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ABSTRACT

Erika Marie Van GoethemimagingChargeCarrierandAcousticPhononDynamicsin
SemiconductoNanomaterialsisingUltrafastPump-ProbeMicroscopy
(Under the direction of John M. Papanikolas)

Future advancement of nanotechnology is dependent on our capabilities to design novel
and ever increasingly complex nanomateriatsorider to manipulate the electronic and optical
properties of these materials in an efficient way, we need a fundamedtaktanding ahe
physics of how structural features alter the properties of these nanomaterials. Nanostructures that
are producednder identical conditions can have vastly diffejgapertiesand they can even
have variations among different spatial locations within the same structure. This heterogeneity
can have a significant impact on the properties, dynamics, and perforofara®scale devices.

As a result, it is important to understand dynamics in individual nanostructures. Most analytical
techniques, however, probe dynamics in an ensemble of structures and thereby obscuring

dynamics and making quantitative conclusionfialift.

Pumpprobe microscopy overcomes these limitations by combining theténgporal
resolution of pumgprobe spectroscopy and the higpatial resolution of optical microscopy.
With combined spatial and temporal resolution, the microscope colleatfrolat spatially
distinct locations on individual nanostructures with a high throughput. Additionally, using
computer controlled scanning mirrors with the microscope allows us to spatially separate the

excitation and probe spots at the sample to allovditieet visualization of charge carrier and



acoustic lattice motion on the nanoscale without the need for physical contact or active electrical

connection.

Here, this microscope has been used to image electron diffusion and thermal transport, as
well as aoustic phonon propagation in germanium nanowires. Additionally, it has been
employed to study exciton and free charge carrier dynamics in tungsten disulfide and tungsten
diselenide nanoflakes. The propagation of a shear mode is captured in suspente tungs

diselenide nanoflakes using the spatiaigparated pumprobe imaging configuration.
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CHAPTER 1: INTRODUCTION

1.1.Motivation

As materials shrink in size from bulk to the nanoscale, their properties deviate from
their bulkcounterparts anadonsequentlyreveal unique applications for nanoscale devices.
Ultrafast dynamics play an essential role in the performance of many emerging
semiconductonandechnologies:® As a consequenasf their small sizesurface defects
dramatically degrade the electromind optical properties of semiconductors when the size of
the materials are reduced to the nanostalil semiconductor nanowires, the surface
contains a higher defect density than the core, decreasing the charge carrierdifietime.
contrasttwo-dimensional transition metal dichalcogen{@®DC) materials havean X-M-
X structure where M is a transition metal (Mo, W, Re, etc.) and X is a chalcogen atom (S, Se,
or Te) haveasignificantly lower density of defects at the basal surthea traditional bulk
semiconductors as a result of the layers being held together by Van der Waals inte¥actions
%11 The edges of thiayershave danglingoondsthatoften havedefects, whictenable

catalytic activity? or limit device performandé

1.2 Impact of Heterogeneity
Heterogeneity within samples of nanostructysegh as variation in grain
boundaries, morphology, orientation, thickness, defect concentration, anyisticgly

affect the electroniand optical propertiesf a material and cadrastically alter the measured



experimental respondé® 1* That is, every structure is different, so even a-firster kinetic
response is observed as a multiexponential decay in an ensemble meas@wemneam@
probe spectroscopyy.t®

Acoustic phonons result fno the norradiative recombination of excited charge
carrierst™® When therecombinatiortime is shorter than the period wibration,ashort
laser pulse impulsively excites the structure, producing a wave packet that evolves in time
and spac¢hatresulsin vibrational oscillationse.g, coherencg?® The coherent phonon
frequency is used teterminethe ehstc properties of nanostructures, which are highly
dependent on geometty1” 222647 variations in diametefoften found in ensemble
sample¥* 8 resuls in the coherecedying out over time becauseachNW generates
slightly different phonon frequendiatinterferes; obscuringof the true acoustic phonon
frequencyt> 1649

Time-resolved spectroscopic techniques@mmonly used to characterize
electroni¢ mechanicaland optoelectroniproperties in semiconductoanomaterials, such
as electron and vibration dynamics on ultrafast{sicbsecond) timescalé$:8 5052 These
methods typically average over ensembles that contain structures with a variety of sizes,
shaes, compositions, armbrformatiors.®>®> These techniques reveal multiexponential decay
components, which awtributed to differenpathways for excited state decaye limited
spatial resolution impedes the ability to correlate deviclpeance with specific structural
features.Disentangling dynamics arising from inhomogeneous samples presents a barrier for

the designing of new nanoscale devices.



1.3 Advantage of Microscopy

High spatial resolution pumprobe microscopy is neededitderrogate the physics
of localized regions on single nanostructitcedisentangle the intrinsic kinetic pathways
from those arising from various structural featurEgcitation ofnanostructurethat are
smaller than th&aserspotsizeuniformly excitesthe entire structurgenerating excited state
dynamics thaarean average of the entire structd?é?wWhen the pump and probe spot sizes
are smaller than the nanostructuhe pump pulsereates localized excitation where the
photogeneratedarriers and phonons can travel out ofithgal excitation spothroughthe
nanostructure. This allows for the investigation of transport dynairecsléctron diffusion,

thermal conductivity, phonorrgpagationYhrougha single structuré®?’

1.4. Chapter Overview

While this chapter@hapter 1) provides the rationale behind this work and an
introduction totemporally and spatiallyesolved microscopy, the next chapters take a more
in-depthlook atdiffraction-limited pumpprobe microscopy with specific emphasis on
transient absorption microscopgyhapter 2 is devoted to the details of our hotneilt
ultrafast pumpgprobe microscopy technique and the microsdtgmdf since its application
comprises a major component of this dissertation w@hlapter 3 details thaesults of
extracting carrier and thermal diffusion frdhre vibrational motion in germanium nanowires
using the spatialhgeparated pumprobe microscopyechniqueSpatiallyseparated
transients reveal acoustic phonon propagation in suspended GénNONapter 4, the
microscope is used to study a more complex semiconductor nanostrtwetidemensional

transition metal dichalcogenide materials. In theegeerimentsspatial heterogeneity in the



exciton and free carriers dynamics are observed, along with the formation of exciton
polaritons Chapter 5 demonstrates the versatility of the spatia@gparated pumprobe
microscope by detailing its applicatitmthe study of the propagation of coherent acoustic
phonon modes in tungsten disulfide and tungsten diselenide nanoflakdsast chapter of

this dissertationChapter 6, includes a brief summary of this work and future directions.
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CHAPTER 2: INSTRUMENTATION

2.1 Microscope Description
The work in this dissertation utilizes a femtosecpuathpprobemicroscopysetup
shown in Figure 2.1 and described previodSlysing this setup, we cananitor carrier
migration andelaxationwithin individual nanostructures to correlate structiunection
relationships to photophysical phenomeHais microscope can operate in two configurations;
spatiallyoverlapped punmyprobe (SOPP) mode spatiallyseparated pumprobe (SSPP) mode.
In the SOPP mode, samples are excited and probe in the same location, collecting temporally
resolved excited state dynamics of nanomaterials. WitB8®P mode, samples can be excited
in one location and probed another, enabling the visualization of transport properties in

nanomaterials.

Figure 2.1 shows a schematic of our instrumArgolid-statediodepumped continuous
wave (CW) laser§pectraPhysics Millennia Pre15sJ)is used as the primary radiatiorusce
The Millennia uses a diode lasmitputto pump a neodymium yttrium vanadate crystalline
matrix (Nd YVOu) resultingin anearinfrared emissiomtawa v el en gt hnmoThe & =
output is therirequency doubled by secoidirmonic generatio(6HG)in a lithiumtriborate
(LBO; LiB30:s) crystal,to output up to 15 W of CW radiation at a wavelength of 532 Time.
532 nm CW output of the Millennjgumpsa sapphire crystalline matrix (TAl20s) in a
Ti:sapphirelaser EpectraPhysics Tsunami). The gaimedium of the laser is a sapphire

crystalline matrix (Ti Al.Os) where titanium ions (P) are substituted for a small percentage of
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thealuminum AI®*) ions. Absorption in the gain medium occurs over a broad range of
wavelengths from 400 600 nm. The resulting stimulated emission generates a laser output

tunable over 700 1000 nm. Thanodelocked pulses are <100\&th a repetition rate of 80

MHz.
/ 2 Mode-Locked Ti-Sapphire Solid State Diode Pumped
[¥% (80 MHz, 80 fs) CW Laser (11.5 W, 532 nm)
AOM o RF b  AOM Pump-probe Detection
Driver
Probe Beam Computer

r———— /! (850 nm) [reeemmeeemmee——— |
1 v NI 1 Double Pass Optical : I

SHG : : N n : Delay Line 1 -—
1 T T 1 ock-in
1 1 N u 1 —p : Amplifier
1 I 2/A

1
: : Waveplate 1 | |
I I R R | Silicon Photodiode
: : Reflected Probe
I I \
: 3
1 .
1R _ 7 Transmitted
)I(_Y- Ea-nrﬁr!g Objective Condenser Probe
A Mirrors
Pump Beam

(425 nm)

Sample X-Y Stage

Figure 2.1 Schematic diagram of ourpump-probe microscope The pump and probe pulses

are obtained from the output of ashipphirelaser operating at 80 MHz. The beam is split into

the two pump and probe pulses. The pump portion is frequency doubled by SHG in a BBO
crystal. Both beams are directed through synchronized AOMs to reduce the repetition rate of the
pulses. The probe is gghrough a mechanical delay stagéce (double passptical delay line)

to vary its arrival time at the sample with respect to that of the pump. The probe beam is also
directedthrougha set of two scanning mirrotg vary the angl®f incidence orthe tack aperture

of the objectiveenabling its focal position to be adjusted laterally with respect to that of the
pump. The pump and probe beams are recombined using a beam splitter and focused to
diffraction-limited spots at the sample. Spatiadlyerlappedmaging is achieved by raster

scanning the sample stage across the objective focal pbiite spatiallyseparated imaging is
achieved by raster scanning the position of the probe with respect to the pump while holding the
delay stage fixed. The changetransmitteqor reflected)robeintensityis monitored with a
balanced photodetector and leickamplifier.
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For the experiments discussed in this work, the output of te@pphirelaser is tuned to
850 nm.The Tisapphirelaser output is split into two beams; one is used aprthige and the
remainder is frequency doubled using second harmonic generation (SHGpariam borate
(BBO) crystal to produce the 425 nm pump be@hepump and probe beameschpass through
adedicatedacousteoptic modulator(AOM) to reduce the repetition rate of the laser-tb IHz.
This step ensures that the samplaxesto its equilibrium state before the next puprnobe
pulse pair arrivesTwo radio frequencyRF) drivers (Gooch & Houseyg 64381.9SYN-9.5-1 for
the probe AOM and Gooch & Housed®31389.55AS for the pump AOM) are used to control
the AOMs (Gooch & Housego: 17389.930A) The drivers are synchronizéal theoutput of the
electronics module from the Ti:Sapphire laser (Spdehgsics: 3995) and a delay generator

(SRS645DG).

The probe is passed through a mechanical delay stéggeusing a retroreflectdo vary
its arrival time at the sample with respecthie pump Sending the probe through the delay stage
twice allows dynamics to be measured fro1 0s after the arrival of the pump pulse at the
sample. The sample is positioned using a moveabjestage (Queensgate Instruments: NPS
XY -100A). Computer aatrolled mirrors vary the angle of incidence of the probe beam as it
enters thdack of theobjective, allowing the probe beam to be focused to a point on the sample
that is laterally offset relative to the pump. Before focusing, the pump and probe beams a
recombined with a dichroic beasplitter and directed onto the baaerture of a 100
microscope objective with a numerical aperture (NA) of 0.8. Focusing is achieved by adjusting
the height of th@bjectiveusing ananopiezeactuated stage, enablingmmote controlled focusing
of the two laser pulses to diffractidimited spot sizes. In the case of a 425 nm pump pulse and

an 850 nm probe pulse, additional steps are taken to ensure that both colors reach a focal point in
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the same plane. This is achieumdslightly decollimatingthe pump light before the objective.
Spatial overlap of the pump and probe pulses is achieved by transmission imaging a structure
with the pump and probe. The probe transmission image is shifted laterally to overlay on the

pumptransmission image by adjusting the angle of incidence on the back of the objective.

In transmissiormode,a condenser lens with a higher numerical aperture than the
objectivecollects the transmitted liglatiter passing through the sampWith reflectivemode,
the light is focused by the microscope objective onto the sample and the light reflected off the
sample surface is recollected back through the objective and directed onto a second
photodetector. In both transmission and reflective mode,uimg pght is removed by spectral
filters and the intensity of the probe beam (I) is measured using a balanced photodetector. Pump
induced changes in the probe begt) ére extracted through the use of a litkletector (SRS:
SR830) where the pump AOM is inhited at a 50% duty cycle to modulate the pump beam at
16 kHz. This frequency also serves as the reference for therabdtectorwhich will be
discussed in more detail below. This transient absorption microscopy technique is capable of

detect i5mlg® ool /1 ~

2.1.1.Pump Wavelength Generation

To generate theigh energy pump pulses (425 nm), the output from the pump pulse
picker (850 nm) is frequency doubled through SHG in a BBO crystal. In SHG, two photons of
the same frequenayefiaddedt o get her i n a aFo rkivi kRgare 2&)toy st a |
generate a new photon with twice the energy as the initial photons. The energy level scheme
shown in Figure 2.2B describes how the two low energy photons caussaarianeous

transitionfrom the ground state (G8j the BBO to a virtual state (VS) that can give off the new
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photon with that energy difference. This nonlinear process is highly sensitive tenphiaseng
of the two low energy photons.(2) to be efficient. The crystal came rotated relative to the
fundamental beam to adjust the phase matching of the fundamental photons and maximize the

power of theseconcharmonicheam.

} mmmmm e ————— /S
UJ1 w2=2w1

————= VS
1-
GS

Figure 2.2 lllustration of second harmonic generation in BBO. (A) The 850 nm.(1) beam

is focused into the BBO crystal to generate the pump beam with a wavelength of 425.nm (
(B) Energy level diagram describing SHG. Two photons with the same frequef)dgtéract to
output a new photon with twice the energy)(as the incoming photons.

Energy vy
|
|
1
|
|
|

2.1.2.Performance Characteristics

Emission detection was used to measure the performance characteristics of the
microscope (temporal resolution and spatial resolufi@ie microscope is capable of emission
detection or in a backwaigtatter mode (not shown in Figure 2nt)ere fluorescence from
emissive samples recollected by the microscope objective, focused on the slit o

monochromator, and detected by a photomultiplier tube (PMT).
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0
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Pump-Probe Delay (fs)

Figure 2.3: Microscope resolution.(A) Two-photon emission image of a 100 nm nanoparticle
with 810 nm excitation. The emission featsizesuggests that the lateral resolution is
approximately 410 nn(B) Crosscorrelation of the pump and probe pulses in the microscope
obtained by monitorinthe sumfrequency signal generated by a ZnO crysfadapted from ref

#5.

Two-photon fluorescence of a quantum dég(re 23A) is used to determine the
diffraction-limited spatial resolution of the microscope because the quantum dot acts as point
source emitter. Emission from quantum degscollected while the sample stage is raster
scanned across the focal padfithe excitation pulses (810 nm)he emission profile of a single

dot is a 2D Gaussian withfull -width-at-half-maxiumum FWHM) of ~400 nmshowing the

microscope spatial resolutién

Taking a crosgorreldion of the pump and probe beams, shown in Figure 2.3B, estimates
the time resolution of the microscop&he pump and probe beams are focused onto a single

point within a zinc oxide (ZnO) crystal generatingrsfrequency generation (SFG). SFG is an
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instantaneous nonlinear process that occurs only when the pump and probe beams are focused
and overlapped spatially and temporally within a nonlinear crystal. The monochromator is tuned
to the sum frequency and istdeted using the PMT while the delay stage is scanezsignal

takes the shape ofGaussian peakom the crossing of the two pulsésmporallywhere thdime
resolution is taken ase FWHM of the GaussianThe resulting time resolution of our

microscope is ~500 fs.

2.13. Transient Absorption

The basic operatingrinciple of the pumpprobe technique is illustrated in Figurd.2.
Pump-probe techniques can operate in transient reflectivity or transienpéibsanode, the
experiments presented in this work were carried otramsientabsorptioror transient
reflectivity configuration illustrated ifrigures 2.4 and 2.5, respectivelfn initial pump pulse
excites the sample, giving rise to a change inksogtion and/or reflectivity properties. The
probe pute measures dynamic response in a sample due to an excitation pump pulse. The
dynamic response is measured over different pprope delays by scanning the mechanical
delay stage. Itransient absotpn pumpprobe technique, the change in the samales®rption
and/or reflectiorpropertieggives rise to a change in transmission of the probe pilpere
24A, the probe pulse arrived the sampléefore the pump, and therefore, no change in probe
intensity is observed. A spike in signal appears just after (or-gumasltaneously with) the
pumpand probeulses due to sample excitatiqirigure 2.4B) As pumpprobe delay grows
longer, the sample relaxes back to its equilibrium state. The changesratered by a decrease

in probe intensity over tim@gigure 2.4C)
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Figure 2.4. Diagram of transient absorption. (A) The transient absorption experimént

comprised of two pulses, a pump (blue) a probe (wdich the probés arrivalis scanned in

time relative to the pump pulse. In this diagram, time progresses ighhébluearrow) and the
spatial coordinate is to theft (redarrow) such that in #htop configuration the probe pulse hits

the sample before the pump pulse. In this configuration, the sample exhibits nangucgd

change in optical properties and the measured change in probe transmission is zero (plot on far
right). (B) After the pumppulse excites the sample, a change in transmission properties of the
probe occurs. In thisase the sample transmits more probe light after excitation and a maximum
in signal is seen just after the pump pulse arrives at the sgi@pkes the probe pulse is delayed
further in time, the sample begins to relax backgequilibrium position and a decrease in
pumpinduced transmission is observed. After the sample has had sufficient time to completely
relaxed, the observed signal respoisdeack at baseline.
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2.14. TransientReflectivity
In thetransientreflectivity pumppr obe t echni que, treflecithange i
gives rise to a change in reflection of the probe pHggire 25A, the probe pulse arrives before
the pump, and therefore, no change in probe intensity is observegjafive goingpike in
signal appears just after (or with) the pump pulse due to sample exdjfagare 2.5B) Asthe
pump-probe delayncreasesthesample relaxes back to its equilibrium state. The changes are

monitored by a decrease in probe intensity over {fgure 2.5C)
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Figure 25: Diagram of transient reflectivity . (A) The transienteflectivity experimenis

comprised of two pulses, a pump (blue) a probe (red) which is scanned in time relative to the
pump pulse. In this diagram, time progresses taitjin (blue arrow) and the sgiial coordinate

is to the left(redarrow) such that in the top configuration the probe pulse hits the sample before
the pump pulse. In this configuration, the sample exhibits no podyzed change in optical
properties and the measured change in pretbecion is zero (plot on far right{B) After the

pump pulse excites the sample, a change in transmission properties of the probe occurs. In this
casethe sampleeflects lesprobe light after excitation and a maximum in signal is seen just
after the pump pulse arrives at the sam{@l@ As the probe pulse is delayed further in time, the
sample begins to relax backite equilibrium position and a decrease in pumguced

reflectivity is observed. After the sample has had sufficient time to completely relaxed, the
observed signal responseliack at baseline

2.15. Lockin Detection
Lock-in detection is used to monitor small pwinpluced changes in probe transmission

(or reflection). The lockn amplifier extracts a small signal from a noisy environment using

20



phase sensitive detection (PSBSD uses a designated reference frequency and phase to select a
single component of the signal and rejects noise signals at all other frequ€odeshis, the
lock-i n requi r es arethatfsasqeareavave cuipy fmoan la furfcgenerator.

The lockin converts the square wave to a sine wave with the waveform:

[ 6 AT10 0 %o [2.1]
where Aer, ref¥and «ef are the amplitude, frequency and phase components of the reference
signal. The pump pulse trainatsomodulaed at the same frequency and phase as tharock

reference using a delay generator with the waveform:

r 6 AT10 0 %o [2.2]
whereAsig, sig¥and «ijg are the amplitude, frequenand phase components of gignal. $hce
the lockin amplifier multiplies the reference frequency by the sighal resulting iftaking into

account a produegtum identity:

[T —— AT O 1 0 %o %0

[2.3]
5 8 . . ‘
—— Al O 1T 0 % %o

Multiplying the two waveforms includes components at the sum and difference frequencies.
Syncing the pump signal to the same phase and frequencyratetfemcesimplifies the second
half of Eq. 2.3 to a DC componeiithe outpt of the lockin produces a DC component, using a

low pass filter, where the magnitude is eqoaeAsiy/2.
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Figure 2.6: Lock-in detection. (A) The pump (black) and probe (purple) pulses are split from

the output of the TiSapphirdaser and reduced to a repetition raté . 6fMHz by a pair of

synchronized AOMS(B) The pump AOM is also modulated at a 50% duty cycle to a modulation
frequency o0 KHz which serves as the reference for the AOM. The probe is left unmodulated.

While the balance detector measures the entire pulse liyding(lockin only outputs signal that
ismodulated at6KHz and t her e flolfless pwmbellighteached the wdtestor g

when the pump pul ses ar e thesgnads detectedi(lelue) Ienoee, or
probe | ight reaches the detector when the pum

22



Figure 26 provides an illustration of how ihworks in our experiment. The pump
(black) and probe (purple) pulses are split from the output of tea@pphirelaser operating at 80
MHz and reduced to a repetition ratelodd MHz by a pair of synchronized AOMs. Only the
pump AOMis modulated at a 30 duty cycle to a modulation frequencyld&kHz, which
serves as the reference for the AOM. The probe is left unmodulated. While the balance detector
measures the intensity of the entire pulse train (1), theilockly outputs signal that is
modulated8l6KHz and t herefore only outputs ol. I f |
the pump pul ses ar e 06 o thésignales deteeted (blue).df enpre ppobe a b s o

|l ight reaches the detector ishbsenved he pump i s 0O

In order to investigate dynamical phenomena occurring at spatially distinct locations
from the initial excitation positiorprevious Papanikolas group membeeseloped a pump
probemicroscopy technique that usedetection schemhatpumps a nanostructure in one
position and probing it in another. The following section describes the logistics of the spatially

separated pumprobe configuration.

2.2 Spatially-Separated Alignment and Calibration

The primary foundation behind the SSPP imggdechnique is a pair of independent
positioning mechanisms for the pump and probe pulses. The pump pulse is focused by the
objective and its position on the sample is controlled by adjusting the Queensgate sample x
stage (Figure 2.1). The probe beamasitioned independently using the/ scanning mirrors
(Figure 27), which is comprised of a set of tiwomputercontrolledmirrors with motorized

actuators on both the horizontal and vertical axes. In both dimensions, mirror #1 initially adjusts
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the angt of the probe beam while mirror #2 compensates to redirect the probe back onto the

aperture of thebjective

A

X-Y Scanning Mirrors

=

= — Objective

Probe Beam
(850 nm)

migration

Miror #2 | I out of
_________ I pump
A > > spot

Pump Beam

(425 nm)

Nanowire

Sample X-Y Stage
—_— —_— —_— —_—

Figure 2.7: Schematic of spatiallyseparated pumpprobe imaging.(A) The xy beam

scanner is a set of two computemtrolled mirrors with motorized actuators on both the

horizontal and vertical axes. In both dimensions, Mirror #1 initially adjusts the angle of the probe
beam while Mirror #2 compensatsredirect the probe beam back onto the back aperture of the
objective.Inset is a zoomed iflustration of the pump and probe pulses entering the objective at
different angles and focusing onto the sample at different posi{Bn$he tasicconcept bthe
SSPPmethod. A nanostructure is photoexcited in one location and probed in another location. In
this illustration, electrons are excited by the pump pulse and their migration along the axis of the
wire is measured via the probe pulse.

Two motion controllers (Newport: ESP 301) control the vertical and horizontal axes of
both scanning mirrors. When the pump and probe beams are aligned through the obj@ative at
angleof 0°, they focus to the same position on the sandile.position of ach mirror axis (4
total axes) can be set to 0 on the motion controllers independ&myorizontal and vertical

axes are then independently calibrated assuming that motion along one axis does not
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significantly alter the beam path along the other &asaddress this assumptiaambal mirror
mountsare usedo place the center of rotation at the front surface of the,gatithere is no

beam translation with rotational adjustments

The horizontal and verticalxes arecalibratedseparatelywith the dher held at the 0
position) using a MATLAB script The scriptmoves the position dhe vertical (or horizontal)
axis, ofMirror #1, a set distance away from the zero position and then scans the corresponding
vertical (or horizontalaxis of Mirror#2 while monitoring the signal that reaches the detector.
Figure 28 shows a calibration of the vertical axis where the xyaagesshowthe vertical
displacement of Mirror #1 and Mirror #2, respectively. The color scale shotletight of the
plot in Figure 28 represents the magnitude of the signal at each (x,y) postoorexample,
when Mirror #1 is at0.3 mm and Mirror #2 is aD.25 mm, no signal is measured at the detector
because the beam no longer travels through the aperture of the obf@ntieeMirror #2 reaches
a position near 0.25 mm, the beam is aligned through the objective and transmitted signal is
detected. The sl@wof a linear fit of the maximursignalvalue at each x position represents the
gear ratio of Mirror #2 to Mirror #1. Thgear ratio is how fathe Mirror #2 motor must move to
compensate for the motion of Mirror #1 so that the beam travels through the aperture of the
objective.The gear ratios are used as input parameters for another MATLAB script that links

Mirror #1 and Mrror #2 such that Mirror #2 automatically moves with adjustments to Mirror #1.
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Other input parametesetthe mirror®scan speedndarea to be scanned in units of mm of

Mirror #1 actuator travel.

Mirror #2 Vertical Position (mm)

-0.2 0.1 0 0.1 0.2
Mirror #1 Vertical Position (mm)

Figure 2.8: Mirror Calibration. A representative calibration plot for the vertical mirror axes. The
vertical position of Mirror #1X-axig) is scanned frorr0.3 mm to 0.3 mm. At each position, the
vertical position of Mirror #2\(-axis) is scanned. Theagnitude of the signal at each (x,y) position
is represented on the color scale shown to the fidig.slo of a linear fit of the maximursignal
value at each x position represents the gear ratio of Mirror #2 to Mirror #1.

To correlate mm of actuatanovement with microns of movement on the sample, we
simply compare the scanning mirror image to an image collected by scanning the Queepsgate x
sample stage with the probe beam fixed at the zero position. Another MATLAB script is used to

convert mm of attiator movement to microns of spatial movement across the sample by
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multiplying the scanning mirror image by x and y scaling factorthat both images are

displayed in units of microns.

2.3 Data Collection Modes

Our pumpprobe microscope can operatéwo configurations; SOPP and SSPP
configurations. These two configurations resultaarjpossiblemodes of measurement that
provide complementary information on the spatial and temporal excited state phenomena in
nanomateriald-igure 2.9 illustrates thspatial and temporakcited state phenometieatare

measured in the SOPP and SSPP configurations.
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Image carrier lifetime using spatially
overlapped pump and probe pulses

72 32)

Carrier Probe
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Image carrier motion using spatially
separated pump and probe pulses

Figure 2.9: Charge carrier dynamics in asemiconductornanowire. (1) Pump pulse
photoexcited charge carriers in a localized spot on the(INW¢ circle) (2a) SOPP measures the
carrier lifetime within the pump spdRb) The probe pulséorange circlefletects the loss of
excited carriers within the pump spot(8a) SSPP measures carrier migration out of the pump
spot(3b) The probgorange circle)s spatially offset from the pump detetite arrival of

carriers at a new location.

The SOPP (Figure 2.9.2a and 2.9.3a) configuration measures the charge carrier lifetime
within the localized pump spot on a semiconductor nanowire (or nanoflake). However, the SSPP
(Figure 2b and 3b) configuration measures the charge carrier migration outside of the pump spot,
allowing the determination of transport dynamics. More detailstadch mode of data

collection are discussed below.
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2.3.1 SpatiallyOverlapped Pumyrobe Configuration

In the firstconfiguration the pump and probe beams are spatially overlapped on a
specific position on the sample and the pypnpbe delay time isceinned using the optical delay
stage. The resulting data are similar to the scan illustrated in Figuerdther example of this
operational mode is shown in Figurd @A wherespatially overlapped purprobe SOPR
transients are collected atd different pointson atungsten disulfide nanoflake (WSIF). The
points ofcollectionare illustrated in thensetdiagram with coloicoded circlesHere, the blue
trace corresponds to data collected at the NF edge, while the orange trace was collected in the
interior of the NFThe spatial resolution of the microscope enables comparison of dynamics at
different regions along a single natrmcture For examplethe signalin theNF interiorregion is
much longer lived than thedgeregions. This conclusion isifther supported by the images in

Figure 210C.
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Figure 2.10: SOPP imaging of tungsten disulfide nanoflake(A) Spatially-overlapped

transient decay curves for points at the edge and interior of the NF collected in reflective pump
probe mode. Inset is the NF diagram with the location of data collection indicated by colored
circles. The blue curve was collectedrs edge of the NF, while the orange curve was collected
in the flake interior. (B) AFM image of WNF. (C) SOPP images of the WSIF at O ps, 5 ps,

132 ps, 332 ps, and 1330 ps puptpbe delays.

The second mode of operation is SOPP imaging, whegguting and probe beams are
focused at the same focal point, and thesample stage is raster scanned across thegcus
beamsat fixed pumpprobe delays. The spatial variation in the decay kinetics is easily
ascertained by collecting images at a seriatet#y times. This is clear in Figurel@C, where

one can easily see that in ihéeriorregions of thaVS; NF, the excited carriers have longer
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lifetimes than in thé&lF edgeregions, as corroborated by the SOPP transient delay scans

discussed above.

2.3.2. SpatiallySeparated Pumprobe Configuration
Thethird mode isSSPRAmaging. In this mode, the pump is held fixed at a specific
position on the sample and the pupmpbe delay is set by the optical delay line. The probe is

then scanned over the field of view to provide a spatial map of the excitation at a particular time.

By collecting a series of frames over sever al

the spatial evolution of the excitation. In FigurelAlthe frames depict the spreading and
recombination of photoexcited charge carriers (red posifdreg sgnal) and thermal transport
(blue negativegoing signaljn a singleGeNW whose position is represented by tjiaydashed
line. Thermal transport takgdace on time scales that are significantly longer thaD#ines
delaytha can be achieved withnoptical delay stage. The synchronized AOMs are used to
accespumpprobedelays that extend out to 100 ns, allowing us to directly image thermal
diffusion. Figure 212illustrates how we can imadeng-lived thermal transport by select

subsequent pump pel®ut of the 80 MHz pulse train.

In thefourth mode the pump and probe beams agepsar at ed at a)arddi x ed
the delay stage is scannatalogous to the SOPP configuration (Figud®®). For pumpprobe
experiments, it is important to noteat although the probe scanning mechanism alters the path
of the probe beam, the geometry is such that the excess path length introduced by the tilt of the
first mirror is almost completely compensated with the tilt second mirror.résudt there is

little (<0.5 ps) variation in the pumgprobe delay as the probe beam is moved.
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Figure 2.11: Kinetics of charge carrier, thermal, and acoustic phonon transportn Ge
NWs. (A) SSPP images collected at delay times denoted above each image on NW1 (in
transmissionpump r obe mode). The scale bar is 1 &gm. D
the location of the NW. Each image is depicatsing a normalized color scale with the

normalization factor denoted in the lower right corner. Inset is the SEM image of NW1 with the
location of data collection indicated bykue circle. (B) lllustration of SSPP imaging and

transient configuration{C) SSPP transients collected on suspended NW2 at pump and probe
separations (px) denoted in the upper right o
|l ocation of the probe indicated by a red circ
location for each trace.

32



An example opatiallyseparated pumprobe ESPR transient collection is shown in
Figure 211Cfor single aGeNW. The nanowire is excited by the pump pulse in a single location
and the transient data is collectede¥erpumppro be s pat i alx)rangngaom®t i ons (
2 . 5.dhmgreentracecorrespondto data collected in the spatialbhverlapped configuration
(i .xe. Opem) while the rest of the data was col
in signal for the SSPP data corresponds to the time it takes for excited @ardetibrational
motiont o t r av el xaAsdpiireasas aceossdhie tregalow-frequencyphonon
mode propagates along the NW axis. In order to observe the propagation of vibrational motion,
the NWwassuspended across a trench in the substrate. The development process for the trench

substrates is described in section 2.4.
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Figure 2.12: Schematic ofsynchronized AOM pulse picking (A) The pulsetrain out of the
Tsunami laser with a repetition rate of 80 MKB) AOM pulse pickers are synchronizexhave

a zeredelaybetween the two pulse trains. The gray pulses are the rejected pulses while the
picked pulses are shown in blue or red for the pump and probe AOMs, respe(@yé&licking
subsequent pump pulses out of the laser pulse train at@ysump and probe to be offset
temporally by 12.5 ns(D) Pulses offset by 25 ns allow for imaging of thermal lamdy-lived

excited state populations on the tens of nanosecond time scale not achievable with the optical
delay stage.

Each AOM pulse pickereduces the repetition rate of the laser pulse train to 1.61 MHz.
The delay between the pump and probe pulse pickers is set with the delay generator. The AOMs
aresynchronizd so the pump and probe pulse pair arrive at the sample at the same time (shown
in Figure 212B). Selecting a previous pump pulse in laser pulse train (Figl?€Poffsets the
temporal delay between the pump and probe pulses by 12.5 ns. This process allows us to image
dynamics on the nanoscale time scale in 12.5 ns increifégise 2.12D)More details and

examples of these experiments will be provided in the following chapters.
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2.4. Trench Substrates

To correlate structural features to dynamical phenomena, it is essential to be able to
relocate specific nanostructuresaim SEM or AFM and image the nanostructure where dynamics
were collected. Depositing nanostructures on a registry pattern allows us to relocate the exact
location where dynamics were collected in another imaging instrument. Previously, we used
gold platedegistry patterns to mark out a grid of numbered rows and columns for this purpose.
However, the process for creating these substrates was tedious and produced few usable
substrates. To image acoustic phonon dynamics in Ge NWs, the NWs needed torimeduspe
over trenches to reduce the mechanical coupling between the NW and the substrate. Thus, |

needed to design a new registry pattern that incorporated trenches into the registry grid.

The trench substrates are made using photolithography and deegereacgtching of
guartz slides. A custom photomask was designed with two registry grid patterns. Each registry
pattern includes numbered rows and lettered columns. The trench registry pattern has periodic
trenches ranging in width fromB >m and altenate between being horizontally or vertically
aligned with the lettered columns. The other registry pattern only contains the numbered
columns and lettered rows for use in other microscopy experiments that do not require
suspending nanostructures. Timsreases the functionality and future applications of the

substrates without having to redesign a new photomask.
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Figure 2.13: Photolithography of quartz substrates (A) A quartzmicroscope slide is coated

with a photoresist using a spin coater and baked. The slide is then loaded into the mask aligner
with the custom mask and exposed to UV light. The exposed slide is developed to remove the
dissolved polymer revealing the phdatiobgraphy pattern in the polymand baked again. The

slide is then etched with DRIE to etch the pattern into the quartz sur{Bgdtkposing a

positive photoresist to UV through a mask causes a chemical change in the polymer that, once
soaked in the@veloper solution, washes away the exposed photoresist. DRIE then etches the
surface of the photoresist and exposed quartz, transferring the photolithography pattern into the
substrate.

Figure 2.13 describes the photolithography process that generates the trench substrate

registry patterns. Quartz slides were cleaned with acetone and isopropyl alcohol. A spin coater
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was used to coat the quartz slide with a thin layer positive photquesister (MicroChem S
1805 Photoresist) at 500 rpm for 15 s and then 3000 rpm for 30 s. The slides were then baked at
115 °C for 1 minute to adhere the polymer to the quartz. A mask aligner (Karl Suss MA6/BAG)

exposes the photoresist through a photomagleherate the registry pattern into the polymer.

Using a positive photoresist with the mask leaves behind the polymer that was not
exposed to the UV light. The slides were exposed to UV for 10 s and developed w&haviZ
(MicroChem) developer solutionThe UV light changes the chemical composition within the
exposed sections of the polymer, which breaks apart the polymer when developed. The slides are
baked post development for 1 min at 115 °C to evaporate leftover developer solution. To etch
the trenb registry pattern into the quartz surface, the patterned polymer slides undergo
nanofabrication using deep reactive ion etching (DRIE). The back of the quartz slide is coated
with a thermal paste to conduct heat away from the slide into the aluminurte deotter during
the etching process. The sample holder is loaded into the DRIE (Alcatel AMS 100) and etched
using a@tafluorocyclobutan€CsFg) (17 sccn) and argon (158ccm) gases for 5 mins. The DRIE
generates a higensity plasma and ionized gas thaimbards the surface and etches it away.

The polymefcoated sections prevent the top of the quartz from being etched while the sections
of exposed quartz create trenches -08n deep with relatively straight vertical features. After
DRIE, the slides & washed with acetone to remove any remaining polymer and thermal paste.

SEM images of the resulting etched substrates are shown in Figure 2.14.
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Figure 2.14: SEM images of quartz gbstrate (A) Registry Pattern with columns of numbers

and rows of letters etched into the quartz microscope slide su@d@ld Well image etched

into the quartz surface with Ge NWs suspended aqi@¥3rench registry pattern with trenches
alternating betweevertical and horizontal orientation relative to the numbered and lettered grid
pattern. The trenches range in width from 5
across(D) Zoomed inon a sectiomf trench registry pattern outlined in thergde box in 2.14C.

SEM images of the final trench substrates produced by photolithography and DRIE of
guartz microscope slides are displayed in Figure 2.14. The entire etched substrate pattern is ~2
mm wide and includes two registry grids, one with a nentitter grid system and the other
pattern having the number/letter grid with trenches. The registry pattern (Figure 2.14A) is
surrounded by a large checkerboard pattern to make locating the registry/trench patterns and
focusing the microscope in our ghit field microscope configuration easier. Next to the registry

pattern is the trench pattern (Figure 2.14C). Having both patterns on the same sample increases
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the number of experiments that can be done on one sample. The etched surface allows
nanostruatres, such as Ge NWs, to be suspended and reduce the mechanical and thermal
coupling between the NW and substrate. In Figure 2.14B, Ge NWs are suspended across the
UNC Old Well, allowing us to image vibrational motion across the NW axis. The trenches
formed from photolithography and DRIE (Figure 2.14D) are approximately 800 nmnto 1

deep with relatively vertical side walls.
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CHAPTER 3: OBSERVATION OF ULTRAFAST PHONON PROPAGATION IN
GERMANIUM NANOWIRES USING FEMTOSECOND PUMIPROBE MICROSCOPY

The excited state dynamics in individual Ge nanowires (NWsyaged using
ultrafast pumpgprobe microscopy with high spatial (~400 nm) and temporal (~500 fs)
resolution. Photoexcitation of the NW by a focused femtosecond laser pulse promotes
electrons from the valence band to the conduction band within a 400 nrardefrthe 20
30 um long NW. The localized excitation is then probed by a delayed femtosecond pulse
whose position with respect to the pump pulse is precisely controlled. Thegrabeg
signals contain contributions from free carriers, thermal excitagiot impulsively excited
acoustic phonons, the latter of which are detected in thedom&in as a coherent
oscillation in the pumyprobe signal. Examination of an ensemble of NWs with diameters
(d) ranging from 56800 nm shows that the coherence fremyeas inversely proportional to
d, consistent with excitation of a radial breathing mode (RBM). In addition, experiments
performed with spatialhgeparated pump and probe beams show that the vibrational motion
is not confined to the excitation regiontbu r at her spreads as much as
axis during the first 3 ns after excitation. Spatiayparated pumprobe microscopy also
reveals the creation of a shockwave that travels along the NW at ~6500 m/s or about 20%

faster than the speed ofwsw in bulk Ge.
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3.1 Introduction

Pumpprobe experiments performed on semiconductor nanowires (NWSs) often reflect
a variety of dynamical phenomena, including carrier trapping, recombination, and thermal
relaxation, as well as coherent processes arfsamg impulsive excitation of lattice phonons.
The structural heterogeneity present in semiconductor samples complicateprpisep
signals, making it difficult to interpret them in terms of fundamental physical phendmena.
Even a firstorder (or pseudo firsdrder) kinetic process such @gctrorhole recombination
is observed as a multiexponential decay with a distribution of lifetimes that correspond to the
range of diameters found in the ensentSleThe coherent response arising from impulsive
excitation of acoustic phonons is also affected by structural heterogasitiieslight
variation in phonon frequencies due to different NW diameters gives rise to heterogeneous
dephasing that causes the loss of the coherent signal over just a fei@vibiaadriods,
obscuring the true linewidth.

We have used ultrafast pusppobe microscopy toircumventthis heterogeneity by
performing transient transmission measurements on a single structure with difftiaciied
spatial resolution. Measurements performed using a spatiadiffapped pumprobe
(SOPP) configuration are analogous to conventional ppirape spectroscopies, but
implemented in a microscopy mode. This configuration allows one to follow the excited state
dynamics from different structures, or different points within the sstraeturewhen an
object is larger than the tightly focused puamu probe beams. Using this configuration, we
discovered the presence of significant wmewire variation in the surface recombination
velocity (.e. surface quality) in Si NWs, even when the NWs were selected from the same
growth samplé. Work in our group also revealed strikingly different dynamics taking place

at different points within individual nanostructures, including the partitioning betinaen

43



and baneedge electroole recombination in melleshaped ZnO rods’ and strairinduced
recombination in bent Si NVi& Measurements performed using a spatiatiparated
pump-probe (SSPP) microscopy mode, in which independent scanning mechanisms for the
two beams enable a structure to be excited in a&ién and probed in another, allow for
thecharacterization of transport phenomena. We have used this SSPP configuration to
directly visualize the diffusion of photogenerated carteand the spread of thermal
excitation in Si NWs? as well ascharge separation in Si NVéscodedvith axial p-i-n
junctions®®

Here we report on the application of puAgpobe microscopy methods to the study of
Ge NWs. Like Si NWs, the transients obtained from Ge NWs include contributions from
electrorhole recombination, carrier diffusipand thermal relaxation. However, unlike Si,
the Ge NWs also show clear evidenceifgpulsive excitation of acoustic modelsow-
frequency acoustiphonons have been observed in pymngbe transient absorption and
microscopy experiments of many métal and semiconductor nanostructuré$?®. In the
vast majority of these exampl&s3! the nanostructures are smaller in size than the pump
beam, thus generating a uniform excitation over the entire structure. The pdipmbe
spots in our experiment, on the other hand, are smaller than the NW length, resulting in
phonon excitation in a localized segment of the wire. We observe two characteristic acoustic
phonon modes. Coherent oscillations with 20(ps period arebserved at the location of
the pump pulsewhich we attribute to the excitation of a radial breathing mode (RBM) of the
NW. The coherencgersistfor 3-5 ns when the NW is mechanically decoupled from the
substrate, and spatialeparated experiments shthat this excitation slowly spreads along

the wire axis over many vibrational periodspulsive excitation also creates a shock wave
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that is observed-3 um away from the pump pulse as it propagates along the NW at close to

the speed of sound.

3.2.Experimental

NW Samples Ger mani um NWs were grown with Au cat
(VLS) mechanisni? producing singlecrystal wires with a native oxide (GeOx) shell after

exposue to ambient condition&or a typical growth, 20.0 standard cubic centimeters (sccm)

of germane gas was flowed through the reactor using 100 sccm of hydrogen as carrier gas,
while maintaining a total reactor pressure of 30 Torr. The reactor was 32d &€ for 5

minutes to nucleate wire growth and then cooled®®@min) to 260 °C for continued wire

growth over 1.5 hours. The NWs were then-ttansferred from the growth chip to quartz

substrates with trenches patterned by photolithography and ddgtusep reactive ion

etching. The wires studied here span trenchds$% e m wi de) with sever al
NW supported by the substrate on both ends. NWs were deposited on the registry patterned

grid in order to relocate the exact NW in the scanniagten microscopy (SEM) to

correlate dynamics to structural features, such as NW diameter.

Ultrafast Microscope Pumpprobeexperimentsvere performed with a horaleuilt

microscope based on a meldeked Ti Sapphirdaser! In the s¢éup, the 850 nm laser

output is split by a 90:10 beam spliteerd he two beams pass through synchronized
acousteoptic modulators (AOMs), reducing their repetition rates to 1.6 MHz. The more

i ntense fract i onbaiius bodate(BBO)tystallto geherate they425 nan b

pump pulse while the lowentensity component is used as the 850 nm probe. The probe is
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quadruplepassed through a 253 mm mechanical stage, providing about 3.3 ns of optical
delay. Access to pumprobe delays up to severalriidred nanoseconds is achieved through
the selectionof different pulses from the 80 MHz pulse trains. The probe then passes
through a set of computepntrolled scanning mirrors that chartbeangleof the beam as it
enters the objective, allowing theope to be focused to a spatially distinct point on the
sample. The two beams are then attenuated using neutral density filterslfoul€eand 4
pJpulsefor the pump and probe, respectively. They are then recombined using a dichroic
mirror and directed onto the back aperture of a microscope objective (100x, 0.8 NA), which
focuses the pump and probe beams to 400 nm and 600 nm diffaciied spots athe

sample. Individual nanostructures are placed within the laser focus usargsafezo

scanning stage. The transmitted probe light is colldeyealhigh NA condenser lens and
detected by a balanced photodiode. The pump beam is modulated at ddktHe pumyp

i nduced changes i n the pr o-ibamplficatioe. N\&th thisy ( ol )
microscope, we can measthetransientresponse of a single nanostructure with ~600 nm

spatial resolution and ~500 fs time resolution, with aiseéns v i t y>%f @l /1 ~10

3.3 Results and Discussion

Spatiallyoverlapped pumyprobe measurements on an individual Ge NW reveal a
complex transient that has contributions frivee carrier and thermal excitatisnas well a
low-frequency coherence arising from an acoustic phonon mode (Figure 3.1). This specific
nanowire (denoted NW1) is ~153 nm in diameter and is typical of the structures studied here.
The pump pulse excites an ~400 nm segment of t#8920m long NW at théocation

indicated by the blue circle, promoting electrons from the valence band to the conduction
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band with a carrier density of ~@m33® The photogenerated carriers alter the gitsmm
andscattering properties of the Ge NW, causing the initial increase in the probe intensity
(positivegoing signal), which decays over time as the carriers undergo ekéctieon
reconbination and migrate away from the point of excitation. The-loregl negativegoing
signal arises from localized heating of the NW by the pump pulse, which we estimate based
on the amount of pump pulse energy deposited as thermal energy to b :45 34 35

This component decays over time as the thermal energy difilsgsg the wire and

dissipates into the substrafeSuperimposed on top of the free @arand thermal

contributions are timelependent coherent oscillations that result from impulsive excitation
of a lowfrequency radial breathing mode (RBM) due to rapid heating of the [attig&36 37

The periodic vibrational motion of the NW modulates the transient signal, perhaps through

straininduced changes in the band structure or changes in the refractivé intfe®¥+4
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Figure 3.1 Transient obtained from a typical Ge nanowire (NW1) obtained with a
spatially-overlapped configuration. The NW is excited at 425 nm (pdpulse) at the

location of the blue circle in the corresponding SEM image (inset) and probed by a delayed
850 nm laser pulse directed at the same location. The nanowire is 153 nm in diameter and
supported on guartzsubstrate. The black curve is the biempntial fit.

3.3.1. Free Carrier Relaxation and Thermal Dissipation Dynamics

The overall form of the transient depicted in Figure Belglectinghe coherent
oscillations) is reasonably wadlescribed by a biexponential forie.:
YOYo 6 QoiQYo 6 Qon QYo [3.1]
where the first and second terms correspond to the loss of the photogenerated carrier
population (positivegoing component) and thermal energy within the probe spot (negative
going component), respectively. We note thahis description, the decay rat&s £ (32

ps)! and k = (7.2ns)Y) have contributions from both population loss.fecombination and
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heat dissipation) and transpare(carrier migration and thermal diffusion), and thus, they

are onlyeffectiverate constants.

Figure 3.2 SSPP images from NW1 obtained at different time delayss indicated in the
lower left corner of each image. Each image is plotted on a normalized color table with
relative scaling factors in the lower right corneheTpump pulse energy was fd.lipulse,
and the excitation was located at the point marked by the blue circle in the SEM image
(Figure 3.1). The NW location is denoted by the dashed line.

Transport phenomena are probed directhBIBPP experiment®isplayed in Figure
3.2 are SSPP images depicting the spread of the photoexcitation in NW1 for time delays

ranging from a few picoseconds to tens of nanosecdn@ish e i m &=gOes shdws the
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