for microscopy, astronomy, and photogr&php. addiion, the
crystallographic similarity of germanium and silicon has enabled the heteroepitaxial
growth of germanium on silicon, often with a buffer layer to reduce strain between the
substrate and film.Indeed, considerable effort has been spent studyegnterfacial
thermal transport properties of the siliegermanium interfac® Photodetectorsising
germaniurron-silicon architectureexhibit high responsivities and fast switchjrand will
continue to see use in application platforms in the near ftftfeThe specificmaterial
property that enables the use of germanium in optical conwations applications is the
relatively low banegap (0.66 eV) This banegap corresponds to a photon wavelength of

1 . 8 8, thespgermanium ikighly absorbingat optical communications wavelengths
bet ween 1. 3 Natory ark ge&snzaniwsomsilicon devices used for optical
detection they form the basis for optical generation devices in the form of a lasing
medium with optical output in the midfrared (MIR) region’*"* A list of the material

properties of germanium relevant to the work descritegdare given in Table-1.

Atomic Number 32 Band Gap (eV) 0.66
Date of Discovery 1886 Optical Absorption at 515 nm (ch 5.98 A
Atomic Mass (g/mol) 72.630 Optical Absorption at 1030 nm (¢t 1.50" A
Crystal Structure Diamond Cubig Ther mal Conducti 6.0
Space Group Fm-3m Coefficient of Thermal Expansion (K 6. 0°A
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Lattice Parameter (A) 5.6575 Poi ssonds Rat 0.26
Melting Point (K) 1211.4 Y 0 u nNodwdus (GP&Y 103
Electron Configuration | [Ar] 3d'%4<4p? Longitudinal Speed of Sound (nf3) 4970- 5620

Density (g/cr) 5.323 Transverse Speed of Sound (m/s) 3570

Table 1-1. Physical, Electronic, and Optical Properties of Germanium.Values were
derived primarily from Dargy$§ and Vorobyey’ Properties from other sources are

referenced individually following the property name.

From a practical standpoint, the optical, mechanical, and electronic properties of
germanium make it an attractive choice for a material of snitlyTEM and UEM. As
discussed in Chapter 2, the stiffness of germanium and the strong covalent bonding make
it well-suited to thinning via mechanical polishing to electron transpare@Geymanium
is currently produced in higpurity, waferscale quantities that can be easily acquired
with the desired doping and crystallographic orientatfom addition, the low bandap
makes itoptically opaque at all UEM wavelengths, allowing for waveleftghendent
studies of carrier dynamicwith the system currently in place at the University of
Minnesota Finally, the relatively higtZ numberand electron orbital fillinggive it a
high elastic scattering crosgction, ensuring strong scattering which leads to a higher
SNR in lowbeamcurrent UEM mode.

The following chapter will describe the methods and techniques | used in the
preparation and experimentstudy of photoexcitation of germanium, silicon, and ;JJaS

as well as thein situ study of polycrystalline aluminum Further motivationand
19



background for each project will be provided in the opening of the corresponding chapter,
but the overarching desire to investigate the heterogeneous response of nanoscale
materials to photoexcitation, as described in this chapter, will hopefully tre ot

throughout this thesi
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CHAPTERZ2 1 EQUIPMENT AND METHODS

One of the most valuable aspects of a graduate education is the opportunity to
train on, and make extensive use of, the most cuitidge andsophisticatecpieces of
scientific equipmenturrently available. Asignificant portion of my time and efforts
werededicated to the installation, testing, modification, and improvement of the UEM at
the University of Minnesotawhich will be described in detail later in this chapter
Although mostof my thesis work made use of this unique instrumsaveralother
techniques and methods were required in the pursuit of a holistic understanding of the
thermal transponphenomena at hand. As all UEM projects begin with careful specimen
preparation, Iwill begin this chapter discussing théiree main UEM specimen
preparation methods | used: mechanical (or wedge) polishing, mechanical exfoliation,

and magnetron sputtering.

2.1| Specimen Preparation

2.11 | Mechanical Polishing

For a speitmen to be suable for investigation vidEM, it must be thin enough
that a significant portion of the incoming electron beam passes through the sample to
reach the detectpthis isreferred taas electron transparencirom a material properties
standpoint theapprgriate thickness will vary as a function of atomic weight and
volumetric density These fators affect the meafree-path(MFP), the average distance
traveled by the electron beam through the specimen before a scattering event (elastic or
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inelastig occus. The MFPalso depends heavily on the electtmeam energy; the higher

the accelerating voltagg.e., the higher the electron energye higher theMFP. It is
important to note that there is not a strict cutoff at which a sample is toddhie&ein a

TEM. As the specimen thickness increases beyond the MFP, inelastic scattering events
leading to energy shifts argmall deviations of theoutgoingelectron beam can make
imaging and quantitative diffraction more difficult, but theceptable levebf these

effects should be based on the experimental goals and is at the discretion of the
researcher.

Mechanicalpolishing,a topdown specimen preparatiomethod inwhich a bulk
specimen isthinned down to electron transparency usiaiminacoated (A}Oz) or
diamondcoatel plastic padsis one of the workhorse techniques of the TEM community.
The technique is suitable for most materials except those that are soft or @éugfiko(t
metals such as silver and gold, yuokrs,etc). The mgr advantagef this techniques
that the specimen can be polishadany crystallographicorientatio® for example,
device crossections can easilpe prepared. In addition, large electretransparent
regions are achievable with this technique, which would be sibleavith more precise
but slowtechnique such as using a focusaa beam (FIB). The major drawbacks of the
technique are the mankaborintensive steps, the risk of sample destruction during
preparation, and the introduction of dislocatians! defectsluring polishing’®>® In the
following paragraphs | will ouithe the polishing procedure | used for the preparation of

germaniumand siliconwedge specimens and highlight the important considerations
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when using this method Any deviations from this procedure will be noted in the
experimental section of the corresping chapter.

The process begins with determining if the chosen material is suitable
mechanical thinningGermanium lends itself well to mechanical polishing due to its low
ductility and high optical absorptiom the visual spectrum A bulk sectionof the
material of choice (from here on, germaniwn silicon), is then sectioned into the
appropriate size via cleaving or the use of a wafer saw. The ideal dimensions to begin
with are a 1.5 mnby 2 mmrectanglewith a thickness of 0.5 mmr 1 mm, respctively
depending on if a oneor two-sided polish is required. These dimensions give the
greatest amount of freganding specimen aredter mountingwhile allowing for some
length to be removed in the final polishing steps. Once the bulk germansaitveba
diced to the proper size, the sample is mounted polisited downonto a Pyrex
polishing stubthat has been uniformly flattened by polishing. Mounting the specimen
can be done either with a thin layer of adhesive glue (cyanoacrylat&mmorary
adhesive such as Crystalbond (Aremco Products, Inc.). The specimen should be mounted
on the front of the Pyrex stub as close to the edge as possible, with tredlgsngarallel
to the stub edgeOnce mounted, the specimedil be thinnedon a polishingvheel with
a series of increasingly smaller gsizes of diamond or aluminahile under a constant
flow of water orhydrocarborbasedsolvent A good rule of thumb is that damage or

scarring can occur to depths three times the size of the diamonesigeain
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Beforebeginning to polisha wedgeangle must be chosen such that the specimen
will be electron transparente(s to hundred of nm) on the leading edge but thick
enough on théack edgeto endure mounting and useThe germaniunmand silicon
specinens | prepared for UEM experimentation used a 2° wedge ampk number and
progression of grit sizes used is e tdiscretion of the researchandthe smallegtast
grit usedwill bring the specimen to electron transparency, at which point the paighi
finished. The specimen is then removed from the Pyrex stub using an appropriate solvent
and as little mechanical force as possible; the specimen at this point is extremely fragile
andthe electrortransparent endan be shattered easilyn order b mount the specimen,

a light coating of MBond 610 adhesive (Electron Microscopy Sciences) is applied to one
side of a 3mm TEM slotgrid, which is then carefully placed in contact with the thick
side of the specimen. Successful mounting leaves theagtdémnsparent edge of the
specimen frestanding in the open, stotgion of the grid. The epoxy is then cured at
150 °C for one hour to ensure complete adhesin.optical and electron image series

of the finished wedge specimen can be seen in Eigr
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Figure 2-1. Mechanically-polished silicon wedge specimen(A) Optical micrograph

of silicon wedge specimen mounted onta slot grid for study using TEM/UEM. The
optical transparency of the cantilevered edge of the specimen indicateskitesisi. (B)
Higher magnification optical micrograph showing the optical interference fringes on the
thin edge of the specimen. (C) Brigteld TEM micrograph of specimen edge from the
center of (B). Comparison with the briglacuum regions around tlspecimen shows

the electron transparency of the specimen.

2.12 | Mechanical Exfoliation

Mechanical exfoliation, knowrfamiliarly as the Scotch tape method, is the
standard method of thinning from a bulk layeredterial. Theserendipitousise of this
method ledto the isolation of graphef&®? which sparked the currentifanic push to
study the optical, electronic, and mechanical properties@iddimensional materials. It
should be noted that mechanical exfoliation is the preféeogdownmethod; bottorrup

methods such as chemical vapor deposition and other atopusitien techniques are
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also used to create pristine memand severalayer specimens with high surface area. As
none of the bottorup methods werased in the 2D material projedgéscribed herghey

will not be discussedurther. In this section | wil briefly describe the mechanical
exfoliation technique and its applications, but will save the specific details of the TaS

preparation method until Chapter 6.
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Figure 2-2. Crystal Structure of TaS,. The hexagonal symmetry can be seen wthen

basal plane ishownas in the lefhand image. Covalent bonds connect tantalum (blue)

and sulfur (gold) atoms. When the layers are vieweda@ides on the right, the large

inter-layer distance can be seen, as well as the lack of covalent bonding.

Two-dimensional materials are-salled due to the strong anisotropy of bonding
along certain crystallographic axes. In most cases, thelayer bonding is covalent in

character, and thus quite strong. Thta-layer bonding, however, is van der Waals
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type bonding, which is significantly weaker, as can be ole® in the interatomic
spacingalong variousrystallographiaxes (Figure 2). The bonding anisotropy makes
thinning to a singldayer from a bulk specimereésible; successive breaking of the van
der Waalstype bonds reduces the thickness while leaving the covalent bonds in the basal
plane intact. Mechanical exfoliation is the thinning process, in which an adhesive
material is attached to the bulk specimiant removed vigorously, taking with it many
layer pieces of the bulk specimen. Repetition of this process can resuHny to
singlelayer specimens which can then be mounted for analysis with the desired
technique. Often, asa specimen is thinned &eveal-layer thickness, the surface energy
becomes too great to maintain a smooth, flat morphology and rippling, corrugation, and

folding can occuf®®*
2.1.3 | Magnetron Sputtering

Thin-film deposition by magnetron sputtering is a widebed bottorrup
technique for the creation of hanomettr micrometeithick metal andsemiconductor
films.®® The basic physical vaporegosition process involves the ionization of a gas,
usually argonto forma plasna which is then directed towaedtarget. The higlenergy
plasma knocksatoms from the target which are then deposited onto nearby surfaces
including the desired substrate. This process, when carefully performed, creates uniform,
high-purity, pristine fims of controllable thicknessDuring my graduate studies | made
consicerable use of theAJA ATC 2000 UH/ Thin Film Deposition systemn the

Minnesota Nano Center in the creation of thin metal filmsifositu thermometry
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experiments In order to develop the proper specimens, several substrates and materials
were tested. Ae final specimen preparation caimehs are detailed in&tion3.2.

My initial deposition tests were done using a pure silver target with an eye
towards eventually investigatingpn the ultrafast timescaléhe interesting electren
phonon coupling process crucial to thermal transpaahd optical couplingn that
material®®®® | chose wo TEM substratefor deposition laceycarbon films (Ted Pella,

Inc.) and silcon nitride (SiN4) windows (TEMwindows.com). Lacegarbon films are a
ubiquitoussubstrate to act as support f@noparticles and other dropcast specimens, and
can be purchased in bulk allowing for thorough testing and duplica#dthough they

are notrated for high thermal loadsheir thermal tolerancm this usagewas yet to be
measured. The silicon nitride supports consist of a thin (50 nm) silicon nitride film
deposited onto a thin silicon support which is then keickel to form freestanding
areas of silion nitride. These supports require significant effort and specialized
equipment to produce and, as such, come at an increased cost. They prernado
rupture, but can withstand temperatures up to 900 °C ane &blolarge, continuous
films to be deposited. Specimens were prepasaaya 99.9% pure, 0.125 in. thickness

Ag target(Kurt J. Lesker Company)ln order to ensure pristine flms a base pressure of
2 . 5 ®Porr wad achieved prior to depositioBeposition was done at 250 W, 5 mTorr
deposition pressure, 20 standard cubic centimeters per minute (sccm) of Argon flow, and

a 240s presputter. Once prepared, the silver specimens waeeed in a TEM and
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heatedin situ to test both the substrate respwrie thermal cycling and the material

adhesion to each substrate. The results of these tests are shown in-Bigure 2

Figure 2-3. Results of thermal cycling tests ofmagnetron-sputtered silver thin films.
(A) Bright-field TEM micrograph of25-nm silver film deposited on a lacegarbon
support grid prior to heating. (B) Brigfield TEM micrograph of silver thifilm from
(A) at 140 °C following thermal cycling to 293 °C(C) Brightfield TEM micrograph of

25-nm silver film deposited on a silicoritide support film prior to heating. (D) Bright
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field TEM micrograph of silver thifilm from (C) at 20 °C following thermal cycling to

300 °C.

The silver films sputtered onto both substrates appeared to adhere well when
imaged at roontemperature, witha heterogeneous grasize distributionfrom tens to
hundreds of nanometers. When heated, however, the films quickly delaminated from the
Laceycarbon and agglomerated into lowsenfaceenergy spherules [Figure-&B)].

This behavior was similarly obsaed on the silicon nitride support films, though instead

of forming spherules, the films formed heterogeneous islands with grain sizes from 100
to 500 nm in diameterAlthough rot thoroughly tested due to dissimilarity to the original
project aims, therpcess mayave been due to the low (1131@8 °C) recrystallization
temperaturef pure silve?® The irreversible changes observed in these films, even when
heating to temperatusg300 °C )far below the bulk melting point of silver (961 °C),
made them unsuitable for situthermometry.

Following theconclusions fronthe silverresults aluminum films were deposited
on the same substrates to test its suitability for our expetanaims. Specimens were
prepared using a 99.99% pure, 0.125 in. thickness Al target (Kurt J. Lesker Company).
Il n order to ensure pri st Toewdsachievedpaorthase pr
deposition. Deposition was done at 250 W, 5 mTepasition pressure, 20 sccm of
Argon flow, and a 24 presputter. The thermal cycling results as well as the grain

structure of the aluminum thin films can be seen in Figete 2
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Figure 2-4. Response to thermal cycling and grain structure of magnein-
sputtered aluminum thin films. (A) Bright-field TEM micrograph of asleposited25
nm aluminum thin film on lacegarbon support prior to heatindB) Bright-field TEM
micrograph of aluminum thi#film from (A) at 20 °C following thermal cycling to 400
°C. (C) Brightfield TEM micrograph of25-nm aluminum film deposited on a silicon

nitride support film. (D) Selectedrea diffraction pattern from the region shown in (C)
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showing the random orientation and srgakin properties of the ateposited alumum

films.

The aluminum thin films were notably more adhesive and resistant to hewting
the silver films Comparison of Figure-2(A) and 24(B) show no change outside of the
out-of-focus nature of -2(B) due to specimen drift during tire situ heding and cooling
processes. The heterogeneous nature of the-tarbpn support films, howevanade it
such that the large amount of specimen drift made quantitative diffraction analysis
difficult, as the total volume within the selectacka would flutuate significantly. This
problem was alleviated by using silicon nitride; the films deposited on the silicon nitride
substrates were uniformipick, smaligrain, and randomly oriented [Figure4gD)].
This enabled accurate quantitative analysis ofcateéxpansion due tm situ heating
regardless of tilting or specimen drift. Thus, aluminum on silicon nitride was the
material/support combinatioselectedor thermometry experimentation, as described in
Chapter 3

These three specimen preparation metheisompass all specimens that were
used to investigate the phenomena described in Chapters 3 through 7. Next, | will
describe the UEM system which | played a pivotal role in designing, installing,
calibrating, and raintaining over the course of my research. | will begin with the laser
system, as it does not contain elements unfamiliar to the ultrafast community at large,

before explaining the unique aspects of the FEI Tecnai Femto microscope.
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2.2 | Ultrafast Electran Microscopyt Laser System

2.2.1| Femtosecond PumgProbe System

Broadly, the laser system that is coupled to the ultrafast electron microscope
consists of two pumprobe optical setups: one femtosecond system with physical delay
and onepicosecondsystemwith electronic delay. The femtosecond system is powered
by a diodepumped,ytterbiumdoped potassia gadolinium tungstate (Yb:KGW}olid
state laser (PHAROS, Light Conversion). The mmasm power of the laser is 4 W
(upgraded to 6 W after the experineemeported here were completedjth operation
from singlepulse to 1.1 MHz frequencies available. The frequency at which the laser is
operated is determined by the thermal and mechanical response of the specimen; for the
stroboscopic imaging processwmrk, the sample must return to the same state between
pulses over the thousands to millions of pulses required to form an widgehe
photoelectricallygenerated electron pulses Regardless of the repetition ratehet
maximum output pulse energythe PHAROS s 200 €J and i s centere
of 1,030 nm. The pulse duration directly from the laser780 fs as measured via a
custon-built autocorrelation setup.

Directly adjacent to the laser output is a multiharmommxiule (HIRO, Light
Conversion), which is used to select and modify the available wavelengths. Through
careful choice of the nelinear optic conformation, the HIRO module is capable of
several output configurations that contain combinations of the ezl (1,030 nm),

second harmonic (515 nm), and third harmonic (343.3 nm). This allows specimen
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excitation over a broad photon energy range, enabling the study of myriad metallic,
semiconductor, and insulating materials using a single laser sydterthe event that
only one of the three possible wavelengths is required, the HIRO can be configured for
high-efficiency output of that wavelength, allowing for higblseenergy experiments
such as plasma lensinglie performed

Following the HIROmodule the next major portion of the system is the external
harmonicsgeneration module that takagortion (10 to 50 %) dhe 515nm green light
from the HIRO module and frequency doubles it to 257.5 tJitraviolet light at this
wavelength (photon energy: 4.8Y¥) is required for efficient photoelectron generation at
the TEM cathode. The thermionic work function of (1Q@Bs, the cathode surface used
in the Tecnai Femto UEM system, is approximately 2.86 eV at 38atqugh this has
been shown to fluctuate 0.1 to 0.3 eV dmh®n the surface state.Previous experience
with UEM photoelectron generation suggestd thee of a photon energyell above the
work functionof LaBg increases the quantum efficiency of the photogeneration process.
Generation of these higgnergy photons iachievedoy focusing the 51m light into a
beta barium boraté{BaB,O,; BBO) crystal (6 mmby 5 mmby 0.4 mm,Eksma Optick
Beta barium borate is a negative uniaxial crystal, which allows for harmonic generation
under the proper phaseatching condition§? The second harmonic generation process
is not perfectly efficient, however, and for our system is around &§étent, absenany
crystal damage. As the remaining 51fHm light and the 256-Bm light emerge

collinearly from the BBO crystal, though only the 256s#m light is needed for
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photoelectron generation, the UV light is picked off with a dichmirror and the
remaining 5151m light is safely blockedIn the femtosecond line, the purppobe delay
is achieved through physicphathlength changes to the pump line. To precisely control
the pathlength, a retroreflector is mounted on a -oneter PRO165LMLO0O linear
mot or stage (Aerotech) . Thi s del ay stage
corresponds to an 8f3 delay accurac The twemeter achievable path lengthnge
with this stage allows for a total ultrafast delay range of 6.7 ns.
The remaining optics on both the pump (1,030 nm, 515 nm, or 343.5 nm) and
probe (257.5 nm) lines are used to direct the beams to the uppetdhle and into the
lenses which focus them onto the specimen and; icaBiode respectively. Using the
final lens on the pump line, the beam width at the specimen locationexastu
measuredtob2 10 em and i s Gaussi an diogalcdatedhe e . Thi
pumplaser fluence for all UEM experiments. The prdibe lens used to focus the UV
pulses onto the LaBfilament is not fixed, but moved regularly to change the resultant
spotsize of the beam on the filament. Changes to the spetase made in order to
increase or decrease thghotoelectron beam intensity based on the filarserd,
potential damaged regions, and the desired number of electrons per packet. The spot size
on the fil ament I's usual | yddeaneaging thb flamené en 50

while ensuring a high photoelectron current.

2.2.2| PicosecondPump-Probe System
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In order to stroboscopicallgrobe processes beyond the-6s7window enabled
by the physical delay stage, we have also incorporated an electrctiicglgred, twe
laser pumpgprobe setup inttaboratory setupIn this configuration, the PHAROS laser is
still used as the pump to excite the specimen, but the probe puprovided by a -Q
switched, neodymiumdoped yttrium aluminum garngiNd:Y3Als012; Nd:YAG) laser
(Wedge HF, Light Solutions). This | aser has
can be operated at frequencies between ssigie and 100 kHz. The output wavelength
is centered at 1,064 nm with an output pulse duration of 700 psedrataly following
output from the laser head, the pulses are frequdaapled twice to 266 nm using
optics configurations similar to that used in ghenp line to convert the 515 ninght to
257.5nm UV light. Here, we usa lithium triborate(LiB 30s; LBO) crystal @ mmby 3
mm by 10 mm, Elsma Optics) to generate the 532 intermediate photons and a BBO
crystal (7 mmby 7 mmby 6 mm, Eksma Optics) to create the 266 UV light needed
for photoelectron generation

As generating tens to hundreds of nawaomd of pumpprobe delay would
require patdHength changes that exceed laboratory scale, wa dggital delay generator
(DG353, Stanford Research Systentspreciselycontrol the gptbetween the pump and
probe pulses.The need to delay the probe puteenegative and positive valugst(i.e.,
before and after timeero), as well as the limited communication speeds achievable
using electrical signals mandates the dissociation of the jpuofje event from the

triggering cycle; in other words, the probalge is offset to aptwith respect to the
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following pump pulse, not the pulse from which it was triggered. The triggering process
starts with the PHARQOS, which is configured to send out an electrical signal wines it
a pump laser pulse. This sigmalreceived by the delay generator, whiglprogrammed
to wait a predeterminechmount of time depending on the operating repetition rate,
before it sends a signal to the Wedge laser to fire a probe pulse. By carefully choosing
the delay generator welime, the probe pulse can be set to arrive just aftdvefore, the
next pump pulse.

After the first cycle, this process is indistinguishable from the siogiée process
(e.g, the process @sl in the femtosecond, physiagglay setup) assuming the sdenp
relaxes fully between pump pulses. As each stroboscopic image is made up of thousands
to millions of cycles, the effects of the early cycles are overwhelmed by the -stadely
that is reached under pulsed illumination. In order to establish theawradont of delay
needed between the PHAROS firing and Wedge firing, a portion of eachlifesés
picked off and sent tsilicon photodetectasr(Thorlabs, Inc.). The delay generator wait
time that corresponds to tirzero is then found, from which theslredgptvalues can be

preciselymeasure@ndset
2.3 | Ultrafast Electron Microscopyi Transmission Electron

Microscope

The transmission electron microscope on which all UEM experimentation was

performedwas an FEI Tecnai Femto UEM (Fisher Scientific)The microscope can
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operate up to 200 keV accelerating voltage in both thermionic and photoelectron modes.
The microscope has a TWIN objective lens system capable of 1.4 A resolution in
thermionic mode and 6 A resolution in photoelectron mode when optiniar image
quality with a 15¢ niflat LaBg cathode

The primary modifications that enable ultrafast experimentation on this TEM are
the two optical access ports that have been added to the gun region and objective region
for the probe and pump linesspectively (Figure 5). These modifications were made
during factory construction, but the testing, troubleshooting, and optimization of the
microscope has given me-depth knowledge of the modifications. The two periscopes
are senamed because theyobacontain a twanirror system to direct the corresponding
laser beam into the microscope column. Tmgle of theexterior mirroron each
periscope is controlled by two manual micrometers, while the second mirror is piezo
controlled for finer adjustmentAfter the second mirror, each laser line passes through an
X-ray-opaque but optical§ransparent window which allows the maintenance of-high
vacuum conditions in the microscope column. At this point the gun module and
objective module differ, with theggun module having a small, fixed mirror in the
acceleration chamber which directs the probe beam at a 4° angle onto the filantkeat. In
objective module, a specihbusing was designed that projects from thea)X window
into the uper polepiece of themicroscope. At the end of this housing, a-2us-
diamater, polished aluminum mirror is prégsnounted to direct the beam, which travels

through the center of the housitigen ata 4° angle onto the specimen.
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Figure 2-5. Tecnai Femto Ultrafast Eletron Microscope. The geen arrow denotes
the objectivemodule periscope which allows optical access to the specimies purple
arrow denotes the gumodule periscope with allows optical access to the filamatgo
visible are the hand panels for ndscope, the twdiered laser table for directing the
laser lines into the microscope, and the PHAROS laser (iefterrear) and HIRO

module (lowetleft, front).

2.4 | Ultrafast Electron Microscopy ImagingModalities

2.4.1| Bright-Field Imaging
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Bright-field (BF) imaging is the modality with which the majority of the major
contributions contained within this dissertation were discovered. The ability to obtain
realspace images of the structural dynamics following pulsed laser excitation and to
spatially correlate those dynamics with imperfections, defects, and boundaries in the
nanoscale system of study is the great advantage of UEM. As a nuanced understanding
of the technique is essential to interpretation of many of the results in the following
chapters, here | will endeavor to lay out the necessary information briefly but thoroughly.

Image formation in a TEM occurs by placing a detector in the image plane of the
objective lens. All electrons that are scattered through an angle small enougk to
focused down the column are thus used in image formation. The termfiightefers
to the use of an aperture in the back fgdahe of the objective lens, which centeed
on the unscattered, or malmeam. The objective aperture sizes avaikaloin the Tecnai
Femto are 10, 2WhenthsObjectaenagertiredifdaced om the main
beam, all electrons scattered outside of a very small angle determineddpgthee size
are rejected from the imaging system and do not play a paraige formation. Thus,
the contrast in a BF image originates from the number of electrons scattered out of the
main beam by the portion of the specimen through which those electrons travel.

I will nextnote the difference between intensity and contrast, because the terms
will be used to precisely describe the UEM results in subsequent chapters. Intensity is
simply the number oélectrons hitting the detector per unit area (usuaikypixel). The

intersity of an image is a function of the number of electrons incident upon the detector
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after interacting with the specimethe conversion efficiency (number of photons
generated per incident electrorthe quantum efficiency of the detector, atte
acquistion time Contrast, on the other hand, is a comparative quality and is defined as
the difference in intensity between two adjacent regions of an ifag@ontrast is
discused in terms of strength: rehg contrast indicates a large change in intensity
between regions while weak contrast indicates regions of almost the same intensity.
Regions with exactly the same intensity, regardless of it how high or low that intensity
may be, are said to have nont@ast. Both intensity and contrast give useful information
about theinstantaneoustate of the specimen, and will be discussed distinctly with
respect to their role in enabling structural dynamiwestigation in each chapter.

The contrast mechanismet work under a BF imaging condition are in the
category of amplitude contrast. Due to the spatial scales and beam coherence of the
UEM experiments presented herein, phase contrast will not be discussed except briefly in
Chapter 7 in relation to KossBl“llenstedt fringes used for specimen thickness
determination. Amplitude contrast can be further broken down in to-tnaksess
contrast and diffraction contrast. Mabsckness contrast stems from the intuitive
principle that, when a variation in thember of atoms present in the beam path or the
greater the chance of scattering frome type of atom over another, contrast will arise.
This can be observed in Figure62where the presence of three different material types
(silicon, germanium, and polyen epoxy), as well as the vacuum region gives rise to

contrast variations in the imageAs the UEM work presented here involves only one
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material per specimen, this mechanism will be limited to thickness variations, which
should not change during strobopec experimentation. The second contrast mechanism,
diffraction contrast, is the key to understanding the majority of the results presented in

this dissertation, and as such will be discussed in depth here.

Figure 2-6. Bright-field TEM micrograph of SiGe interface showing amplitude

contrast. The BF image was obtained witha-d0n o bj ecti ve aperture ¢
main beam. Thepgcimen is a crossectional, wedg@olished specimen of magnetron

sputtered germanium on silicon. The silicon is tlgatkr portions on either side of the

interfaces. The bright band running between the dark germanium films is an epoxy used

to hold the two pieces of the cressctional specimen together. Vacuum and more epoxy

can be seen in the upper {8ind corner.The image acquisition time was 5 seconds.
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Diffraction contrast, as the name implies, stems from the diffraction of electrons
that satisfy the Bragg angle with respect to certain families of planes within a specimen.
In the simplest case, a perfectlytftgpecimen at the Bragg angle will appear dark in a BF
image, while that same specimen far from the Bragg amglether tiled or deformed,
will appear bright as very few electrons have been scattered outside of the objective
aperture. Thewithin-image contrast aspect arises due to the fact that no specimen is
perfectly flat, and, thus, while one region may satisfy the Bragg condition, another
adjacent may not, leading to contragthis effect is most easily shown lagquiringa
bright field image of a rdomly-oriented, polycrystalline filmas in Figure 2. The
random orientation of the crystallites and the briggltl imaging condition lead to strong
contrast between crystallites with different excitation errors, giving the image a speckled

effect.
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Figure 2-7. Bright-field micrograph of polycrystalline silver film. The 25-nm film
was created via magnetron sputtering ont60aam silicon nitride support film. The

image was acquired with as3acquisition time at 4,096 x 4096, pixels.

The ripplesand bends of crystalline materials lead to certain diffraction contrast
features known as bend contours. Bend contours appear as dark bands in a BF image,
indicating the current local region in which the specimen is bent or ceed that it
fulfills the Bragg condition. When the specimenentation is changedhese bend
contours move across the specimen as different regions enter and leave that Bragg
condition. The mechanism of bend contours, combined with tihgographically

complex condition ofeal nanoscale materials, @ftleads to complex diffractiecontrast
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patterns that, while givinmsight intothe nanoscale morphology of the specimen, make

isolation andnterpretation okach contrast featurbfficult (see Figure B).

Figure 2-8. Diffraction contrast features in defectladen, rippled silver film. The
specimen wasreated via iomilling of a 3mm disk of 25¢ nthick, 99.99% pure silver

film (Aldrich). Many bend contours can be seen running through this perforaged, fr
standing film which has corrugated due to the high surface enertipe tfin film. In
addition, the speckled contrast in the lower center of the image indicates the presence of
defects, which can complicate image analysis as well as affect the dysianutural

response.
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The sensitivity of diffraction contrast to small perturbations of the lattice makes
the technique a powerful indicator of nanoscale motion in the presence of morphological
features such as interfaces, defects, and dislocations rinamaerceptible to other
imaging techniques. The bend contours present in mossteding, nanoscale films
can act as precise monitor of extremelgcalized specimen orientation. Ultimately, the
use of diffraction contrast as a monitor of atomgpthcement, as discovered during my
research here, enables the imaging of traveling displacement waves (phonons) in many

materials.
2.4.2 | Dark-Field Imaging

Dark-field (DF) imaging, while not the primary imaging mode used in the
experiments reportedehe, played a crucial role in confirmimgy hypothesis about the
origin of the nevebeforeseen coherent contrast waves discussed in ChaptérB.
technique is methodologically similar boight-field imaging in that it involves the use of
an objectiveaperture in the back focglane of the objective lendDF imaging, however,
involves placement of the objective aperture on a region of reciprocal rspaceluding
the main (.e., unscattered) beanThe most common placement of the objective aperture
is around a specific Bragg reflection, meaning only regions oriented such they scatter into

that reflection appear bright in the resultanage (Figure ).
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Figure 2-9. Dark-field TEM micrograph of SiGe interface. This specimen and FOV
are the same as in Figure62 The DF image was obtained with 43¢ mobjective

aperturecenteredon the 220 Bragg reflectionof silicon Bend contours and oriented
grains in the germanium films can be seen as bright regions sp#damen. Vacuum
and more epoxy can be seen in as the dark region uppéateftcorner. The image

acquisition time was 5 seconds.

One of the most powerful aspects of DF imaging with UEM is that it enables
dynamic probing of a spatialisesolvable reign of reciprocalspace. Put another way, a
change of intensity in a BF image series can be caused by a number of elastic or inelastic
events, while a change of intensity in a DF image series can be confidently attributed to a

specific reorientation of # sampled specimen volume with respect to the Bragg
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condition. However, a@rk-field imaging is inherently difficult in stroboscopic mode due

to the fact that the majority of the electrong.( those in the main beam) are excluded
from the imaging system.This effect is exacerbated for specimehat are weakly
scattering, such as graphene, where the Bragg reflections are orders of magnitude lower

in intensity than the main beam.

2.5 | Ultrafast Electron Microscopy In Situ Alignments

Before performing atroboscopic pumprobe UEM experiment, alignment of the
pump and probe laser pulses onto the specimen and the microestiopeemust first be
performed. The instabilities in the airflow, temperature, and humidity in the UEM room,
though monitored andoatrolled to the fullest extent, cause slight misalignments of the
laser system over a tirfeame of hours to days. This effect is exacerbated by the
presence of a large heat source near the microscope in the form of the user(s). For these
reasons, cheakg and touckup of the pump and probe alignments in the TEM are
performed at least at the start of every UEM session, if not more frequently depending on

the experimental requirements and duration.
2.5.1| Pump Alignment and Calibration

Alignment of thepump laser line on the twiiered laser table is a relatively
simple operation involving standard laser alignment practices. The primary difficulty
comes once the laser enters the objective module;insick periscope there is no way

to visually confirmproper alignment ontany of the three mirrors that are placed before
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the secimen. We developed several methods that involve alignment of the pump laser
on the desired specimen location without venting the microscope and performing a visual
alignment. As a note, all pumyine powers, pulse energies, and fluences listed in this
work were calculated from power readings taken directly before the laser enters the TEM
periscope i(e., the closest possible measurement location to the specimen), unless
otherwse stated.

The first alignment procedure is for gross alignment; to determine if the pump
laser is hitting the -3nm-diameter TEM grid, or if the beam is clipped or misaligned to
such a degree that the beam does not make it down to the specimen regpra riéw,
200-mesh TEM grid with &uantifoil amorphous carbon film is placed into the TEM
holder and inserted into the microscope. Preliminary TEM alignments are performed to
achieve a bright thermionic beam, at which pointrtfegnification of the miascope is
increased until thedge of one of the holes the amorphous carbdakesup the entire
field-of-view (FOV). Next, the pump laser beam at a fluence of 0.1 nflisrpassed
into the pump periscope and the specimen view is monitored to see if a jump in the
specimen location is observed upon illumination with the laser. As the laser illuminates
the copper of the grid, the specimen drifts somewhat until a thernalyst@ate is
achieved (usally after 10 to 20 minutes).

If no specimen jump is observed, theeiseries of increasingly blind realignments
is undertaken to determine where the laser path is misaligned. kérgtosition of the

final lens in the pump linshould be rastered until a jump is observédno jump is
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observed over the entire range of the lens, then the lens should be returned to its original
position and the first periscope mirror should be rastered in the same fashion. If no
movement is seg then the piezactuated mirror inside the periscope should be rastered.
As a final resort, the TEM column should be vented, the -padiel of the objective
module removed, and a whiten®n disk of paper should be placed into the TEM holder.
When thispaper specimen is placed in the TEM, it can be visually observed by peering
down the periscope and adjusting the three mirrors until a suitable path is established.
Then, the laser can be sent down the periscope and obsereadh the objective port

on the paper specimen, giving a rough alignme@nce this rough alignment has been
achieved, an unused amorphous carbon TEM @ inserted into the TEM and
illuminated with the pump laser. This illumination causes an irreversible burning of an
amorphouscarboncoated TEM grid at low ngmification (LM Mode) The amorphous
carbon film, when illuminated with a higgnough laser power, undergoes an irreversible
contrast change [Figures1®(B-C)]. By comparing the position of the stage when
illuminated andthe location of the contrast change on the grid, the laser can be aligned

into the FOV for fine alignment.
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Figure 2-10. Pump alignment series.(A) Amorphous carbon support film on 200 mesh
copper TEM grid prior to pump pulse illumination. (B) Suggddm from (A) following

pump pulse illumination (0.05 mJ/énl MHz). The change in contrast between (A) and

(B) is emphasized bygreatinga difference image (C) of the prand posillumination
images. As the pump pulse is Gaussian in shape, ther adrthe pulse on the sample

can be determined by the location of the center of the contrast change. Scale bars all

denot e TheOmageswere acquired with & acquisition time.

Following the rough alignment onto the TEM grid, the laser rbesine-tuned
such that the 136 mFWHM beam spot is located precisely where desired on the
specimen (usually directly over tlbameraFOV). This is done by finding a mesoscale
feature on the amorphogarbon grid (dust, contamination, broken carbon feéita,) that
will be easily discernable at both low magnification58x) and medium magnification
(> 2000x). At a medium magnificatiorthe object is placenh the center of thdetector
The magnification is reduced to th@nimum value (in the case tie FEI Femto this is

21x magnification in LM mode) anthe position of mesoscale feature thelive view of
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the detector is markedising a draw tool. This step is crucial for fine pump beam
alignment as the optic axis of the microscope can change shghédg moving between
magnification modes. As the majority of UEM experiments will be done at higher
magnifications, the pump beam must be aligriedthe optic axis for the desired
experimental magnification

The size of the contrast change the illumina¢d carbon filmis related to the
laser power and the spsize. At higher powers(g, 1 mJ/cm) the contrast change can
easily extend over several gisquares, thus, it is often useful to decrease the power until
only the smallest possible contrast mpe is observed. In this manner, the center of the
| aser spot can be al | Gimkydthe algnment of the pumpd t o
beam over the entire delay stage must be checked to ensure that any observed dynamic
response is due to the tempodalay and not a movement of the pump laser on the
specimen as the retroreflector is mov@adhis is done by checking the location of contrast
change on the specimas the delay stage is scanned over its entire range. As this will
lead to a pattkength dfference of 2 meters, there is also a slight change in the diameter
of the beam as itivergesslightly over the patHength This spreading is minor, and

compared to t he,dbedhotaffdctthée specimeroexcitation prefile
2.5.2 | Probe Alignment and Calibration

Alignment of the probe beam, eith@coseconar femtosecondepending on the
desired experimentanodality, is required with drequencythatcan fluctuate from once

a week to every 30 minutes depending on several factors.tileendition, tip size,
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room temperature stability, laser stability, and prbbe choice picosecond or
femtosecond) all can affect the stability of the laser on the tip and, thus, the need to align
or realign the probe beamThe first step of this gilnment process, which is usually
done as the last step prior to the spechsecific alignments of the chosen experiment,

is performed with no specimen in the holder, as a specimen of any kind can only block
the photoelectron beam and make obtainingaarbia the first place difficult.

Once the empty specimen holder is inserted into the microscope, the thermionic
electron beam is converged he LaB filament is then cooled by decreasing the applied
current until the undersaturatétermionic beam is barely visible on the detector. The
undersaturated beam will vary in shape, size, and intézaalires from the fully
saturated beamIn addition,the beamintensitydetermining alignments such as gun tilt
and gun shift should be pgermed againat this stepto ensure that the collection
efficiency of electrons from theathodeis as high as possible. At this point the probe
laser is directed into the gun periscope and, if properly aligned, the elbeimom
intensity (now a combinain of undersatutad thermionic and photoelectron
mechanisms), should increase.

Often, temperature changes in the laboratory cailngeprobe laser to be
misaligned such that it completely misses¢hthode which has a diameter of 15 to 350
€ m.This misalignment is not easHgolved, as unless the laser illuminates the filament
there are no other indicators of where the beam is with respect to the filafieat.

easiest and first alignment method is to raster the lens just prior to the gun periscope
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ertrance. The majority of the time, the beam has shifted off of the filament but a position
changeo200 e m or so will bring the beam back on
the filament, it can be finelfuned until the photoelectron intensity is nmized and tip

topography is avoided (Figurel?). In cases of initial alignment or gross misalignment

of probe beam, the gun region of the TEM can be vented and opened and the probe laser

can be aligned to a fitted poly(methyl methacrylate) targetteento the acceleration

chamber. To complete the transition to photoelectron mode from standard, thermionic
operation the current sent to the filament should be reduced further to ensure that there is

no thermionic element to the electron beeaumrent. If some portion of the beam is

thermionic, the stroboscopic signal will be convoluted with the ststatg signal which

can induce artifacts, errors, and miistly a lower signato-noise ratio (SNR).

54



Figure 2-11. Probe alignment series. Montage &owing probe laser alignment &®

e mLaBs. The electron source was imaged by bringing the electron beam to crossover
while operating at a filamemectrical biadelow the saturation poinfThe montage was
created by scanning the probe laser position using the focusing lens directly prior to the
gun periscope.The images were acquired at 1700x magnification ane a@uisition

time.

2.6 | Ultrafast Electron Microscopy Customization

Since installation in October 2014, we have further modified the Tecnai Femto
microscope to improve and optimize a number of experimental parameidrsse
modifications, installed followingonsultationwith the engineers at FEI, will hopefully
aid in devebpment of the nexgeneration of UEM instruments for both commercial and
research use. The modifications fall into two categories: eleetrossionand stability,
and collection efficiency.

As mentioned above, stability of the filament and the posiigif the laser on
the filament is a crucial requisite to a successful, artffaet UEM experiment. Early on
in UEM experimentation, we quickly realized that standard ¢Le&hodesused in
thermionic TEMs were not weluited to the rigors of sustainegdulsedlaser
illumination. Variations in brightness, tilting of the filament, and beprality issues
with these filaments led to poor results and difficult experimental conditions in which

imaging artifacts abounded. Under the suggestion of FEI engjree@ewcathodetype
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was tested: truncated LaBncased in a graphite coating (Figaré2). The graphite

coated cathodes(Applied Physics Technologies) were hypothesized to increase the

thermal dissipation abilities of theathodeunder laser illuminatin as well as reduce
shankemission (undesirable electron emission from the slanted portions cdttinmé.

The newcathodetype performed as expected, which led to stable photoelectron beams

which allowed 1zZhour experiments with no beadhift artifacts. In addition, the large

LaBsf | at (50 em to 350 e€m) gave a | arge enou
could be focused onto it, ensuring no wasted photons in the photogeneration process. As

the flatsize was increased, however, the coherencthefresultant beam was greatly

reduced. Thus, a balance of tip size and photoelectron current was foundmubidbe

adapted tahe specific imagingequirements of the experiment
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Figure 2-12. Optical micrograph of carbon-coated LaBs cathode This filament has a
LaBsdi amet er of 300 e m (-qoatingkwasrkepy at@rcgnstant T h e c
thickness of 80 em ( b)lfoaal Gustomeathodesegarsiless af o undi n g

LaBg diameter.

Further modification came in the form of custonade Wehnelt and condenser
apertures. The L-mm-diameterWehnelt aperture was provided by FEI Company in
order to test its effect on the collection efficiency of the system in stroboscopic mode.
For comparison, traditional Wehnelt apertures arenth¥in diameter. The use of the
Wehnelt aperture led to roughly an order of magnitude increase of photoelectron current
at the detector, though at the cost of beam coherence and, although unmeasured in this
microscope, an increased energy spread in the @leatocon packetsSimilarly, the 1.25
mm-diameter condenser aperture increased the photoelectron collection efficiency by a
factor of 8 when compared with the néxar g e s t condenser apertu
diameter). As with the larger Wehnelt aperture,ubke of offaxis electrons to form an
image led to an overall decrease in coherence. It also, unsurprisingly, led to a very large

convergenceangleunder a convergeiiteam condition.

2.7 | Ultrafast Electron Microscopy TimeZero Determination

As discused previously, timeero is a concept that is absolutely essential to
everyUEM experiment. There is no strict definition of the term, but it is usually meant

broadly to mean the start of the dynamic response. This definition can be further broken
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down nto experimentatime-zero andrue time-zero. Experimental timezero is usually
defined as the earliest onset of a measurable dynamic response for that experiment. This
value can be the same as ttuee zero butannotoccurearlier than it. This ddfition is

useful if it is difficult or imposible to measure true tineero due to the lack of a
spectrometer or inability to perform lansing experiment. True tirmero, which is
considered the ideal point of reference, is the overlap in space anaf tineepump laser
pulseand probe electropacketat the specimen. Any potential measurable response
would occur after this point, making it crucial to the assignment of dynamic behavior
(electronic, phononietc) to the experimentaligeterminedspecimen response.

Time zero hadraditionally been measureidt UEM by using the PINEM (Photo
induced Neafield Electron Microscopy) effect in order to monitor momentum transfer
between incoming photons and eteas in the specimen nefield.** In the absence of a
spectrometer, wemploy a method of timeero determination known as plasma lensing,
in which a highenergy laser pulse generates an electron plasma on the surface of a metal
TEM grid, which in turn causes a measurable defleaifathe passing electron pacKat.

% To determine timeero in our system we illuminated a DaMesh copper TEM grid

with 515nm laser pulses at 40 kHz, with an incident fluence of 3.6 MJ/&dlection

of the probe electron pulses by the transient, photoexcited plasma was monitored via th
width of the sample grid bardn order to extract the subtle lensing effect, we fit a

linescan across each edge of a grid bar to a sigmoidal function:
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wherel is the pixel intensityA; is pixel intensity of the grid baA; is the pixel intensity

in the vacuumy, is effectively the edge of the grid bar, andis the width of the
sigmoidal rise. Figur@-13 shows the fitting procedure for each side of the grid bar; by
fitting each side of the grid bar separately, the effects of any specimen or elssdran

drift are removed. By taking the difference of theralues from each side, the giicr

width can @ measured with subixel precision. This process is then repeated over a
range of pumgprobe delay points. As the generation of an electron plasma on the
surface of the metal grid occurs within tens of femtoseconds, the rise time of the electron

beam délection can baised to calculatthe instument response function (IRF).
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Figure 2-13. Tracking of plasma lensing effect for timezero determination. The
pixel intensity at each position is the average value of six pixels taken perpendicular to

the paition axis. (insets) Photoelectron lensing image with blue bars showing the

regions from which curves to be fit were taken.
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Figure 214 shows the electreheam deflection as a function of delay for two
orthogonal directions on the copper grid. this image, the abscissa has been normalized
to the delaystage position corresponding to the measured-ziene to give a clearer
view of the time frame over which the effect occur3he following form of the
cumulative distribution function was uskgtntion was used to fit the temporal rise of the
width-change.

00 é Qi "Q‘O‘_—b p 0 (2-2)

G G,

WhereD(t) is the timedependent deflection measured in pixélss the amplitude of the
deflection,t is the timezero position,i is the standard deviation of a Gaussian peak
function, C is the baseline deflection (value of zero as shown in Figu4) 2anderf is
the error function. The two measured beam deflections do not occur simultaneously,
with the hoizontal defection occuimg 900fs before the verticalTime-zerowas defined
as the average of the tveentersand the measuradstrumentresoponséime is 1900t
200fs. The instrument response depends strongly on the number of electrons in each
pulse. In order to achieve a reasonable SNR at the required repetition rate, dfen 10

10° electrons per pulse are used. The electrons per pulse for the experiments in each

chapter will be reported when available.
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Figure 2-14. Time-zero measurement using plasm@duced electronbeam
deflection. Stroboscopic images were obtained in randomized-tirder in steps of 500

fs. Three separate but identical experiments wertonpeed, from which errors bars
representing one standard deviation were generated for eaepdinie Each image was
acquired over 12 seconds at a binning value of 4 (512 x 512 pixels). The horizontal and
vertical analyses were performed in exactlyshene manner, with one image set rotated

90° with respect to the other. (inset) Representative photoelectron image from which
measurements were taken. Red and green dotted lines represent image portions which

were used for analysis.
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2.8 | Ultrafast Eledron Microscopyi Automation and Data
Acquisition

Theraw output of a UEM experiment is an image series with (at least) one image
per delay value. As such, a propedgsigned UEM experiment will have only one
independent variable: the delay vald@ontol of the delay value idoneelectronically in
both timeregimes; through the electronicaltpntrolled motorized delay stage or through
the digital delay generatofThis makes both experimentgtups suitable for automation
which decreases experimedtration, removes user input error, and allows for remote
control of the system. | will describe the automation logic with respect to setting the
pump-probe delay first for the femtosecond system, themit@secondystem Finally,
| will describe themage acquisition logiavhich is identical for both modalities.

The basic logic cycle for automated acquisition of a femtosecond image series is:
(1) Read delay value from text file or array; (2) Move command and position check of
delay stage; (3) Send delay information to TEM computer; (4) Send acquire command to
detector; (5) Save image with metadata from delay generator control computer; (6) Send
command to read next delay value from file or array. The automation program was
written using LabVIEW software (National Instruments) which interfaces with the
instrumentsvia USB or Ethernet connections. The delay values that are to be read are
either pregenerated as a text file or created using a subprogram that allows the user to
generate the values which are then stored and read from an Bneyalues in this array

can easily be randomized or repeated to act as experimental cortrasldition, the
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delay stepsize can be varied within a scan to meet the experimental needs. When a delay
value is chosen from the array, that valuecasvertedinto a position valueon the
motorized delay stage. This process can only be completed aftezdimménas been
determined and that position recorded on the dsage

The motorized delay stage is controlled via a Motion Controller (Aerdtech
which carries out commands from the LabVIEW software as well as reports the position,
jitter, and status of the delay stage. Once the delay stagmdwee to the required
positiondelay value, the software waits for the posiéisieedback fromHhe stage to be
within a certain tolerance before sending information to the TEM computer. The
computer that controls the TEM also acts as a platform through which commands can be
sent to and from the Orius caméf@atan) Just as on the delayage contsl computer,
LabVIEW software controls instrument communication and logic. Following positioning
of the delay stage, a packet is sent to the TEM computer that contains all the information
to be written into the filename and metadata of the resultant images includes the
scan number, image number, delay value, base filenamek-tohe, and image
acquisitiontime. These values are all then sent to the Gatan Microscopy Suite software
(Gatan) which controls thdetector Once an image is acquired araved, the TEM
computer sends a signal back to the dskage control computer which then sends a
move command to the stage for the next delay value, restarting the cycle.

The picosecondpumpprobe logic is structurally similar to the femtosecond

system,though the use of electronic delay rather than physical delay introduces some
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crucial differences. The primary difference comes in step (2) of the logic chain. In this
modality, the delayalue is converted into a waditme before being converted into a
command to be sent to the digital delay generaitie digital delay generator then send

a command to the Nd:YAG laser to fire after the allotted wait time and continue at the
prescribed repetition rate, setting a new ptpngbe delay. Once the new puipmbe
delay has been established the logic chain proceeds as described abdwe withge
informationbeing sent to the TEM computier acquisition.

The image acquisition portion of the logic chain is performed within the software
provided by thedetector manufacturer, Gatan Inc. The software (Gatan Microscopy
Suite) uses a proprietary coding language which was used only tosiggrads to the
detectorto set the acquisition time, acquire the image, store it in the desired location in
the desired formt, and give it a filename that contains the pertinent delay information for
postprocessing. In addition, the LabVIEW software running on the TEM computer
generates a log file that updates after each image acquisition that contains all pertinent
delay anl image information. This log file is crucial as it allows for easy reordering and
analysis of image series that can easily be several gigabytes in size and contain upwards
of 1000 images.

This ends the background and methodology portions of this dot¢iereapting
the specifics laid out at the beginning of each chapter and during the experimental and
analysis sections of Chapters 3 through 7. In the following five chapters | will discuss

five related projects | undertook during my time at the Univexsitilinnesota. All of
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these projects are described formally in current or forthcoming publications, the details of

which are listed at the end of each introductory section as well as in Appendix B.
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CHAPTER3T IN STU THERMOMETRY

In preparation foprobing thermal transport on the ultrafast timescpéet ofmy
initial efforts involved developing a robust, direct method of measuring the TEM
specimen temperatune situ. The ability to observe redime dynamics at atomic spatial
scales has made situ TEM a powerful tool for elucidating a wide range of phenomena
of interest to chemists, physicists, and materials scientistedeed, structural
characterizatioii the traditional strength of TEM has been revolutionized by the ability
to observe the dymaic respons of a specimen tdeating, cooling, and electrical
biasing?®*®* In addition, characterization techniques common to materials science that
have traditionally been applied to btdkecimens, including hardness testing and plastic
deformation, can now be perfoed on the nanoscale, thus enabling heretofore
inaccessible insight into size effects and individual dislooagieneration and motidf”
111

In situ TEM heatirg experiments have been extensively applied to studies of the
fundamental atomiscale mechanisms othis ubiquitous proces$**’  Such
experiments are enabled by situ specimen heating holderd=or the majority of such
holders, the specimen is in thermal contact with a resistivedyed crucible or furnace.
Typically, the temperature is monitored via a thermocouple or thermistor located in
proximity to the heating elementAn alternative dsign requires specimen deposition
directly onto a MEMSbased substrate, which teen resistively heated®''°® Such

designs, however, can lead to questions regarding the actual temperature of the specimen,
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which can be influenced by subtliholderto-holder construction variations, the
experimental electreheam parameters, and the specittespecimen dgree of thermal
contact?®*?!

In order to conduct quantitativen situ TEM studies of thermal effects on
nanoscale materials and chemical reactions, an accurate and precise measurement method
must be employed.One suchapproach involves calibrating the current applied to a
resistively heated holder against the wdkfined melting point of a known specimen.

The feasibility of such an approach has been demonstrated using Joule heating of a thin
wire in contact with a substrate upon which discrete netalands are depositédf 122

Using a similar approach, carbon nanotubes and metal nanowires have been used as local
heat sources to investigate interfacial thermahspart and conductioft® 2¥1
OperandoTEM studies have also been employedifositu nanoscale thermal mapping

5126 |n addition to thesén situ

via densitydependent vaaitions in plasmon sign&
approachesex situ calibration methods are employed, the most common of which is
optical pyrometry. In this approach, the TEMpecimen temperature is determined by
relating measured thermal radiation to the blackbody or grayleodgsivity of the
material®®*’ In principle, such a method offetigh accuracy and precisigff though
uncertainty in the emissivity nstibe taken into accoutft’**2

Here,| will describe a method for directly determining the lattice temperature of

thin-film nanocrystalline TEM specimens situ, continuously and across a wide

temperature range. This technique is applicable to both steathte heating
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environments as well as transient states, as is the case during UEM experime#tation.
broad application of this method has been used termete the effect of gas flow on
specimen tengrature in an environmental TENM® By employing anin situ heating
holder and exploiting the sensitivity of Bragg diffraction to latii@ne spacing,
measured supixel variations in reciprocal lattieeector magnitude £Q€ are directly

tied to picometer latticparameter changes in real spadée measured lattice changes
werethen compared to those expected from the coefficient of thermal expansion in order
to determine the local equilibrium temperatukéariations in£Qeweredetermined with
subpixel precision by using a circular Hough transform method of center searching the
paralletbeam diffraction patternsBy comparing the reduction afQe(due to reakpace
expansion of the lattice) to that expected from the mefit of thermal expansion, a
comparison of the equilibrium nanoscale lattice temperature to that of the Healtleg
temperature can be made across the entire experimental rafRge.singlecrystal
specimens (i.e., those having grains larger thanstiectedarea aperture), expected
reductions in Braggpot intensities due to the DebWaller effectwereoverwhelmed by
thermallyinduced uncontrolled specimen tilting and thus modulation of the excitation
error (i.e., deviation of the center of the oglrfrom the Ewald sphere)We illustratel

this effect with singlecrystal Si and emphasize that such complications must be
considered when conductiimy situheating and dserexcitation TEM experiments*

Note: The figures angortions of thetext in this chapter are adaptedth permission
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f r om AlIDiSitueThdrmometry: Variations in Reciproehattice Vectors and

Challenges with the Deby&a | | er Ef fremors and D.D..FlarRigan, Q0%8.

3.1 | Experimental

Aluminum is wellsuited forin situ quantification of nanoscale thermal effects
and comparison to indirect temperature measurements of the Healiley element
owing to its relatively large coefficient of thermal expansion (23.1°%K® at 25 °C§*®
and ease of TEM specimen preparafigit’® Indeed, therelatively large thermal
expansion and resulting shift in bytkasmon peak position to lower energy has been
exploited for nanoscale thermal mapping in microelectronic devices via spectrum
imaging in scanning TENF® ' Here, via DC magnetron sputtering, we deposited
polycrystalline Al films (thickness = 25 nm) directly onto amorphous silicon nitride
membranestllickness = 50 nin The crystallinity of the samples is illustrated in Figure
3-1. The depositions were performed in the Minnesota Nano Center (formerly the
Minnesota Nanofabrication Centerging an AJA ATC 2000 UHV Thin Film Deposition
systemat a rate of 100 A/min Prior to deposition, a base pressure off16° Torr was
established in the chamber. All runs were done at 250 W and 5 mTorr chamber pressure
with a 20 sccm flow of ultrigh purity Ar. The substrate surface was cleaned with a

four-minute presputter, and the temperature wakila 20 °C during degsition.
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AT=81°C AT=185°C AT =320°C

Figure 3-1. Polycrystalline aluminum specimen and in situ heating overview (a)
Bright-field image of aglepositedAl on SiN at 20 °C (b) Paralletbeam diffraction
pattern ofthe asdeposited Affilm acquiredat a camera length df.5 m. The 111, 200,
and 220 rings arentirely contained withinthe field of view andare indicative ofa
randomly oriented, smafjrain polycrystalline film. (c through e) Difference
diffractogramsgenerated by subtracting a pattern obtained at 20 °C from those
obtainedat T = (c) 101 °C, (d) 205 °C, and (e) 340 °The increasing contrast strength

observed with increasing temperatdrem (c) to (e) is indicativeof diffraction-ring
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contraction and, thus, regpace lattice expansionAll temperatures ifer to heating

holder thermocouple values.

In order to establish statistical significance, five differaltminum specimens
were made, each in a separate sputtering run and with equal treatment throughout the
preparation process (uniform membrane cleaning process, identical sputtering conditions,
single sputtering targegtc). Further, all TEM experiments were perhed on a single
instrument with the same stage and lens settimgg, (camera length, spot size,
integration time, aperture position and size, agdocation on the specimens)The
diffraction patterns were taken on the FEI Tecnai G2 F30, 300 keshtiasion electron
microscope in the Characterization Facility at the University of Minneso#fdl
diffraction patterns were obtained at a camera length of 1.5 m to maximize the reeiprocal
space resolution in pixels/nrhwhile keeping the full 111 and 20thgs on the CCD for
accurate and precise spixel center searching.Difference images generated from
diffraction patternbtainedby subtracting the 20C from imagesacquiredat 101, 205,
and 340 °C illustrating the observable diffractiimg contration (i.e., Y£Q8 are shown
in Figure3-1. The silicon specimen used to measure the effect of unintended tilting on
obfuscation of the Deby@/aller effe¢ was prepared as described iacon 2.11 on
mechanical polishing.

A Gatan model 652 doubldt heaing holder was used for alh situ thermal

experiments. This model of heating holder measures temperature via a type R
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thermocouple (platium-13% rhodium vs. platinum). The model 652aiso equipped
with a manual beta tilt axis for full crystallographanalysis. This manual beta tilt
feature ended up being one of the major hurdles to measuring the-vallige effect
using a singlecrystal specimen, which led to the preparation of polycrystalline aluminum
specimens as described above. During exmeration, the holder was kept water
cooled and the current and voltage applied to the heldezcontrolled with aKeithley
2400 Sourcemeter (Tektronix, Inc.pelecteearea diffraction patterns were obtained at

the samdéolder thermocouple values frod B 340 °C for each of the five specimens.

3.2 | Analysis

In order to quantify the temperatudependent changes Qe illustrated in
Figure 31, the center of alselecteearea electron diffraction (SAED)atterns must be
determined with supixel precision. Indeed, depending upon the resolution of the CCD
chip and the chosen camera lengtEQecan be on the order of 0.1 pixel/10 °C (owing
to the picometer increases in lattigane spacing). Further,stabilities in the electron
optics and accelerating voltage of the TEM can affect the position and appearance of the
projected diffraction pattern on the CCD. Such effects necessitate accurate and precise
subpixel measurements, coupled with statistigzlgsis, in order to reach the necessary
sensitivities. Finally, enhancing throughput requires that any eseéeching method be
automated such that large datasets can be rapidly and accurately analyzed and each image
can be quantified without the nefmt coarsegrained calculations in order to generate the

neassary population for statistical analysis
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To find the mosprobable center position of the polycrystalline SAED patterns,
we employed a circular Hough transform meth8d. First, pixels making up the
diffraction rings are set to an intensity value of one via thresholding, while all other
pixels are assigned a value of zero in order to isolate the feature of interest. From each of

the nonzero pixels,Hough circles of increasy radii are drawr?>44

Figure 3-2. Overlay of a thresholded experimental diffraction ring and a Hough
space image at fiough = l'ing- Each norzero pixel in the thresholded ring (thickhite
ring) is used as the (x,y) center from which Hough circles of increasing radii are drawn

(thin, white circles). When the radii of these Hough circles match the radius of the
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diffraction ring, a convergence in Hough space occurs, as can be sdenspyal, white

disk in the center of the pattern.

Here, | will briefly define the circular Hough transform method and describe the
method by which it was used to find the center of each diffraction patt€mbegin by
approximating the 2D shape of téfraction rings as perfect circles.

0 ® W 0 i (3-1)
Here, (a,b) are the coordinates of the circle center, r is the radius of the circle, and (x,y) is
any point on the circle. In the case of a polycrystalB#d=D pattern, (a,b) is thenost
probable diffractiompattern center and (x,y) are points on the experimeraatyired
rings. As mentioned abovehe first step in the Hougtansform procedure is to
threshold the pattern so only the diffraction rings have azeoo intensity vale (i.e.,
remove contributions by diffuse, incoherent scattering). Next, all pixels witfzemmn
intensity serve as an (x,y) value in EquatBsh. To find the most probable (a,b) value of
the pattern, a radius for each of the Hough circles centerédyymmust also be precisely
determined. To determine the most probable radius [i.e., the radius at which precise
convergence at (a,b) is observed], the 2D image is extentded third spatial dimension
(Hough radius z). In this way, at each (x,y) w&, a Hough circle of radius (z) and
centered at (x,y) is generatelustrative examplesf this process for an experimentally

acquired diffration ringareshown in Figurse 32 and3-3. This process is repeated over

a range of /alues(referred to as-values in Figure -3), the coarseness of which can be
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varied. That is, the computational burden of this process can be eased by reducing the
number of (x,y) diffractiorring positions at which to calculate a Hough circle. Once all
z-values (i.e., Hougcircle radii) have been tested, the Hotgglace maximunin that is,
the radius at which maximum convergence of overlapping circles océsirdetermined
and ascribed to (a,b), or the mpsbbable diffractiorring center, with suipixel
precision

For the polycrystalline Al films studied here, a most probable center position was
found for both the 111 and the 200 diffractirings in all imagesHgure 33). Statistical
analysis on the a®und center positions of the thresholded rings returns a-pnasable
value for the entirpattern Note that this method can be automated, as initial guesses for
the center position and diffractiomg radius for initialization of the algorithm can be
extended to all patterns in a temperature series owing to #ieegl small changs from

one image to the next.
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Figure 3-3. Circular Hough transforms of the 111 and 200 diffraction rings from a

polycrystalline Al film at 20 °C. (a,b) Thresholded 111a) and 200(b) rings along with
select steps (subsequgranels) from the Hough transform proce$¥hen ryough < fing,

the circles in Hough space dot converggeas illustrated by the central dark diskt the
condition where the Hougbpace radius matches théfraction-ring radius(i.e., r =
I'ough), thecircles drawn at eacpixel of nonzerointensity overlap andconvergences

observed As With fough < fring, Wh€Nryough> fring, NO CONvergence is observedHough
spaceandan accurateenter position cannot be determinetihe black crescents the
right half of the Hougktransform framesare due tdhe beam blockvhich coveregart of

the diffraction ringsas seem the thresholded images (a) and(b).

76



Following the circular Hough transform cens®arching methodhe patterns
wererotationdly averagedover 360° with the mosgtrobable (a,b) position serving as the
origin and extending out tine image edgeThe diffuseinelasticbackgroundvasthen fit
to the resulting radialljntegrated line profiles over&iQerange from 3 to 5.5 nihusing

anchor points found via a curvature method. The anchor peéreplaced on the curve

wherever the curvaturettia v al ue of 9 = 0.02 or32 ower , as
GE
I — 3-2
o7 (32

Here,yj denotes a first derivative and denotes a second derivativeOnce found, the
anchor pointswere connected linearly to create the background function. Once
determined, the uniquelyescribed backgroundsere subtracted from each radially
integrated line profile, and ¢hdiffraction peaks (her the &uminum111 and 200 peaks)
were each separately fit with a Gaussian function using the Levemerguardt
algorithm. This method resulted in a precise fit of all backgreauidracted dffaction
peaks with resulting-squaredsalues of better #n 0.98. An example of this process and
the resulting peak fits is illustrated in FiguB€. For the purposes of the work reported
here, the most important parameter in this fitting routine is the-peatier position. This

is the parameter used fortdenining the average value a&Qeand thus the realpace

thermallyinduced latticeplane expansion.
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Figure 3-4. Graphical representation of the fitting procedure following Hough
analysis androtational averaging of the experimentallyacquired PBED patterns
from polycrystalline Al at 20 °C. This process and the subsequent Gaussian fits yielded

r-squaredvalues of 0.99 for both the 111 and 200 peaks. These fits are representative of

the dataset as a whole, with@s-determined Rvalues exceeding 0.98.

Following the circular Hough transformQE determination, dtticetemperature
changes werealculatecby measuring/£Qewith respect to a reference value obtained at
20 °C (.e., with the heating element off), add/iding by the linear coefficient of thermal

expansion. The changet2eas a function of tengrature is given by Equation3

N Q a
Q A" . £EQ £” 3-3
wEQ Y Y Y Y Q Y (3-3)
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Here,hkl correspond to the Miller indices of the diffraction ring being analya€m) is

the lattice parameter at 20 °C in nm,( T )the temperaturdependent coeffient of

thermal expansion for aluminymand £Q £°Y s the reciprocalattice vector
magntude at 20 °C. This analysis can be extended to higfder diffraction rings, but,
depending upon detector size, the decreased camera length needed to fully capture the
high-angle scattering will lower the resolution of the pattern; the inverse redhtpon
requires a compromise between resolution and number of complete diffraction rings
contained in the field of view. That is, a balance must be struck between sensidyity (
maxi mi zi ng the nuihigecamefalepgthkaad dsie (Tapturingpn m

as many full diffraction rings gsossible; small camera length).

3.3 | Results and Discussion

As show in Figure &, £ decreasg with increasing temperature by an amount
directly but inversely related to t@uminumlattice d-spacing i ., 2Qe P q - Over

the temperature range studied he#€Ewasobserved to contract (on average) by 0.036
nm* for the 111 ring and 0.043 rihfor the 200 ring. In real space, tH¥Econtraction
corresponds to a thermaliyduced expansion of the lattice planes by 0.02 A and a
corresponding decrease of the Bragg scattering angle by 0.048 mrad for the 111 ring and
0.055 mrad for the 200 ring for 200 keV electrons (relativistic waveldng, = 251

picometers). Note that the results shown in Figubea8 from one of the five specimens
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studied (i.e., it is not an averaged result); the observed behavior was similar for all

specimens.

- | 111 20 °C

—340°C
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Figure 3-5. Experimental lattice expansion mesured via SAED. (a) Intensity vs.
reciprocal lattice vector magnitud&Qe of two radiallyintegratedSAED patternsrom
the same specimen highlighting the peaks arising from the 111 and 200 diffraction rings,

one obtainedat 20 °C (blue) and the other at340 °C (red) The diffuse thermal
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background has been subtracted for igtar (b) Behavior of £QE of the radially
integrated 111 diffraction ring as a function of temperature from 20 to 340 °C. The label
above the peaks indicates the position shiftsntaller £Qewith increasing temperature.

The peaks have been normalized to maximum intensity for clarity. The temperatures

refer to heatingholder thermocouple values.

In order to determine thactual specimen temperature€Qe and YAQE were
compared to thacalculated from the thermal properties of nanocrystalline Al thin films.
The observed reciprocal lattice vector contraction, quantified by-deastres fitting of
the rotationallyaveraged diffraction peak profiles, was directly related to the expected
lattice expansion determined via the temperatiggendent coefficient of thermal
expansion™>**" In this way, the measured picometer lattice expansiah agaverted
into a temperature which was directly compared to the hehttdgr thermocouple
value (Figure3-6). As can be seen, the measured lattice expansion shows excellent
agreement with the theoretical curves over the entire experimental tempesaigee
This also indicates that the actual lattice temperature is in excellent agreement with that
measured by the heatiiglder thermocouple. Note that thé1 and 200families of
planes follow the same trend with respect to the theoretical expainsimating the
nanocrystalline Al thin films expanded isotropically. Finally, to demonstrate the validity
of this thermometry technique in combination with rg@hce imaging, we tested the

stability of the projection lens system in terms of reciprodéité&avector variance when
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switching back and forth between brighald and diffraction TEM modes. When

measured over ten trials at room temperature, the 111 and 200 mean interplanar spacings

were 2.3387 + 1 x IDA and 2.0253 + 1 x IHA, respectively The variances in the

interplanar spacings correspond to less than a 1 °C temperature variance via the CTE;

thus we see no foreseeable issue with switching between the two modes during a

thermometry experiment.
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Figure 3-6. Comparison of experimental and theoretical reciprocal lattice vector

shifts >"/A| £ for the 111 (black) and 200 (red) diffraction rings as a function of

thermocouple temperature reading. The shifts are positivdbecausehe aboveroom-

temperaturet Qe values were subtracted from thealue at 20 °C; hence, a value of zero

for YEQeat 20 °C The values o/£Qeat each temperature for both the 111 and the 200
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rings are the mean dive separatdrials conducted on five different specimen3he

error barsrepresent two standard deviations.

While the measured mean temperatures match both theory and the-heaterg
values, standard deviations for the 111 and 200 familigdasfes were 3 and 6 °C at the
low end of the experimental range and 38 and 45 t°@ea high end, respectively.
Several potential sources for this 10 to 15% variance declambient temperature
changes andluctuations in the current applied to the heating element. In addition,
uniform in-plane tensile strain in the Al thin films, vah would be indistinguishable
from thermal lattice expansion, could be introduced during deposition onto the
amorphousilicon nitridemembranes.Smallchanges in specimen tilt with respect to the
electron beam wouldalso move the specimen out of a eucentcondition, thus
potentially introducing inaccuracy into the cambgagth calibrations.  Finally,
uncontrolled specimen tilting combined with any astigmatism not corrected for during
initial beam alignment could produce an apparent shronce radlly-integrated.

During normal operation of am situ heating holder, the transfer of thermal
energy from the heating element to the specimen introduces significant drift xy-the
plane. In addition to this, uncontrolled thermatyuced tilting abouthe U- and b-axes
could occur, thus shifting the orientation of the reciprocal lattice with respect to the
Ewald sphere. The consequences of such an uncontrolled tilting can be illustrated by

monitoring the evolution of an SAED pattern from a singlgstal specimen duringn
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situ heating. A slight change in regipace crystal orientation results in a modulation of
the excitation error due to reciprodattice motion about a fixed Ewald sphere. Thus,
the intensities of Bragg spots will also be moduladee to variation in relative position
of the Ewald sphere and relrods (the shape factor for thin, essentially 2D films results in
rods rather than points comprising the reciprocal lattice). This raises concerns regarding
the use of the Deby@/aller effect (decrease in Braggpot intensity with increase in
lattice temperature due to increased incoherent scattering) for equilibnusitu
temperature determination as well as ultrafast electron diffraction/microscopy studies.
The deleterious effects of umatrolled specimen tilting during equilibrium situ
heating areillustrated in Figure & for singlecrystal Si. A singlecrystal silicon
specimen was chosen to track the specimen tilt induced by the holder as the diffraction
rings of a randomly orientk nanocrystalline film appear unchanged when tilted at small
angles. When oriented approximately along a-iogex zone axis (e.g[, 20 ) in a
paralletbeam condition, the relatively large Ewald sphere (200 keV electrons) intersects
a large portion oftte zereorder Laue zone, thus producingvsral Bragg spots [Figure
3-7(@]. Modulation of the Braggpot intensities due to uncontrolled specimen tilting
during heating overwhelms the relatively small intensity reduction expected from the
DebyeWaller efect. Indeed, intensity of the 004 spot was observéttteaseby 150%
with rising temperature, from 98 to 301 °C, while a relatively soedreasg15% from

20 to 301 °C) is expected from the Debjaller effect[Figure 37(b)].
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Figure 3-7. Effects of uncontrolled tilting on Bragg-spot intensity. (a) Selectedrea
diffraction pattern of singlerystal Si oriented approximately along th&0 one axis.

The 004 and 000 (direct beam) spots are indexed, and the pattern was obtained at 20 °C.
(b) Intensities of the 004 Bragg spot from experimental SAED patterns (solid lines)
obtained at 20 (purple), 98 (light blue), 143 (yellow), 196 (orange), and 301 (red) °C
compared to calculated intensities expected solely from the B&fler effect (dalsed

lines) for a fixed reciprocdhttice position (i.e., no specimen tilting). The calculated
intensity at 20 °C is overlaid on the experimentalbserved peak profile (i.e., it is
assumed to have the same initial intensity); thus, it is not visiblee fiure legend

applies to both the experimental and the calculated peaks.

We ascribe the discrepancy in intensity modulation between our data and that
expected from the Debyé&aller effect to uncontrolled, thermallgduced specimen
tilting in the Gatarmodel 652 doubkldilt heating holder. The Debyé/aller effect states

that as the lattice temperature increases the Bspggintensities should decrease with a
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commensurate increase in the thermal diffuse background. The predicted intensity
modulationdue to an increase in lattice temperature follows éhationship shown in
Equation 34.14®

0 Y
0 Y

QMOAT" AQ &0 Y (3-4)

Here, loo4 IS the intensity of the Si 004 spdi; = 20 °C,AQ Ais the 004 reciprocal
lattice vector magnitude, and(T) is the displacement of the atoms due to thermal

vibrations aglescribed by the Einsin model of a solid
2 il 6 )
q a C %5"Y (3-5)

Here,k is the reduced Planck constamiisth e mass of a Xfkgh,con atom

is the fundamental frequency of a siliesih i ¢ o n b 10 ldz), Kz i3 the8Bbl&kmann
constant, and is the temperature of the lattice.

In order to quantify the severity of the thermatguced uncontrolled tilting
effect at each temperatureve performed a centef-mass calculation on thsilicon
singlecrystal diffracion patterns acquired at temperatures ranging from 20 to 301 °C.
The temperaturdependent reciprocapace position of the cemntef-mass was then
converted into a reapace tilt angle and plotted for each temperature in the experimental
range relativeto the 20 °C position (Figure-8). As can be seen, thermalhyduced
uncontrolled tilting of up to 0.26 mrad from the initial position was observed over the

course of the experi mg=s2ablpm) hemdiudd theBwaldh el ect
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sphee is 1 o & 3 M81t. &hus, a reaspace tilt of 0.26 mrad produces a reciprocal

lattice tilt spanning 0.1 nih which is on the order of the size of the relrod thin

specimens (i.e., <10 nm).
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Figure 3-8. Centerof-mass measurements of the silicoSAED pattern at various
thermocouple temperatures. Measurements made at different temperatures are plotted
relative to the pattern obtained at 20 °C (X = Y = 0 mrad). The observed tilt is with

respect to the CCD.

3.4 | Conclusions
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By exploiting the sesitivity of Braggdiffraction-peak positions to picometer
variations of latticeplane spacings during situ heating experiments in TEM, actual
specimen temperaturegere determined in lieu of relying on indirect measurements via
proximal thermocouplesrahermistors. Wdound that, despite potential uncertainties
associated with such indirect measurement methods, the local nanoscale specimen
temperature determined via comparison of reciprocal lattice vector magnitudes to those
expected from the coeffient of thermal expansion shedexcellent agreement with the
thermocouple value of tha situheating.

Challenges with applying the Deby#aller effect for direct determination of
nanoscale temperatures in singtgstal specimens were found to be attributable to
thermallyinduced uncontrolled tilting of the reciprocal lattice in relation to the Ewald
sphere thus illustrating the potential need for deconvolution of such effects for
guantitativein situ heating and ultrafast electron ddf@tion/microscopy experiments.

The studies | performed on measuring the (unintended) variation in Bragg spot intensity
due to lattice tilting were crucial in motivating the mechanical oscillation studies in
silicon. In addition, the sensitivity of the reciprocal lattice to slight tilts made it an
excellent way to visualize crystalline heterogenaityl its effect on energyissipation,

as | will discuss in the following chapter.

88



CHAPTER 4 T ENERGY DISSIPATION VIA
MEGAHERTZACOUSTIGMODE EXCITATION

Mesoscale science and engineering, broadly defined as the study and application
of materials systems bridging the quantum and continlegimes, is an area rich with
new paradigms and research topite>> On this scale, understanding and control of
defectladen materials are crucial avenududher the field At spatial scales exceeding
those of individual atoms and nanometeale assemblies, defects become increasingly
prevalent. Consequently, the emergent properties of the system are increasingly
influenced and dictated by heterogendpulstributed particles, defects, and interfaces,
as evinced in mechanical, electronic, and magnetic behavfdrs.

Thermal transport in nan@and mesoscale materials is influengearily by the
distribution of scattering centers such as interfaces and defect§'®® Temporally,
following initial scattering oshortwavelength carriersuch as electrons and GHio
THz-frequency phonons excitation of fundamental flexural modes is a primary
mechanisnof energy dissipation and, depending on the desired behesimibea cause
of inhibited system performan¢®'% or enable the study of chemical and physical
properties?®*'®®  Simultaneous identification of imperfections atite study of their
effects on the dynamic response of the specimen is difficult, however, due to the
ensembleaveraged nature of many ultrafast techniqué&se ability to visualizethese
imperfectionsover the full extent of the dynamiesponse of the systeemables isolation

of the mechanisms by which these properties can be tonéesirability Thus, esign
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of mesoscale structures and materiels aidedby direct characterization with mudti
modal (ideally aHin-one) instrumentation that can cover a wide range of spatial and
temporal scale¥’

Here, we demonstrate the muttiodal capabilities of UEM by visliaing the
MHz linear elastic optomechaniceésponse of a singlerystal siliconcantilever from
atomic to micromedr length scales. The use of silidona wide range of electronic and
mechanical applications stems from its low cost, eas@rofessing and favorable
structural and electronic properti®§2® In addition, despite being a thorougtsiudied
material, new insights into various constitutive relatioag,(thermal transport, linear
elastic responsestc) continue to be fountf: 1°**’° Previous reciprocadpace UEM
studies on singlerystal Si wedges have resolved sh@ave motion and ultrafast
vibrational responses induced by coherent photoexcit&ttdff. As | will discusshere, a
multi-modal approachi combining real and reciprocakpace informatiori enables
spatial localization of photoinduced vibrational eigenmodes, opening the way to
resolving the effects of nanoscale heterogeneity on stakigtgability and fluctiations.
Note: Some of thefigures and portions of the text in this chapter are adapitd

permissioff r om A Mul ti modal Vi sualization of

t

he

(

Cantilevers with Ultrafast El ect rspandDMi cr os c C

T. Valley, 201727

4.1 | Experimental
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The silicon wedgespecimen was fabricated from a <011> flat, undoped wafer
(Virginia Semiconductor). Thinning was accomplished using a rigorous mechanical
polishing procedurelescribed in &ction 2.11. The wedge was then epoxy bonded to a
copper slot grid and ion milled withRrecision dn Polishing System (Gatan) to electron
transparency. In addition to dislocations and impurities, fracturéseaedge of the
specimen, which occurred during polishing and subsequent handling, produced non
symmetric boundary conditions at the edge of the cantilever. Figardisplays an

overview of the specimen morphology within the region of interest stueied h

Figure 4-1. Structural morphology and atomic order of the Si cantilever 2<wedge

specimen. (a) Optical darkfield image of the overall region of interest. The red dashed

lines outline the region dimensions that yield the observed vibrationgligingies
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(discussed below). The black box denotes the specific area studied with UEM. (b)
Overlay of a brighfield UEM image and propergriented parallebeam diffraction
pattern, as viewed along the [011] zone axis at the approximate center ofitreae

interest. Several Bragg spots are indexed for reference.

The optomechanical response of the Si wedge specimen to femtosecond (fs) laser
excitation was follaved in both realand reciprocakpace withthe FEI Tecnai Femto
operated stroboscopicgalbn the nanosecond timescalging the electronicallyriggered
picosecond pumprobe setup, as described ieacBon 2.2.2 This timescale was selected
in order to properly resolve the MHz vibrational frequencies of stiff nemaicroscale
material specimense(g, Youngds modulus of -c&ystélSito 170
according to recent measurementéas demonstrated with previous UEM studigé®?
In order to fully characterize the sutano to mesoscale optomechanical response of the
Si cantilever, three UEM modalities were employed: seleated electron diffractign

convergenibeam electron diffractigrandbright-field imaging.
4.2 | Analysis

4.2.1| SelectedArea Electron Diffraction

The selectedrea diffraction patternthat made up the raw stroboscopic image
serieswere loaded into analysis software and a mask was created to block the 000 spot

from being analyzed. For each image, a 2D geakng method that employed sub
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pixel, centroidbased fitting was used. The only input parameters were choosing a flat or
slanted baseline for the peak and a threshold intensity value, the latter of which was
chosen to include all Bragg reflections presentha image while minimizing false

positives. Once each peak was fitted with a 2D Gaussian function, the peak position,

width, and area could be determined for each time point.
4.2.2| Conveagent-Beam Electron Diffraction

In order to determine localized gp@men mechanical oscillation, translation of
Bragg intensity across CBED discs as a function of time delayragiseed Each CBED
pattern was rotated such that the reciprocal lattice vector afhibeen CBEDspot was
aligned vertically in the image. Thea boxwasdrawn vertically from one side of the
main beam, along the recipaddattice vector, and past tiRBED disk. Each row of the
box was summed, and a 3D representation (reciprocal space, intensity, time) of the
temporal response was generated. In addition, the overall intensity of each box was
normalized by the intensity of the center spot to correct dny instabilities in
photoelectron intensityAs a control measurehe images were taken in randomized time

order to account for any reiime specimen drift or titling.
4.2.3| Bright-Field Imaging i SpaceTime Plot

A spacetime plot generated by avaging one of the spatial dimensions improves
the signatto-noise most when the averaging axipéspendicularto the movement of the

contrast, and averaged along a direction of homogenous contrasstrdlescopiBF
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image set were first corrected forspecimen drift using a template matching method.
Each image was then normalized for fluctuations in photoelectron interiBig. was

done by dividing each image by an average pixensity over a 10 b$0 pixel vacuum

region. A rectangularregionof-interest ROI) was chosen such th#te movement of
diffraction contrast features was along the long axis of the rectarifhs involved

rotation of each image in the set to determine angle at which the highesttsigoee

ratio of the dynamics wasptured. The rectangular ROl matrix was then extracted from
each image in the set, averaged along the short axis and the resulting vectors were plotted
as a function of the delay value for the entire imagegerterahg the spacéime plot.

To generatehe spacdrequency plot, the timdependenFourier transform of the space

time plot was taken, giving a Fourier spectrum at each spatial position.
4.2.4| Bright-Field Imaging i Frequency Maps

Each brighifield image was drifcorrected using featuremlong the specimen
edge to ensure an accurate piglpixel analysis. To normalize the image intensity,
every pixel in the image was divided by an average value obtained from a vacuum region
of the image. This step was taken to correct for any fluctositbased upon retime
instabilities in photoelectron intensity. Following this, a Fourier transform of the time
dependent intensity value of each pixel was performed. Each pixel in each frame of the
frequency map is the absolute value of the Foupectsum for that pixel at the given

frequency, thus yielding the oscillatory contrast response of the speciraeargatpixel
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location. In addition, a black outline was added to the specimen edge Horposssing

to clearly delineat¢he specimen fromhe vacuum region.
4.2.5| Linear Elastic Modelling

In order to understantthe dynamics contrast features in all three TEM modalities
a linear elastic model of a silicon wedge was created using bulk material parameters and
the geometry and measuremedétermined from optical and ekeon microscopy The
modelling was done using theolid mechanicamodule of the commercial software
package COMSOL (Comsol, Inc.)An elastic modulus of 170 GPa was used for the

<110> directionalong with a materiadensty of 2329 kg/ni.

4.3| Results and Discussion

The specimen excitation parameters were kept constant for all of the experiments;
the excitation of mechanical modes following carrier excitatieag thus, identical
regardless of thebservation maoality. Comparing the modalities, then, gives vital
insight into which details of the specimen response are detectable in each modality.
Figure 4-2(a) shows a representative photoelectron SAED pattern obtained along the
[011] zone axis from the region of the speen shown in Figurd-1(b). UEM SAED
probes spatialhaveraged atomiscale photoinduced dynamics of the Si crystalline
lattice; for a specific orientation, the tirgependent behavior of lattice planes
perpendicular to the incidebeam direction can bmvestigated. The response of a

select Bragg spato pulsed photoexcitatiorshown in Figure4-2(b), is oscillatory in
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nature These repeatable fluctuations are indicative of oscillatory mechanical motion of
the specimen. As the specimemrates abouthe fixed incidentlectronwave vector

(i.e, about a fixed Ewald sphere), the reciprdadtice rod associated with the Bragg
spot also moves about the Ewald sphere. This produces an oscillatory modulation of the
Braggspot intensity. The spectral pesse of this behaviovas determined by taking

the timedependent Fourier transform of the peak intensity. The resulting resonant
frequencieswere localized mainly below 5 MHz, with some weaker frequencies
appearing between 10 and 15 MHz [F&2(c)]. We do not attribute these MHz
frequencies to motion of the entire wedge specimen (area = 0.3), mrinstead arise

from the region outlined in Figurd-1(a) the boundary condition®f which were

introducedduring specimen preparation.
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Figure 4-2. Parallel-beam SAED dynamics as a function of time delay. (a)
Representative UEM SAED pattern-200 ns. Note that a negative delay denotes the
amount of time remaining before photoexcitation occurs. The white box highlights the
222 Bragg spot. Scale lar = 5 nm'. (b) Temporal behavior of th222 Braggspot
relative intensity over the delay rang#00 to 7000 ns at-@s incrementsie., a UEM
SAED pattern was obtained every 2 ns freé#@0 to 7000 ns). The Braggpot intensity
for each time delay wasormalized by the mean intensity over the entire delay range. (c)

Time-domain Fourier transform of the relati@ensity trace in (b). The SAED
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experiments were performed using a 00 selectechrea aperture and a 2(Q@n

condenser aperture.

The repraucibility, as well as the temporal extent of the SAED oscillatory
behavior were verified by comparing the intensity behavior of multiple Bragg spots over
multiple delay windows (Figure-8). Vertical lines inFigure 43(a) and (bpre drawn at
delay vales of 175 ns, 440 ns, and 700 ns to show the reproducibility of the oscillatory
behavior between experimentsThe agreement between the two runs shows the
replicability of the Bragg spot intensity fluctuations at significantly diffepobebeam

relatedconditions (delay step order, scan length, camera length, and exposure time).
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Figure 4-3. SAED peak intensity trends across multiple experiments and timescales.
(a) Temporal behavior of th222 and 111 Bragg peaks over the delay range-200 to

2000 ns. Timepoints were obtained atrd increments and taken in random order to
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account for photoelectron intensity fluctuations due to laser/tip instability over the course
of the experiment. (inset) Representative photoelectron SAED pattern (cameha leng
200 mm) at32 ns delay highlighting th222 and 111 peaks. The intensities of the two
reflections have been offset for clarityn order to extract an intensity value from the
SAED patterns, each Bragg peak was fit with a Gaussian prdélileTempral behavior

of the same two Bragg peaks over a delay rang2Qfi to 7000 ns at 2 ns increments.
Due to the amount of images obtained during the experiment (3600), the images were
taken in delay order (i.e200 ns,-198 ns,-196 ns, etc.) to capturééd largest possible

delay range while maintaining the-r%s step size. (inset) Representative photoelectron
SAED pattern (camera length: 150 mm)-200 ns delay highlighting th222 and 111

peaks with blue and gold boxes, respectively

Convergentbeam electron diffraction is a complimentary diffraction modality
made possible through the precision with which electrons can be focused with
electromagnetic lenses. Using a convergent probe circumvents sohe afallenges
associated with extractintye effects of nanoscale heterogeneity on dynamics in SAED.
The smalprobe convergerbeamconfiguration enables access 3D crystallographic
information and nanoscale specimen volurf¥* Figure 44 displays the results of a
nanosecond UEM CBED study on a particular volume element within thanBiever
region of interest studied with SAED. To extract the dynamic response of the specimen

with UEM CBED, the motion of diffractiopattern features along the corresponding
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reciprocallattice vector was followed. Under a convergeeam condition, the Ewald

sphere can be described as having a finite thickness dependent on the convergence angle
of the dectron beam, which effectively relaxes the Bragg condifeigure 44(a)].*®®
Assumng a fixedin-space electron beam, resgdace specimen tilt will result in
correlated motion of the reciprocal lattice, which, in this case, manifests in a CBED

pattern as translation of intensity across the disc corresponding to a change in excitation

emor.
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Figure 4-4. CBED dynamics as a function of time delay(a) UEM CBED pattern at

200 ns. Here, the specimen is tilted 17° off the [011] #oag and the beam is
converged to an angle of 5 mrad ( 2dg9ce The
region of interest around tf#26 CBED disc. Scale bar = 5 nn (b) Surface ploof the

026 CBED-disc position parallel to the reciprodattice vector as a function of time
delay. The position axis corresponds to the radial distance from the direct beam in the
centerleft of frame (a) The images were acquired with a randomized time delasdir

to compensate for any re@ine beam or specimen instabilities. The position of the
dotted white lines corresponds to those shown in panel (a). (cydomain Fourier
transform of the spatiahtensity trace shown in (b). The inset shows a UBMiBage

of the specimen region of interest, with the position of the convergent beam indicated by

the green circle (not to scale; actual probe diameter = 20 nm). Scale bar = 1 pum.

The temporal dependence of the translation of intensity across the CB&EEBadi
be seen in Figurd-4(b). As in the SAED results, the primary oscillation is at 1.7 MHz
[Figure 44(c)]. From both the delay trace and the tid@main Fourier spectrum, it is
apparent that the higher frequency components between 10 and 15 Mptesest as
well. Although UEM SAED and CBED studies capture many similar features indicative
of the mechanical response, the difference in sampled volume between the two
techniques is expected to lead to qualitatively and quantitatively dissimilar remsilts

observed here. Between 2 and 5 MHz, the SAED Fourier spectrum contains a number of
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distinct peaks, which are nearly as strong as the 1.7 MHz mode. In contrast, the CBED
Fourier spectrum is strongly peaked at 1.7 MHz, with only two small peaks abkolv
between 2 to 5 MHz. This can be at least partially attributed to the difference in the
Fourierwindow determining the lower spectral resolution in the CBED spectrum, as the
ratio of the 1.7 MHz mode to those between 2 and 5 MHz is much higher GBEB
spectrum than in the SAED spectrum.

Results from the two diffraction modalities described above suggest that the
oscillatory frequencies observed in the low MHz range arise from the eigenmodes of a
mesoscale cantilever. To further characterize ffexts of nanoscale heterogeneity on
the linearelastic optomechanical response, UEM 4g@ce imaging was performed on
the same region of interest from which ®®&ED and CBED data originatdn Figure 4
5, difference images following photoexcitatioregresented and compared to a reference
image acquired at negative timee( before photoexcitation) As can be seen, the
contrast patterns, which are a function of lesga¢cimen orientation and crystallographic
order, are complex over thepn® region of interest. A portion of the entire temporal
range studied, spanning from 108 to 128 stews one period of a contrast oscillation
that was not detected intleer the SAED or CBED modalities In particular, the
highlighted area indicates a diffractiopntrast feature that was observed to oscillate at

30 MHz.
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Figure 4-5. Representativedifference images from a UEM BFimage series.All raw
images were binned by four and acquired with a tse®nd integration time. The
difference images were cted by first driftcorrecting all images within the series,
followed by subtracting a reference frame from each image. The reference frame
consisted of an average of 10 {irae-zero frames. The particular time delays at which
the representative differea images were obtained are shown in the lavgt corner of

each frame. The green circle highlights a strong and adistgrnible transient contrast

response. The dotted red lines outline the edge of the specimen, as seen inKigure 4
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The oscillatory nature of the myriad contrast features in the stroboscopic image
series was visualizedylaveraging over one of the spatial variablgeneratinga space
time plot [Fig. 4-6(a)]. Prior to arrival of the excitation pulse, the contrast bandairem
unperturbed, though slight intensity changes due to-tireal fluctuations in
photoelectron beam intensity are present. Following photoexcitation, the contrast bands,
particularly those aposition values 0600 and 1200 nirbegin to change positiors &
function of delay In the image series, diffractiarontrast featuresvere observed to
change positiolbecause specimen-ogientation with respect to the fixed electipacket
wave vectorproducel a spatiallyvarying Bragg condition. Stronglscattering dark
regions become weaklcattering bright regions as they move away from the Bragg
condition, andsice versa Just as with the diffraction modalitiebgtoscillatory nature of
this contrast mion is indicative of optomechanical excitation of the cantilever, with the
period of oscillation corresponding to the period of the particoade Further, the
intensity oscillation of the Fresnel fringéong the edge of the specimisralso indicatie
of mechanical motion as the specimen is deflected alongdkes, thus modulating the

focuscondition at fixed lens strengths.
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Figure 4-6. Spacetime analysis of the UEM BFimage series. (a) Spacdime plot
illustrating the oscillatory contrast lhavior observedn the BF imaging modality The
positiontaxis corresponds to the long axis of the red rectangle shown in the(panel
inset. The hght band at approximately 2000n positioncorresponds to a Fresnel fringe

at the edge of the specimenifwposition values above that corresponding to the vacuum
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region (b) Positiondependent Fourier spectrum generated from panel (a). The position
axis is the same as in panel (a), and color represents frequency amplitude; warmer colors
indicate larger aplitude. The inset is a UEM BF image of the Si cantilever, with the red

rectangle indicating the region of interest from which panels (a) and (b) were generated.

Frequenciesvere extracted at each position in the sp#oee plot in order to
analyze the gsition-dependentrequency response [Fig-6fb)]. This analysis reveald
two largeamplitude frequency groupings, one rangfrgm 1.5 to 5 MHz and another
clusered around 12 MHz, similar to those obser with the UEM reciprocadpace
modalities. Themost prominentontrastfeature is the oscillating dark band near 1200
nm in Figure4-6(a); ths feature hd a primary frequency of 12.8 MHz. In addition to
these crossnodality responses, however, UEM BF imaging reseadbcalized high
frequency modeshat were not detected with the diffraction methods. The presence of
large Fourier amplitudes at frequencies up to and above 30 MHz are observed nearer to
the edge of the Swedge specimenFigure 46(b)]. This suggests that additional
boundary conditionstemming from nanoscale structural heterogeneity are leading to
localized oscillations at the vacueerystal interface.While the majority of the region of
interest oscillate at frequencies detected with the diffraction modalities, suwilmes
near the vacuurorystal interface id not contribute significantly to the SAED or CBED
dynamics and are thus overwhelmed by the lamelitude lower eigenfrequencies.

That is, due to spatial averaging with the seleetesh aperture in SAED and the
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relaively small specimen volume probed in CBED, these hififeguency energy
dissipation pathways were not detected with either diffraction technique. As positions
farther from the vacuurarystal (.e., moving to thicker regions of the wedgekre
probed, lgherfrequency oscillations damp out giving way to the lodvequency cross

modality responses.

By expanding the analysis methods used to generate Hgf(t® to the entire
image field of view, spatial heterogeneity of the response to photoexcitatiobe fully
visualized through BF frequeneyapping (Figre 47). By analyzing the Fourier
spectrum of each pixethe spatial localization of specific linear elastic eigenmodes was
tracked. A similar method has been applied to Kikuchi bands in thg sfulihear
elastic shear motioH?*"® By selecting the most prominent frequencies in the Fourier
spectrum, a complete picture of the enedggsipation pathways within the mesoscale
region was generated. Selecting maps near the eigenfrequencies detected with the
diffraction modalities i(e., those below 5 MHz) reveal their spatial locations, the
positions of which comprise a significant portion of the interaction volume in the SAED

experiments, as defined by the seleciegh aperture.
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Figure 4-7. Select realspace frequency maps of the optoechanical response of the
Si cantilever. Each pixel in each frame is the absolute value of the Fourier spectrum for
that pixel at the particular frequency shown in the lelgéir corner of each panel.
Warmer colors represent larger Fourier amplitudBse black outlinevas added in post

processing to denotbe edge of the specimen.

To model the observed linear elastic bebawf the Si cantilever, COMSOL
modeling softwaravas used, with the specimen configured as an EBdenoulli beam

(Fig. 4-9). The dimensions of the beam were experimentally determined from the
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boundary conditions denoted by the red lines in Figetén) and the details of specimen
preparation, such as estimated wedge thickness and polishing angle. The first five
vibrational eigenfrequencies of our model specimen occur at 1.2, 2.0, 3.4, 4.0, and 4.23
MHz, the physical manifestations of which are shown in Figu®). Comparison of

the first five eigenfrequencies obtained from the linear elastic model to the- UEM
determinedtime-dependent response of the specimen shows reasonable agreament fo
frequencies below 5 MHz Frequencies above 5 MHz, observed especially in & U

BF imaging series (Figures@&land 47), are attributed to localized mechanical vibrations
[rather tharmotion of the entire cantilever, as outlined in Hgl(a)] that are a function

of crystal defects near the specimen edgg, (fractures, gouges, benasc).
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Figure 4-8. Linear-elastic COMSOL modeling parameters, eigenmodes, and
eigenfrequencief a model Si cantilever. (a) The dimensions of the model system, as
determined with optical and electron microscopy. The cantilever was fixed anftue
but was free on all other faces. The red box denotes the location of the BF image shown

in Figue 4-1(b). (b) The first five eigenmodes withigerirequencies labeled and
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displacement exaggerated for clarity. The color is a measure of the degree of deflection

in thez direction; warmer colors denote a higher degree of deflection.

4.4 | Conclusions

The precision and ease with which electron probes can be localized on specimen
regions of interest suggest UEM is wsllited for studying the effects of
heterogeneouslgistributed nanoscale particles and defects on constitutive relations
within the messcale regime. Hereye applied anulti-modalapproach to determine the
time-dependent optomechanical response of a sicigtgtal Si cantilever. All modalities
employed (SAED, CBED, and BF imaging) revealed oscillatory motion in théviiew
range, corrgsonding to bending eigenmodes of the cantilever. In addition, frequencies
roughly five times higher than those observed with the diffraction modalities were
discovered with BF imaging, analysis of which suggests local strain and structural
imperfections eert nontrivial influence on the lineaelastic response. All three
modalities, however, give complementaiy though not necessarily matching
information, that gives insight into the dynamic processes at work. These results indicate
that UEM realspa@ imaging, coupled with frequeneyapping methods, is useful for

elucidating complex energyissipation patays in defectaden materials.
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CHAPTER 5 T DISCOVERY OF PHONON
IMAGING

In order to elucidate the dynamics of collective excitations in the presence of
individual atomicscale defects, one must contend with the diffibodaiccess
spatiotemporal regimes in which these phenomena operate. At treellitatvel, speed
of-sound mononwavefrons typically transit such spatial dimensions in less than 100
femtoseconds (fs). The propagating energy causes local bond modulation and a transient
elastic deformation of the lattice, briefly-ogienting the atoms in a manner dictated by
the symmetry of the mode. Structural dynamics of this nature are amenable to study with
ultrafast methods that make use of the dependence of scatiewvegvectos on lattice
orientation and symmetr **¢1% Spacing and symmetry changes of the reciprocal
lattice on dixed Ewald sphere produces a commensurate modulatiorconfeguration
of the resultig coherenscattering pattern.In reciprocal space, the dearth of phase
information, combined with the probing of lattice motion within material volumes that
are larg relative to nanoscale discontinuities (for pardilehm conditions), produces an
ensembleaveraged picture of the dynamics, despite being sensitive to symmetry
changes®'®? bond dilation and breakimf and atomievibration amplitud&%,

However phase information is retained with fs electioraging®* 191

thus enabling
spatiotemporal localization of discrete phonarcleation events and resobrti of

propagation dynamics atdividual atomiescale defects.
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Upon completeintegration of the PHAROS femtosecond laser system with the
Tecnai Femto UEM, my aim was to apply the previously develapstu thermometry
methods to the ultrafast temporalgime in an attempt to elucidate the effects of
individual defects on energy transport. Initially, experiments and specimen preparation
protocols were designed with an eye towards the stfidyterface conductance across
atomicallyperfect heteroepitaxiagermaniurssilicon interfaces. Crystallographically,
germanium is a promising material fapitaxial growthon silicon for photonics
applications due to the matching crystal symmetry and similar lattice paraniatérs.

In addition, he bandgapf germanium makes it weduited to optical communications in

the 1,556nm band, as well as in the creation of hejfficiency germanium on silicon
lasers and photodetectdfé?® Practically, the optical and mechanical properties of
germaniummade it ideallysuited forstroboscopidJEM experimentation. As noted in
Chapter 1, germanium is optically absorbingtli absorption coefficients betwedr

and 10 cm™) across the entire visible spectrum, which includes all three pump
wavelengths available with our system. In addition, the mechanical stiffness of the
material makeit suitable topreparation via mechanical polishing, at any crystadipgic
orientation, down to an lectrontransparent thickness. As part of my initial
investigations | conducted UEMBF imaging on pure germanium, without the
introduction of a heterogeneous material interface, to determine the most suitable
excitation and repetition rate parameters for thermal transport studies. These

stroboscopic studies led to observation of travelouptrast features which were
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subsequentlyanalyzed for velocity, frequency, and wavenumier determine the
physical origin of the contrageatures

These experimentsn germanium wedgspecimensalong with those undertaken
on the material WSéby group member Dayn&. Plemmons, enableadirect visualization
of the nucleation, evolution, and decay of individual acoustic phonons in théymin
atomicscale defects and nanoscale variations in lattice orientdtiobserve the launch
of individual phonon wavefrons following coherent optical excitation of
macroscopicalijordered but microscopicaligisordered crystalline geranium The
transientlow-energy elastic deformations associated with the propagating waves produce
a slight reorientation of the lattice and thus a localized, rapidiyying Bragg condition.
This manifests as coherent diffractioantrast wavdrains in the reaspace images, the
nucleation and dynamics of which are found to be strongly dictated by even minor lattice
imperfections. Further] observe that the appearance and directionality of the
propagatingwavefrons, as seen in therightfield images, are singly influenced by
individual interfacesand crystal bending. By isolating and quantifying the transient
contrast modulation] extraced the spatiallydependent vibrationahode shapes and
properties namely frequencies, phase velocities, and deiaagsi over fieldsof-view
on the order of the phonon wavelengths. These observationsdiperway to detailed
study of the effects of individual atormscale defects, spatiatiyarying lattice
orientations, and associated strain fields on ultrafastggnpropagation in leghan

pristine materials.l will withhold discussion here of the phonon imagingVé§e, as |

113



did not contribute to the experiments or analysis of that project but details of those

results as well as formal discussion of my ovean be found in the following reference.

Note: The figures and portioref the text in this chaptesire adaptedvith permission

from: AFemt osecond EMedtud atn edm&@dhiomepno Dy bame

Cremons; D. A. Plemmons.; D. J. Flannigan, 2t9f6.

5.1 | Experimental

The germaniunspecimen was prepared via mechanical polishing at a 2° angle
from abulk (111}oriented, undoped wafer (MTI Corporation) followed by ion milling to
electron transparency. The specimen was then epoxy bonded to a Cu slot grid. The
irregularlyshaped edges of the germanispecimen result from the polishing process as
well as nonruniform material removal during ion milling.The crystallographic and

morphological state of the germanium specimen can be seen in Fgjure 5

Figure 5-1. Morphological heterogeneity and atomiescale order Ge specimen

regions of interest. (A) Thermionic brightfield image of the germanium specimen used
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in the experiments described in this chapter. The red circle denotes the location and size
of the selectedrea aperture used to obtain to the SADP shown in (B). (B) Thermionic
selecteearea dffraction pattern taken down the [110] zearis from the region shown in

(A). (C) Crystal structure of germanium as viewed down the [110]-agise The grey

spheres represent the atomic positions in the lattice.

The germaniunspecimen was opticallyxeited in situ with a pump pulse of 270
fs duration fullwidth at halfmaximum (FWHM) and centered at 515 nm. Thenp
fluence incident on the specimams 1.3 mJ/cf This fluence was calculated based on
a laser spot size of3-e m F WH M, a s ex site asimgl focasthg parameters
identical to those along the path to the specimen region. All experiments were performed
at a repetition rate of 25 kHz, whicltombined with the pump pulsmergy was
determined to allow the specimen to relax between eaoippulse. All experiments
were performed with a Tecnai Femto ultrafast electron microscope (FEI Company)
operated at 200 kV in both thermionic and photoelectron modes. In both modalities, a
truncated, 15@¢ m f | @achthoteaApplied Physics Technoleg) was used. In order
to capture the greatest number of photoelectrons at the relatively low repetition rates used
here, a custom 125m condenser aperture was employed
brightfield experiments, a 46 m o b e c t iwaseused. plmagésuvere recorded
with a Gatan Orius SC200B 2,048 x 2,048 CCD camera and with integration times

ranging from 13 to 20 seconds per frame. Based on the étgéatron counts
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(approximatelylA £ 0 o % dcquided with the beam focused to #iee of the CCD
chip for a given exposure time and repetition rate, it is estimated that 200 to 1,000
electrons per pulse were used for image formatiomhe delaywindow of the
experiments-200 ps to 1000 ps) was chosen based on the delay values atpivbran
dynamics were first observed.For the experiments described het®,is defined
experimentally; it refers to the earliest onset of visible dynamildge convergerbeam

electron diffraction experiments were performedatkHz with a laser fluene of 1.6

mJd/cnf. Alarge,1,250e m condenser aperture was used,

28 mrad The specimen was tilted &2 degree®ff of the 110 zone axis to facilitate

tracking of the Bragg lines.
5.2 | Analysis

In order to extract the trauveh nature of the contrastavefrons, several steps
were taken in converting the photoelectron images to 3D surface plots. First, difference
images were created by taking an average of l@impeszero images (dubbed the
reference image) and subtractibdrom each frame in the series. Second, the difference
image was modified for contrast and brightness in order to enhance the features of
interest, including passing the images through #i46l Gaussian smoothing filter.
Third, each image was level&éy adjusting any pixels with values above 90% or below
10% of the maximum and minimum intensity, respectively, to the 90% and 10% values,
respectively. In addition, a ofexel swath along the edges of each image was set to the

10% intensity value.
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Linescans weregenerated by first drdtorrecting the series of images and
rotating each frame such that the direction of propagation was horizontal across the field
of view. Following this, three adjacent regions measuring 12 by 100 pixels were
identified ineach image series such that the contrast waves traversed these in succession;
the regions were offset in the horizontal direction such that each would sample the
contrast wave one after the other. At every time delay, each region was summed in the
vertical direction, and the average westractedin the horizontal. Plotting the mean
intensities as a function of time delay makes apparent the transitory nature of the waves.
Phase velocities were extracted by taking the slope of a line connecting thepteks
mean intensities and converting the pixel values of eagbrréo a reakpace position.

The data obtained from a standard UEM experiment containsdimansional
information: two spatial dimensions, intensity value, and time. In order to extrac
meaningful, quantifiable values from these experiments we routinely collapse one or two
of the variables to illustrate and quantifiably determine the -tiependent material
response. In order to extract meaningful wave properties from my UEM dateisesel
to reduce the special dimensionality through the use of gpaeeplots. This has the
benefit of allowing for more manageable image analysis and also increases the signal to
noise ratio by averaging over a direction containing unvarying wavematan (in this
case, along thevavefron). As is essential when performing any image analysis
processes, care was taken to ensure information was not lost, nor artefiacts! iny the

analysis process.
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5.3 | Results and Discussion

Unexpectedly the applied experimental conditiongroduced propagating
periodiccontrast modulation arising from fs optical excitatioh the germanium
specimen(Fig. 5-2). Upon initial viewing of the acquired stroboscopic image series, it
was immediately apparerhat tre contrastwavefrons do not emergen a spatially
uniform manner. The appearance and directionality of the propagating phonon
wavefrons were seen to follow existing bend contours present in othenpisdine
crystalline regions.Previous UEM experimeation showedevidence of breathingnode
phonors via UEM, though the traveling nature was not directly imaged but inferred from
stationary, oscillating contradt In addition, indirect signs of iplane shear modes in
silicon have been studied with convergbaiam modalitiesbut no imaging results were
reported, nor were velocities or the spatfaterogeneity discussétd’’® These
germanium results, as well as tlencurrentWSe results are, to the best of my

knowledge, the first report of individual phonaavefrontimaging.
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Figure 5-2. Realspace fs electron imaging of singiphonon wavefronts in Ge. (a)
Bright-field images of the Geegion shown in Fig.5-1 and obtained at &0-ps time
delays Theimages were acquirenver a 556ps delay windowat a 25kHz repetition

rate andwith a 13-s integration time per frameThe three colored lines mark regions
from which the mean intensity was quantified and usegkt®rate the time traces in.(h)
The propagation direction is perpendiculathe coloredines. Scale bar 500 nm. (b

g) Surface plots generated from an image series [region of interest = white rectangles in
(a)] highlighting approximately one period of watrain propagation, with a ptame-

zero frame included for referencklotion of an individual wavefront which appearas a
continuous, deeped depression, is indicated by the white arrows. The blue arrows map
the orientation to the 2D imagehown in (& (h) Imageintensity measurements,

obtained at the colored lines(a) as a function of time delay (offset for clarity).
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The novel observation of traveling contrast features in an ultrafast nanoscale
imaging experiment led to the development of several hypotheses of the physical origin
of the contrast. As the material wasre germanium and the stroboscopic method
washes out any irreversible processes, we quickly narrowed the possibilities down to
lattice deformation or heterogeneity of electron density or plasma waves. Following the
initial observation of the contrast wes, | noticed thathe waveswere not visibleover
the entire ROI, but seemed localized around diffraction contrast features such as bend
contaurs. In addition, the waveegionswere lower in intensity than the unperturbed
image intensity, suggesting thalectrons were being excluded from the projection
system in the localized region of the contrast waVbese observatiormuggesthat the
contrast mechanism of the waves crystallographic, not electronic This physical
mechanism that leads to thaveling contrast waves is shown schematically in Figure 5
3. The conclusion borne out of these experiments was strengthened by the velocity and
frequency measurements that were concurrently extracted from the stroboscopic image

data.
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Figure 5-3. Simplified schematic of the UEM imagingcontrast mechanism arising

from transient local elastic strain. (Left) Freestanding specimen prior to lasetuced
deformation. Under this condition, the diffracted beams (green and orange dashed lines)
are only weaklyexcited, and, thus, the resulting image contrast is weak owing to most
incident electrons being contained in the direct beam (green and orange solid lines; blue
solid line is the optic axis); the direct beam is selected for image formation with the
objectve aperture. (Right) Upon photoexcitation, elastic deformation of a preperly
oriented specimen produces a spatialyying orientation, with some regions satisfying

the Bragg condition, thus leading to strong excitation of the diffracted beams (goeen an
orange solid lines). This produces a relative reduction in the number of incident electrons
contained in the direct beam (green and orange dashed lines) and an increase in the
imagecontrast strength. As the diffraction contrast strength is a funofidine strain,

the region of highest contrast is located at the region that is strained the most; in this
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schematic it is the region of the specimen on the optic axis. The black regions at the

edges of the detector represent the eleedbmaque TEM grid ars.

By creating a spaetme plot, the periodic nature of the wasmergenceas well
as ther velocity and directionality can basualizedand measureds a function of pump
probe delay (Figure-8). The waveswere not observed tpropagate alon@ specific
crystallographic direction but, instead, seemed influenced primarily by nearby boundary
features such as interfaceseamlges. The velocity of the waves was extracted from the
image series by measuring the distance traveled by the contrasefeaer the time
frame exracted from the delay seriegrom the sequence of fs electron imagesnge
of contrastwave velocities were observed from 9 6 nm p3. Although it was
attributed to measurement variance at the time, a slight dispessitre velocity is

visible as a function of time in Figure4 which will be discussed idepth in Chapter 7.

A B
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Figure 5-4. Spacetime plot of Ge phonon propagation. (A) Bright-field stroboscopic
image taken atl00-ps delay. The red box is the regitvom which the spaegme plot

was generated. (BJhown are the spatialyependent contrast waves as a function of
time delay. The contrast waves alewer in intensity than the préme-zero valuesi(e.,

the darker diagonal waves rather than thgHirivaves). The position axis is (B) runs
from the tail to the head of the arrow in (A), meaning the waves traveled from right to left
based on the specimen orientation in (A)he UEM images from which this dataset

originatesarethe same as from Rige 5-2.

As previously statedhe contrast waves is that they ar¢ visible over the entire
ROI but arelocalized to diffraction contrast features. The visibility of the waves only
around these features is understandable under the theory that a sligie chexcitation
error due to lattice deformation leads to a localized contrast change, but those regions far
from the diffraction condition are not deformed enough to produce contrast. This effect
is demonstrated in a nearby portion of the R@®bwn inFigure 54, a region in which
there are no crystallographic defects besides the crystal edge and the crystal appears
relative uniform in intensity and, thus, flaEinally, the wavelength of the contrast waves
was measured by taking vertical slices from the sgiaoe plots. The wavelengihf the

contrast featuresas measured to be around 150 nm.
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Figure 5-5. Spacetime plot of Ge phonon propagation in pristire crystallographic
region. (A) Bright-field stroboscopic image taken dt00-ps delay The red box is the
region from which thespacetime plot was generated. (B) As in Figurébbthe contrast
waves ardower in intensity than the préme-zero valuegi.e., the darker diagonal waves
rather than the bright waves). The position axis is (B) runs from the tail to the head of the
arrow in (A), meaning the waves traveled from left to right based on the specimen

orientation in (A).

Notable differencebetween Figure -8 and Figure 5 give further insight into
the generation and contrast mechanism ofotteerved dynamicsFirst, the direction ©
contrast propagation is different between the hgarbyregions of the specimen. In the
case of Figure 8, the contrast travels from right to left, while in Figur® he contrast
travels from left to right. This can be best observed by comparing the directions of the
diagonal contrast features in the sptioee plots. In addition the contrast in Figure 5

5(B) is much weaker than that in Figurel@). | hypothesize this is due to the strength
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of the diffractioncontrast feature around which these waves were observed. As can be
seenin Figure 51 and Figure 8, the diffraction contrast feature in thent@Hower

portion of the ROI are much stronger than the contrast anywhere else in the specimen.
The upperright portion of the specimen, however, is almost completely uniform in
intensity except for a small feature near the edge of the specimen shghily lower in
intensity For a fixed amount of lattice deformation, the region nearer to the Bragg
condition (Figure 54) will undergo a greater chge in image intensity than one further
from the Bragg conditio(Figure 55).

An additional importantobservation from the image series is the oscillatory
nature of the traveling waves; individual waves appear, propagate, and disappear in the
ROl in a repetitive manner. By monitoring the image intensity irgiorethrough which
the contrastvaves travel.the temporal periodicityof the wavetrains was measured
(Figure 56). A periodicity of40 ps and thus, a25 GHz frequencywasextracted from
the traveling contrast modulatioreg all three adjacent locations in the ROThis
frequency(25 GHz)is seweral order of magnitudes lower than the optical and acoustic
phonon branches in the first Brillouin zgnehich are in the THz rand® The GHz
frequency of the waves as well as thé-afh wavelength suggetiiese arelate waves,
where the frequency and wavelength of the propagatingesnace determined by the
elastic constants of the materidhe boundary conditions of the specimamd the

thickness of the plat&®
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Figure 5-6. Frequency analysis of acoustiphonon propagation in Ge. (a) Bright-

field image of the Ge region from Figur&-1. Scale bar= 500 nm (b) Intensity
measurements obtained across the colored regions marked in (a), offset in intensity for
clarity. Black lines are lovpass filtered data (i.e., filtered above 100 GHz)) Time
domainFourier transfornof the traces in (b). The oscillation frequency is centered at 25

GHz.

In order to confirm the crystallographic nature of the traveling deformation
waves, aswell as the directionality of the waves in relatitm the crystallographic
orientation, | performedcomplementary convergebeam diffraction experiments an
newspecimen regiorthat showed strong dynamic contrast waves in the BF imaging
mode(Figure 57). CBED patterns were obtained over a delay rangé®to 500 ps at a
high convergence anglé28 mrad) and the position and intensity of the Bragg lines
(sometimes referred to as Kikuchi linethough they are the results of pure elastic

scatteriny were monitored as a function of purpmbe delay.
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Figure 5-7. Probe locationand convergentbeam electron diffraction pattern under

a high-convergence condition in stroboscopic mode (A) Stroboscopic brightield
image from series in which deformation waves were observdte convergerprobe
location is denoted by the red ciclwhich corresponds to the region in which strong
transientcontrast fluctuations were observed. (BJontrastenhanced, photoelectron

CBED pattern taken a2 degreesff of the 011 zone axis.

Upon stroboscopic excitation, oscillatory behaviorceftain Bragg lines was
observed. Interestingly, theBragg lines split into two discrete lines a function of
pump-probe delaywhich oscillated in reciprocalpace with opposite phases (Figure 5

8). The onset of the waves was delayed by severalrddimicoseconds from time zero

and continued beyond of the experimental range at a delay of 500 ps. The maximum

change in the position of the Bragg line in reciprocal space with respect to {magre
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zero position corresponded to an 8% change in ladpeeing due to deformation by the

traveling waves.

Position (nm'1)

0 100 200 300 400 500
Delay (ps)

Figure 5-8. Out-of-phase, oscillatory Bragg line behavior. (A) Stroboscopic CBED
pattern acquired ab0-ps delay. The red box denotes the region from which the space
time plot in (B) was generatedB) Spacetime plot of Bragg line dynamics as a function

of pumpprobe delay.

| gained insight into the origin of this oscillatory response when comparing the
behavior of many of the Bragg lin@s the pattern, which showed a range of responses
(Figure5-9). As in Figure 8, several of the Bragg lineshowed an oscillatory response
(gold lines in Figure 8), several withhwo outof-phase components. Thiscillatory
behavior was not observed uniformly, however. Several of the Bragg lines showed a

very weak response or, indeed, no discernable change in response over the delay range.
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Figure 5-9. Anisotropic response of multiple Bragg lines The spacé¢ime plots for

each Bragg line were created in the same manner, where the position axis alvgays ru
perpendicular to the Bragg line itself. The delay range is identical for eachtspace
plot, making direct comparison simple. The gold lines denote the Bragg lines that

showed strong oscillatory behavior.

This anisotropic response of the Bradgwes, which are oriented parallel to the
planes from which they origingt@rovided strong evidence of the directionality of the

phonons we observed in the bridigtld imaging exgriments. When the CBED patter
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was properly oriented with respect to thealspace image, a fascinating result was
observed (Figure-20). The planes, shown in gold, which showed the strongest response
are those planes that ryperpendicularto the direction of contrastave propagation

from the BF image series. Similarlyzet deformation of the planes oriented closer to the
direction of propagatiors lower, resulting inlittle to no CBED dynamic response. This
result strongly suggests the shape and directionality of the wavefronts in the BF imaging
experiments are repregative of the actual orientation with respect to the crystalline

lattice.

Figure 510. Doubleexposure of CBED pattern and BF image showing

complementary dynamic orientation. A clockwise rotation of 156 degreeswas
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performed on the CBED pattern to ensure proper orientation of the two modes. This
value was measured by taking slightignvergentoeam patterns of a recognizable real
space formation at the proper camera length. The gold lines denote the Braghdtne

showed a strong oscillatory response, as in Figi#e 5

For all studiesliscussed in this chaptthe laserexcitation wavelength used was
515 nm (2.41 eV). This photon energy is significantly larger than the banafgap
germanium(0.66 e\}.?°® Accordingly, the roles played by chargarrier excitation and
recombination on localized acouspbonon nucleation and launch may be hon
negligible. Indeed, the question of why acoustic phonons first appear at specific
locations in the material is ndnvial to answer considering the sequence of events that
occurs following fs excitatioin especially in a disordered materiaand the medmisms
of contrast formation in the briglield images. It is worthwhile to draw comparisons to
multi-photon pumpgprobe photoemission electron microscopy (PEEM). In this variant of
PEEM, resonant excitation is used to induce susfdaemon oscillationand image their
launch, propagation, and evolution with fs resolufd@™* An analogous methodology
dubbed phototinduced neafield electron microscopy* #** which is not reliant on
resonant excitatigfi>>*> has recently been used to image wpaeticle properties of
surface plasmon polaritons and induce Rabi oscillations iift, sunbound electron

s216-217

packet With the resonanexcitation approach in mind, one can envision fs

electron imaging experimé&n on acoustiphonon dynamics, where the puppoton
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energy is varied with respect to the band gap of the material under study. In this way,
one may be able to determine the roles played by the various dynamic and transport
phenomena at work.

Beyond the acoustiephonon excitation and nucleation mechanisms,isit
important to quantify the precise manner in which contrast is formed in the fs electron
images. Deviations of a few milliradians in the local Bragg condition can produce
significantly different ontrast patterns observed in brigi@id micrographs. Indeed, this
sensitivity to local morphology is what enables observation of dynamic contrast from
small angular perturbations caused lnyplane propagating waves.In each case,
however, the waves ppar to emanate from the sawufifraction-contrastfeatures, and

the frequencies and phase \alies extracted are the same.

5.4 | Conclusions

In conclusion, we have reported the direct,-sgalce imaging of acoustghonon
dynamics in macroscopicalhordered but microscaogally-disordered crystalline
germanium We have discovered that phonon nucleation and launch occurs at discrete
spatial locationgear crystal boundarieand that the appearance of coherent, propagating
wavefrons ae extremely sensitive to the shapes of local strain field$he
crystallographic directionality of the regpace contrast waves was confirmed using
convergerdbeam diffraction. Further, analysis of ps contrasiodulation reveals the
phase velocities, éiquencies, and symmetries of the modes, with the spatial dependence

of the oscillations being resolved. anticipatethat these observations, and the method
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employed, will open the way to the ultraprecise manipulation and control of coherent
energy propagfion at the atomic scale, with the possibility of exploring the
spatiotemporal limits of quantized thermal enefdy Of particular interest is the
development of a detailed understanding of phonon dynamics in nanostructured and
disordered semiconducting materisish as germanium aitd alloys®*#%%°

Following ths initial observation of acoustic wave imaging with UEM, |
expanded the phonon imaging technique to a different matéfiialdS). In addition,
using theconclusiondrom the multimodal studiedescribed in Chapter 4, the similarities

and differences of the dynamic response of the lattice in response to phonon propagation

were investigated with both regpace and diffraction modalities.
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CHAPTER 6 | DEFECT-MEDIATED ACOUSTIC
WAVE INTERFERENCE INTAS,

At its heart, UEM is an expansion of conventional TEM into the ultrafast
temporal regime (with current instruments comprised of commer@atyable
technologies),which enablesultrafast structural studies ewlucted in both real and
reciprocal spac&® 198 22:222 a5 is common with dedicated ultrafast electron diffraction
instruments; %> 222° YEM paralletbeam diffraction has been used to probe reciprocal
space dynamics of structurallydered materials, with the results being interpreted within
the context of th (spatiallyaveraged) photoinduced response of interplanar spacings,
variation in atomievibration amplitudes and reciprodaltice orientations, and changes
in unit-cell symmetrie$**?*® Owing to the illumination system and scan coils, however,
UEM has the added capability of the forioat of nanoscale probes ideally suited for
elucidating dynamics within specific specimen regions of interest via convdrgamt
and scanning UEN’- 173212234

An especially useful capability of UEMlescribed thoroughly in Chapterid the
ability to select either the back focal plane or the image plane of the objective lens as the
object of the first intermediate lens in the imaging (projection) system, as is routine with
conventional TEM. In this way, one can correlate both recglr and realspace
information from specimen regions of interest, in a straightforward manner, in order to
develop a comprehensive picture of ultrafast atomic to mesoscale structural and

morphological dynamic¥* Indeed, this approach has beesed to study a variety of
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materials phenomena, including transient elastic lattice deformation, photomechanical

motion, and singkparticle photoswitching dynamic§.>® 134 175 235

Owing to the
aperiodic arrangement and (often) low number density of ded@ctsnterfaces relative

to angstrorrscale spatial periodicities, the dynamics of energy nucleation, transport, and
conversion in the presence of such features are especialbguiteltl to study with the
combined nanoscale reand reciprocaspace capaliiies of UEMZ°% 2%

Here, the detailed, spatiallyarying information that can be extracted with
correlaed UEM imaging and diffraction is demonstrated via isolation and quantification
of morphologicallydependent acoustizave dynamics in manlayer specimens of T-

TaS. Interest inthis material as well as many other TMDs in general, sdangely

from olbservations of tunable optical, thermal, and mechanical properties with layer
number®®’ For TMDs such as TaSwhich display chargdensity waves and firsirder
transitions in electrical conductivity, open questions relating to modulation of electron
density and accompanying lattice distortion could potentially be clarified with correlated
ultrafast structural and electronic experimentafforf>#24°

For the work reported here, coherent acoystionon dynamics were induced in
freestanding, manlayer flakes via fs optical excitationlt wasobserved that boundary
conditions imposed by specimen morphology lead to multipl@ane acoustic modes,
which exhibit robust and quantifiable interference effeasy,( beating), the time

dependent behavior of which is largely dependent upon the relative spatial arrangement

of extended defects and interfaces. As previously demonstrated;glaéwaves are
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observable with UEM readpace imaging via transient and propagating diffraetion
contrast features arising from spatial variation in the Bragg condition caused by local
elastic strain of the lattic®® Here, changes in Bragg condition were confirmed and
monitored with fs selectedrea diffraction experiments on the corresponding regions of
interest in whib reatspace dynamics were observed. Accordingly, correlating aedl
reciprocalspace dynamics enabled formulation of an atomic to mesoscale picture of the
evoluion of acoustievave dynamics.Note: The figures and portions of the text in this
chapterare adapteavith permissiorf r o m: -WMdaiatédePbanon Dynamics in TaS

andWSedp, D. R. Cremons, D.A. BPYemmons, D.

6.1 | Experimental

Many-layer specimens were prepared from bulk crystals ofTda% (HQ
Graphene) following a previoushjescribedmnethod?®® The first step in this method is
isolation of manylayer flakes from bulk crystals via mecheal exfoliation with
adhesive tapas described in Chapter 2n order to further reduce the number of layers,
additional exfoliation stepwere applied to the manlayer flakes until the approximate
desired thickness is achieved, as determined by riket®f optical transparency. The
flakes were then transferred onto cleaved NaCl crystals (Ted Pella, Inc.) and washed
three times with isopropyl alcohol (IPA). A-wit% solution of poly(methyl
methacrylate) (PMMA) in anisolasthen dropcast onto thelékes and allowed to cure
at 95 °C for 10 minutes. The NaCl/TMD/PMMA staslasthen placed in a deionized

water bath until the NaCl is completely dissolved. The specimwensthen transferred
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to an IPA bath in a watch glass and floated onto a -2086h Cu TEM grid (Ted Pella,
Inc.). The PMMA backing layewas then removed via several washes with warm
acetone, and the specimensre dried in air at 85 °C for 2 hours. The-@aepared
specimens generally consist of heterogeneedislyibuted freestanding flakes of varying
thicknesses. The specimen consisting of the overlapping flakes is shown in aadl

reciprocalspace in Figure-@.

Figure 6-1. Overlapping, freestanding Ta$S flakes probed with UEM. (A) Bright-
field TEM image of suspended flakes on a 2008sh Cu grid. (B) Schematic
highlighting the distinct but overlapping flakes visible in the briggld TEM image.
Each flake is outlined, colaroded, ad numbered for clarity (red number 1, blue number

2, and green number 3). Note that flakes extend beyond the fietif-view. (C
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through E) Selectedrea diffraction patterns (false colored) from flakes 1 through 3,
respectively. The color bar in thupperright corner of (C) corresponds to the intensity
range of O (blue) to 255 (red). The location and size of the selactadpertures used to
generate each of the patterns are shown as dotted, colored circles with the numbers 1, 2,
or 3 in the cerdr in (B). All patterns are nominally down the [001] zone axig] the
incident electrorwave vectois fixed; the diffraction pattern from flake 1 indicates it is

tilted several degrees with respect to flakes 2 and 3. The scale bars represént 2 nm

A repetition rate of 67 kHrvasused for the TaSexperiments. All experiments
were performed at ambient conditions. Owing to the repetition rates used, a modestly
elevated puls¢o-pulse steadgtate temperature is expected, which in the case ofigaS
expected to be above the nearly commensurate to incommensurate devesigpwvave
transition temperature (350 K> The laser wavelagth used to excite the specimenas
1,030 nm. The excitation spot size at the specimen position 8@&sirh FWHM, as
estimated fromex situmeasurements, resulting in pump fluences of 3.0 nfJ/oks is
generally done, fourtharmonic ultraviolet (257.5 nm) laser pulses were used to generate
the discrete photoelectron packets, with lgsdse durationsassumed to be
approximately equivalent to the fundamental and sedamohonic pump puls&é?

Experiments on TaSwvere performed using a §0n flat, graphiteencircled LaB
cathode (Applied Physics Technologies) Custom Wehnelt (1:/am diameter)and

condenser (1.25hm diameter) apertures were used to increase the total beam current
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reaching the specimen in photoelectron mode. Images were recorded with a Gatan Orius
SC200B 4 megapixel fiberoupled CCD camera (d4it dynamic range), with
individual-image acquisition times ranging from 25 to 30 s. Electrons per photoelectron
packet were estimated to range from 250 to 1,000, resulting in a temporal instrument
response ranging betwegmnd2 ps for the experimental settings used here, as estimated
from previous measuremenrits.

For therealspaceimaging experimen{s30-s acquisition times per frame were
used, and the entire scan ranged frd®0 to 475 ps. The temporal ste&ipe was 4 ps
from -150 to-25 ps and 2 ps fron25 to 475 ps.The stepsize was varied in order to
reduce the total experiment time while still capturing the full dynamic information of
interest following photoexcitation. The specimen was oriented approximately along the
[001] zone axis, and all images were obtaingth a 20um objective aperture in order to
select the direct beam for imagindn diffraction mode, images were acquired over a
similar delay range-{50 ps to 375 ps) with a Z)acquisition time.A 50- um selected

area aperture was used.
6.2 | Analyss

The brightfield image analysis techniques used here have all been described in
previous chapters. These include creatingstiaes which plot averaged imaigéensity
in a certain ROI as a function of delay as well as taking the-dioneain Fourier
transform of the linescan to determine the frequency of the contrast waves which travel

through the ROI. In order to accurately measure the intensity of the diffraction spots,
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however,a custom fitting algorithm was written, which can be described thusist,

the raw diffraction patterns are imported into MATLAB software (The Mathworks, Inc.).
The patterns are median filtered with-piel radius that removes outliers due taays

striking the CCD. The number of spots to measure are chosen artl e deémarcated

for each chosen Bragg spot that encompasses the entire diffraction spot. This ROl is then

fit with a two-dimensional Gaussian profile with a moving offset given by the function:

oo 6 6 “p Agp =2 s (6-1)
G117 ¢ q

Where l(x,y) is the diffraction pattern intensity at positigr,y), B is the background
intensity of the peakA is the pealheight scaling factor{ix and U, are the Gaussian
standard deviation in theandy axes respectively, areh andeg are the positions of the
center of the Gaussian peal in thendy axes respectivelyThis fitting method is shown

schematically in Figure-@.
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Figure 6-2. Selecteearea diffraction spot fitting results. (A) Surface plot of ROI

centered on the (0OOlpeflection from stroboscopic selectadea diffraction pattern
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acquired at a delay 6150 ps. (inset) Cropped SADP from image series with the (001)
reflection indicated by the gold box. (B) Fitted surface of (A) using the function in
equation 61. The colorbar represents the image intensity in counts going from cooler

colors (lower counts) to hotter colors (higher counts).

The pealditting algorithm was then extended to include multiple Bragg
reflections andvas automated to analyegery imagean the stroboscopic series with the
same input parametersAt the end of the fitting process, the parameters of each peak
were extracted (2D peak widths, 2D peak centers, peak amplitudes, and background
intensity) and plotted as a function of delay in ordedetermine the dynamic response
of the crystalline lattice. Many of the parameters did not vary as a function of pump
probe delay, but the peak height or intensity of the peak was observed to oscillate
following excitation (Figure €). In addition, te goodnessf-fit for each peak and
image was calculated to ensure that the fitting method did not introduce artifacts or

exclude dynamic behavior of the Bragg reflection of interest.
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Figure 6-3. Extraction of diffraction spot intensity for entire image series from
fitting algorithm and coefficients of determination. (A) Gaussian height values from
each image in the delay series as extracted from fit coefficients of equation(B)
Coefficients of determination orsguared values for each fit, shog the goodnessf-

fit for each imagen the series

6.3 | Results and Discussion

With UEM brightfield imaging at sufficient magnifications, the roles of
individual imperfectionson latticewave nucleation and propagation can be directly
determined. Shown in Figure 64 is the photoexcited emergence, propagation, and
interference of two perpendicularbyiented coherent acousticave trains observed
emanating from two distinct interfaces (vacuum/crystal and crystal/crystal) in-langary

TaS. The UEM mage series, as acquired, contains a total of 136 images, a select few of
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which comprise Figure-8. The first observed acousti@avefrons emerge at early times

(i.e., before 70 ps), seemingly simultaneously from the vacuum/crystal and crystal/crystal
interfaces, and propagate along wave vectors oriented normal to each interface.
Additional wavefrons continue to emerge from these regions and follow the satia

wave vectos for hundreds of picoseconds. Here, the wave trains can be visualized by
following the temporal response of initiakyatic diffractioncontrast features.¢., those
marked with the blue dashed lines and green dashed ellipse-it0ths frame of Figure

6-4). Owing to the relative orientations of the wave vectors, coheramntargnce effects

are observable at time delays beyond 200 ps. Prior to this, interference effects are

modulated primarily by the wave train emanating from the crystal/crystal interface.
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Figure 6-4. Select frames from a stroboscopic UEM image serieshowing
photoexcited, crosspropagating acoustiewave trains in a freestanding, manylayer

TaS; flake. Each frame is 413 by 486 pixels, with a figilv i ew o f 1.32 by 1.
145






































































































































































































