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ABSTRACT

Electronic Implications of Thermal Processes in Nanomaterials

Matthew S. Kirschner

Extensive study of nanomaterial chemical and optical properties has enabled their
integration into a variety of applications. However, less thoroughly investigated are the heat
generation and dissipation processes of nanomaterials following optical excitation. These
phenomena are of immense importance as thermal energy can distort a material’s structure, which
has profound electronic implications. Here, two distinct thermal processes are examined. First, the
physical integrity of nanocrystals under high fluence photoexcitation is examined. It is found that
some semiconductor nanoparticles transiently disorder, or melt, following photoexcitation at
sufficiently high fluences while other materials undergo reversible solid-solid phase transitions.
The electronic implications of these structural distortions are also examined and the induced
changes may be responsible for decreased device performances at high fluences. Second, coherent
structural changes in plasmonic nanoparticles resulting from impulsive lattice heating are
investigated. Rapidly generated, low order vibrations can cause periodic oscillations in particle
geometry which in turn shift the plasmon resonance. This process is characterized using ultrafast
spectroscopy across a wide range of sizes and excitation fluences. In an attempt to further

understand and potentially utilize these thermally-induced electronic changes, these nanoparticles



4
are surface-functionalized with a molecular dye that electronically couples to the plasmon
resonance. Through the development of new analysis techniques, it is revealed that the
hybridization between the dye and the nanoparticles can be modulated by vibrations in the
nanoparticle. These works emphasize the importance of understanding thermal processes in

nanomaterials as there significant implications from heat induced structural changes.
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CHAPTER 1: THE UNIQUE PROPERTIES OF NANOMATERIALS

Parts of this chapter is based on the following review:

Diroll, B. T.; Kirschner, M. S.; Guo, P.;Schaller, R. D. Annu. Rev. Phys. Chem. (In

Review)
1.1.  Nanomaterials and Their Appeal

Materials with one or more dimension on the length scale of 1 to 100’s of nanometers are
categorized as nanomaterials. Nanomaterials have a long history of human usage dating back to
the 5" century B.C when they were first used, unknowingly, to give color to decorative ceramics
and glasses.! In recent decades, advances in nanomaterial fabrication and synthesis, as well as
characterization, have led to the integration of nanomaterials into numerous modern applications,
in everything ranging from sunscreens? to televisions.®# On a fundamental level, it is valuable to
fabricate and manipulate materials on this length scale. Miniaturization of existing technologies is
desirable in a wide range of contexts, perhaps most notably in the realm of electronics where
reductions in transistor size into the nanoscale have enabled the current revolution in computing
power.>® Further, in some applications smaller materials are inherently more effective, such as in

drug delivery, where smaller particles have higher cellular uptakes.’

However, as a material’s size is reduced, the effective physics that material experiences
might change. Physical forces have different distance dependencies and so the relative importance
of these various forces can be drastically altered on the nanoscale. Some of the most notable

examples of this phenomenon occur as the result of the increased surface area to volume ratio
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inherent to smaller sizes. Because a higher percentage of atoms are at the surface, the relative
importance of surface energy compared to internal energy increases which can result in
nanomaterials having crystal structures distinct from their bulk counterparts.®®  Further,
manipulating surface states becomes one of the primary engineering concerns when trying to make
use of the electronic properties of a nanomaterial.® Through the remainder of this chapter, I will
lay out two specific examples of phenomena that are distinct to nanomaterials and discuss how
they enable new applications. | then move on to discuss how the thermal properties of a material

can be different on the nanoscale and finally conclude with an overview of this thesis.

1.2.  Semiconductor Nanocrystals

In a bulk semiconductor, there is a characteristic length scale that electron-hole
pairs or excitons delocalize out into known as the Bohr Radius. This is a material specific constant
that depends on the Coulombic interactions between electrons and holes in the material. When a
semiconducting material has one or more of its dimensions on order of or smaller than its Bohr
Radius, excitons in that material experience quantum confinement increasing their energy. When
a material has all of its dimensions on this length scale, it is referred to as a semiconductor
nanocrystal (NC) or quantum dot. The band gap of a NC, as determined by the lowest energy

exciton, is described by the equation

2 h2
Eg(R) = Eg bulk t 55 (1.1)

2m,-R?
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where E, is the band gap, R is the NC radius, and m, = (m;* + m;, 1)t with m, and m,, being the
effective mass of the electron and hole respectively.!! Thereby, by synthetically tuning NC size, it
is possible to control NC band gap resulting in NCs of the same composition having drastically
different optical properties. This type of behavior is diagrammed out in Figure 1.1 which cartoons
out how decreases in NC size result in increases in band gap. Another effect of the reduction in
semiconductor size is that electronic states become more molecular-like and discrete in contrast to
the continuous energy bands seen in bulk materials.’> These excitonic states have finite

degeneracies with the lowest energy, band-edge state typically having a degeneracy of two for

| ™ =
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Figure 1.1. Schematic of changing band gap energy by tuning NC Size.
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Having synthetically tunable electronic properties, as well as other favorable intrinsic
characteristics, have led to the integration of NCs into a range of applications. The ability to change
NC surfaces to target specific biomolecules® coupled with their favorable optoelectronic
properties have enabled NCs to be used for bioimaging and cellular labeling.2*1® There have also
been efforts to integrate them as a sensitizing agent in photovoltaic devices due to their ability to
efficiently absorb a wide range of wavelengths of light, with devices efficiencies over 10%."1°
The high degree of control exertable on NC photoluminescence makes them appealing for display
devices as well. The light is emitted almost exclusively from the band edge state, which can be
tuned by over 1 eV for many compositions,'! with linewidths often narrower than 100 meV.%
Figure 1.2 shows the photoemission of potential NC phosphors plotted on the CIE color triangle
which, notably, enable a much more dynamic color range than standard HDTVs. This tunability,
coupled with high emission efficiency?:2® have led to commercially available QLED TVs,3* as
well as the development of solid state lights that use NCs as the active material. 242 These
properties also make them appealing candidates for the gain media in lasers. In addition to being
inexpensive and enabling access to an extremely broad range of lasing wavelengths, the
experimentally developed NC lasers have exhibited other favorable properties such as low lasing

thresholds.2®3°
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o /Spectral locus (perfect saturation)

08 Potential QD-LED colours

Figure 1.2. Color of emission of NC phosphors (potential QD-LED colours) compared to the
standard HDTV colour triangle (white dashed line) on the CIE color triangle. Adapted with
permission from Shirasaki et al.>

Such applications involve above bandgap photoexcitation which results in heating of the
NC lattice. Once an exciton is generated, it rapidly (within a few picoseconds) relaxes to the lowest
energy available excitonic state. Any excess energy is deposited in the lattice through the
generation of phonons—quantized lattice vibrations—in a process known as intraband relaxation
as diagrammed out in Figure 1.3a.13740 These phonons rapidly thermalize, transferring energy
between the various available phonon modes.*! When there are multiple excitons present in a NC,
they experience Coulombic interactions which can alter the energies of these multiexcitonic
states.!42 NCs with multiple excitons can also undergo a process known as Auger recombination
by which one exciton relaxes to its ground state by transferring its energy to another exciton as

diagrammed out in Figure 1.3b. This energized exciton then proceeds to undergo intraband



36
relaxation to the band edge. The rate for which this occurs for two excitons, the biexciton
recombination rate, depends on NC size and composition but is generally on the timescale of 10’s
of picoseconds up to a nanosecond.!! In addition, Auger recombination rates scale quadratically
with the number of carriers**#* resulting in fast recombination in the case where many excitons
are present. As a result of Auger recombination and intraband relaxation, high fluence excitation

results in significant impulsive heating of NCs, the effects of which are explored in Chapters 3-5.
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Figure 1.3. Diagrams of (a) intraband relaxation and (b) Auger recombination.

1.3. Plasmonic Materials

The behavior of electrons in a metal can generally be described by the Drude
model.*® Here the frequency-dependent dielectric constant (¢) is described by the following

equation:

2
Wp

e(w)=1- 1.2)

w?+ilw
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where T is a damping term, w is frequency and w, is referred to as the plasma frequency and

defined as

ne2

wy = (1.3)

Me€o

where n is conduction electron density, e is the elementary charge, m, is the electron mass, and
€, is the permittivity of free space.*® This dielectric constant, however, typically differs from that
of whatever medium surrounds the metal. When the change in dielectric environment at this
interface is sufficiently different—and meets specific criteria,*®#” the electrons exhibit behavior
that is often described through surface plasmons which are quantized oscillations of electron
density. Here, the surface plasmon propagates along the material’s surface as shown in Figure
1.4a.%® Exciting surface plasmons with light requires the photons to match the surface plasmon in
both frequency and momentum which is generally quite challenging owing to differences in
dispersion relations. As a result, exciting a surface plasmon on a smooth surface requires the usage
of a grating or a prism.*® However, roughening the surface, which essentially creates a
superposition of interfaces, facilitates the frequency and momentum matching. As a result, surface
roughening is commonly used in the excitation and utilization of surface plasmons.*® When a
material exists with features on the order of or smaller than the wavelength of light used to excite
the surface plasmon resonance, it becomes a localized surface plasmon with a localized surface
plasmon resonance (LSPRs).*84” This results in the strong, localized electric field enhancement
near the nanoscale feature that rapidly falls off with distance as shown in Figure 1.4b. 447 There

are analytical descriptions of this behavior for spherical*® and rod-like particles,* although for
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more complex geometries computational methods such as Finite Difference Time Domain

calculations or the Discrete Dipole Approximation are needed.*

Dielectric

MWV

Electric field

Metal sphere e

Figure 1.4. Behavior of plasmons. (a) A surface plasmon propagating along a metal surface. (b) a
localized surface plasmon in a plasmonic nanoparticle. Adapted with permission from Willets and

Van Duyne.*
Localized surface plasmons have proven useful in a wide number of contexts. First, the
frequency of a LSPR is highly sensitive to the local dielectric environment it experiences. Small

changes in the chemical species at the plasmonic material’s surface can cause large optical changes
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enabling extremely powerful chemical and biological sensors.>>>* The localization of light can
also enable other forms of surface sensitive, optical characterization. Perhaps most common is
surface enhanced Raman spectroscopy (SERS) where the LSPR can dramatically increase Raman
scattering to the point at which the vibrations of a single particle can be measured. 46555
Additionally, plasmonic materials have been used in photovoltaic devices. Their ability to strongly
scatter light can increase the effective path length that light travels in the photovoltaic cell leading

to increased absorption in thinner devices.®®>°

The light involved in these applications often heats the plasmonic material. Following
photoexcitation of a plasmon resonance, there is very rapid dephasing of the oscillating electrons
(typically on the order of a few fs), which leads to a non-thermal distribution of excited
electrons.*”% These electrons scatter off of one another which results in a thermal distribution of
electrons, typically on the timescale of hundreds of femtoseconds.*"°162 The thermalized electrons
couple to the lattice through the generation of phonons. This process is typically described by the

two-temperature model:

C(T) 2t = —G(T, - Ty), (1.4)
and
€ =G, ~T0) (L5)

where C,(T,)/ C,(T,) is the temperature-dependent electron/lattice heat capacity, T./T; is the

electron/lattice temperature, and G is the electron-phonon coupling constant.*6183 Since the lattice
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has a much larger specific heat than the electrons, most of the energy ends up in the lattice.
Generally, the equilibration between the lattice and the electrons occurs on the timescale of a few
picoseconds.*"%4% This process is diagrammed out in Figure 1.5 where the energy distribution is

shown at the various timescales.
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Figure 1.5. Schematic of thermal processes of a plasmonic nanoparticle following photoexcitation.
A non-thermal distribution of electrons is generated which rapidly thermalize with other electron
and eventually the lattice.

Distribution of
Electrons

When energy is transferred to the lattice on a timescale that is faster than the period of
phonons a specific mode, phonons of that mode are considered in-phase or coherent. These
coherent phonons can constructively interfere and cause oscillations in the geometry of the overall
system through combined distortions of the crystal lattice.*”:8%74-7666-73 The resulting geometric
changes can induce changes in the LSPR. As a result, this phenomenon is commonly characterized
in the time domain with optical measurements, although some other characterization techniques
have also been used.%8%° Generally, the phonon frequencies depend on particle geometry. As a

result, in heterogeneous ensembles, the individual particles oscillate at slightly different
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frequencies resulting in rapid innomogenous dephasing.*”®® This can be overcome with the usage
of monodisperse ensemblesr7s-7s or through single particle measurements.”* "2 It’s worth noting
that there can also be coherent phonons in NCs®®® although they are much more apparent in
plasmonic nanoparticles owing to larger cross sections, faster electron-phonon coupling rates, and

higher sensitivity of localized surface plasmon resonances to geometry.

1.4.  General Nanomaterial Thermal Properties

The heating that occurs in NCs and plasmonic materials can be problematic as a result of
generally poor thermal stability of nanomaterials. On a fundamental level, nanomaterials have
reduced thermodynamic stability; the melting point depression of nanomaterials relative to their
bulk counterparts is well characterized and is likely due to increased surface energy reducing
thermodynamic stability.”*® Even below their melting point, nanocrystals are known to undergo
undesirable physical changes including sintering and shape changes. For instance, Law et al.
showed by Scherrer analysis of x-ray diffraction that PbSe NCs grew a few percent in size by 200
°C and seemingly increased by 3x and 5x the original size by 250 and 300 °C, respectively.®!
Relatedly, Goodfellow showed that an ordered, solid superlattice of PbSe nanoparticles became
more closely spaced above 110 °C then observed deteriorating superlattice ordering between 110
and 150 °C followed by sintering and full loss of ordering by 168 °C.82 At temperatures above
168 °C, the spheroids turn into rods of PbSeOs. Further, particle shape can change so as to reduce

surface energy as shown by transmission electron microscopy for CdSe nanoplatelets that sinter
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by ~280 °C and form more spherical drops by 350 °C.8% Each of these examples relate active
particle surfaces and undesired chemistry that necessitate further improved routes to stabilization

or exploitation.

The effects of this thermal instability can be worsened by slow thermal dissipation. In fact,
the thermal conductivity of nanocrystal arrays are generally so low that they are challenging to
measure. Nanoparticle arrays with a variety of nanoparticle compositions, sizes, and ligand
coatings show thermal conductivities of 0.1-0.3 W/m-K, approximately a factor of 1000 lower
thermal conductivity than silicon and below the limit predicted for amorphous materials.3* The
poor thermal conductivity of many nanostructured media is likely caused by relatively poor
phonon transport and phonon-phonon coupling at nanostructure/matrix interfaces, often between
disparate materials. The so-called thermal boundary resistance problem revolves around typical
impedance mismatching of high density, high speed of sound inorganic particles and typically
lower density, lower speed of sound surrounding media such as ligands, polymer, or solvent. At
such interfaces, phonons tend to exhibit low transmission and reduce thermal transport rates.8>

Thermalization of a hot nanoparticle is understood to occur under one of two limiting regimes of

202

either thermal diffusion, with lifetime 7; = s

——= or under the limitation of interfacial thermal
9C¢Af

conductivity with lifetime 7; = ;C—é’ Here Ct and Cp are the fluid (medium) and particle heat

capacities, r is particle radius, A¢ is the fluid thermal conductivity, and G is an interfacial thermal
conductivity. The two limits relate different scaling of thermalization time with particle radius and

pre-suppose that the particles experience thermal impedance mismatch. Although the relatively
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low thermal conductivity of nanoparticle arrays may be useful in thermoelectric applications,
where it may be decoupled from electrical conductivity, it presents a substantial challenge for
optoelectronic devices like LEDs or lasers in which large amounts of heat are likely to build up in

the nanocrystal layer.

1.5.  Overview of Thesis

The remainder of this thesis explores the physical response and electronic
implications of the thermal energy generated from photoexctitation. In Chapter Two, | review
some of the methods that I have used to explore these phenomena. | then examine nanomaterials
under two regimes of photoexcitation. First, in Chapters 3-5, | demonstrate that high fluence
excitation causes NCs to transiently disorder. In Chapter 3, | establish that reversible,
photoinduced phase transitions occur in NCs by demonstrating that a crystalline-to-amorphous
transition occurs in CdSe, the quintessential NC. | then demonstrate that solid-solid phase
transitions are also possible by characterizing an orthorhombic-to-cubic transition in CsPbBr3 NCs
in Chapter 4. Chapter 5 explores the electronic implications of these reversible phase transitions
through the development of a novel, optical characterization technique to reveal disordering
reduces NC bandgap. The latter half of the thesis examines the physical response of nanomaterials
to milder excitation conditions; specifically, | characterize coherent acoustic phonons in plasmonic
nanoparticles. In Chapter 6, | explore coherent acoustic phonons in gold bipyramids and

nanojavelins to quantify induced changes in particle geometry finding the particles expand less
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than 0.2%. In Chapter 7, | utilize those coherent phonons to manipulate electronic interactions
between gold bipyramids and an attached excitonic dye. In Chapter 8, | develop a methodology,
oscillation associated spectra, to better analyze and model these phonon-induced changes in
plasmon-exciton coupling. Taken together, it becomes clear that photoexcitation changes the
structure of nanomaterials and that the induced changes need to be considered when designing

nanomaterial devices.
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CHAPTER 2:GENERAL EXPERIMENTAL STRATEGIES

2.1.  Pump-Probe Spectroscopy

Most of the data used in this thesis was gathered with pump-probe spectroscopy. This
experimental strategy involves two pulses of light—a pump pulse and a probe pulse—and is
widely used for its ability to obtain high time resolution measurements.®’ Initially, the “pump”
pulse excites the sample and initiates the process of interest. Generally, the pump electronically
excites the sample, although, other excitation strategies, such as a temperature jump,%-* are also
possible. After a delay in time, a second, “probe” pulse interrogates the sample. By varying the
time delay between the pump and probe pulses, one can measure the temporal evolution of the
system. Many processes of interest occur on the ultrafast timescale (nanosecond or shorter), which
is too fast to control with an electronic trigger or a mechanical shutter. Consequently, the timing
of the two pulses is adjusted by utilizing the fact that light travels at a finite speed. By varying the
distance that the pump and probe pulses need to travel, delay times can be tuned with sub-
femtosecond (<10%° second) resolution. The timing of the resulting measurement is then only
limited by how precise in time each of the pulses are defined. Therefore, the pulse widths, the
temporal lengths of the pulses, determine the time resolution of pump-probe measurements.
Changes observed in pump-probe measurements are usually quite small so the difference between
“pump-on” (excited by pump pulse) and “pump-off” (no pump pulse) are commonly used. It’s
worth emphasizing that to get meaningful information, the probe pulse needs to interact with

photoexcited species; in other words, the two pulses of light need to be spatially overlapped. To
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simplify this overlap, as well as ensure homogenous excitation of the sample, often the pump pulse

has a much larger spot size than the probe pulse.

2.2.  Transient Absorption

Optical spectroscopy measures the interaction of light with a system. Practically,
these measurements reveal a system’s available electronic transitions. These measurements are

encoding with the concentration of the chromophore through Beer Lambert’s law:
A=log(+) =ecl (2.1)
0

where A is absorbance, I is the intensity of the light transmitted through the sample, I, is the
intensity of light before interacting with the sample, € is an extinction coefficient, C is
concentration, and [ is the path length the light needs to travel. One can measure the electronic
transitions from electronic excited states using transient absorption spectroscopy (TA), a pump-
probe technique with an optical (uv-nir) pump and probe. The electronic transitions from a species’
excited states are different from those of its ground state and the intensity of the new features are
proportional to the population of the corresponding excited state. As a result, by monitoring how

these features evolve in time, TA can reveal excited state dynamics.

The majority of the measurements taken in this thesis were performed with a set-up
described in Figure 2.1. Initially, a Ti:S (titanium sapphire) amplifier was used to generate 2 kHz,

35 fs pulses of 800 nm light. The output was beamsplit to pump an optical parametric amplifier
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that produced tunable pump—except when a 400 nm pump was used, where instead the OPA was
bypassed and the 800 nm beam was frequency doubled with a f-Barium borate (BBO) crystal. A
smaller portion of the 800 nm light was time-delayed and focused into sapphire to produce a white
light probe beam. Pump pulses were mechanically chopped at 1 kHz to compare probe intensity
though the sample with and without photoexcitation. The pump pulses were also passed through a
neutral density (ND) filter wheel to control excitation power and filters to improve the color purity
of the excitation pulse. To calculate the fluences used, pump spot sizes were measured via
transmission through a pinhole. In Chapter 5, | describe a multiple excitation pump technique, but

this will be explained in more detail in that chapter.
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Figure 2.1. Diagram of the laser table used to perform transient absorption measurements. The
sample is excited by a chopped pulse, spectrally tuned from an OPA and then probed with a
broadband, white light source. By varying the distance that the pump and probe pulses travel, high
temporal resolution is achieved.

2.3. Time-Resolved X-ray Diffraction

Crystals possess highly ordered structures where the distances between the periodic
lattice planes are generally comparable to the wavelengths of x-rays. As a result, when x-rays

scatter off crystals, there are constructive interference fringes, known as diffraction peaks, in
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directions that correspond to the spacings between certain lattice planes. The lattice planes that
generate diffraction peaks, as well as the relative amplitudes of those diffraction peaks, are
dependent on the material’s crystal structure. As a result, a crystal’s x-ray diffraction (XRD)
pattern can be used to determine its structure. Nanomaterials exhibit broader diffraction peaks
compared to their bulk counterparts owing to their finite numbers of lattice planes. The width of a

nanomaterial’s diffraction peak is often described through the Scherrer equation:

K2
T= Bcos(6)

(2.2)

Where T is the mean size of a crystalline domain (in the case of NCs, NC diameter), 4 is the x-ray
wavelength, K is a dimensionless shape factor with a value close to unity, 8 is the FWHM of the
diffraction peak, and 6 is the diffraction angle. This increased peak width with decreased crystal

size is generally referred to as Scherrer broadening.%%%2

Pump-probe XRD is commonly referred to as Time-Resolved X-ray Diffraction or TR-
XRD. These measurements are generally quite challenging to perform as they require pulsed X-
ray sources with picosecond time resolution and high brilliance. The TR-XRD measurements in
this thesis were performed at Beamline 11-ID-D at the Advanced Photon Source (Argonne
National Laboratory), and is one of the few facilities capable of conducting such measurements.
A reservoir of NCs dispersed in solution was continuously flowed as a free jet into an air-free
interaction region, which assured measurement of fresh, unperturbed material with each laser
pulse. Pump pulses of 3.1 eV photon energy from a 100 fs Ti:S laser were attenuated and focused

to achieve the desired fluence. After a controlled time delay, 11.7 keV X-ray pulses (79 ps fwhm)
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were directed into the jet, and the resulting 2D diffraction pattern was collected on a time-gated

Pilatus 2M, which was then radially integrated. This is diagrammed out below in Figure 2.2.

Figure 2.2. Schematic of TR-XRD measurements. A 400 nm laser optically excited a jet of NCs
which was then probed by an x-ray pulse from the APS which was collected with a 2D detector.

There are a couple of strategies that can be employed to improve the probability of a
successful TR-XRD experiment. First, materials with larger thermal expansion coefficients are
more sensitive to increases in temperature and tend to produce TR-XRD patterns with higher
signal-to-noise ratios. Second, larger NCs have less Scherrer broadening and sharper XRD peaks
which also results in higher signal-to-noise TR-XRD patterns. However, the most important factor
in a TR-XRD experiment is the quantity of sample obtainable. The experiments discussed in this
thesis used highly concentrated solutions of NCs because preliminary studies with less

concentrated samples were unsuccessful. It is possible that the more concentrated samples were
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more successful because of they had stronger XRD diffraction peak intensities. Scattering intensity
is proportional to concentration and the NC XRD peaks are much clearer over the solvent
background at higher concentrations. It is also possible that the more concentrated samples
produced better data because they had slower degradation rates. Since the sample volume was
constant, the higher concentration samples had more NCs. If some number of photoexcited NCs
were destroyed with each laser or X-ray pulse, this would represent a larger percentage of the total
number of NCs in the less concentrated samples causing faster degradation. If this slower
degradation rates was responsible for the success of the higher concentration samples, then lower
concentrations might also be usable as long as there is also a sufficiently large sample volume.
This modification would enable more homogeneous excitation of the ensemble, although it has yet
to be explored experimentally. Regardless, the TR-XRD measurements | have performed indicate
that the single greatest predictor for experimental success is the quantity of sample available, with

at least 100 mg of NCs being required.
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CHAPTER 3: TRANSIENT MELTING AND RECRYSTALLIZATION OF
SEMICONDUCTOR NANOCRYSTALS UNDER MULTIPLE ELECTRON-HOLE
PAIR EXCITATION

This chapter is based on the research described in the following publication:

Kirschner, M. S.; Hannah, D. C.; Diroll, B. T.; Zhang, X.; Wagner, M.J.; Hayes, D.;
Chang, A. Y.; Rowland, C. E.; Lethiec, C. M.; Schatz, G. C.; Chen, L. X.; Schaller, R. D.
Transient Melting and Recrystallization of Semiconductor Nanocrystals Under Multiple

Electron-Hole Pair Excitation. Nano Lett. 2017, 17 (9) 53140-5320.

Ultrafast optical pump, X-ray diffraction probe experiments were performed on CdSe
nanocrystal (NC) colloidal dispersions as functions of particle size, polytype, and pump fluence.
Bragg peak shifts relate heating and peak amplitude reduction confers lattice disordering. For
smaller NCs, melting initiates upon absorption of as few as ~15 electron-hole pair excitations per
NC on average (0.89 excitations/nm? for a 1.5-nm radius) with roughly the same excitation density
inducing melting for all examined NCs. Diffraction intensity recovery kinetics, attributable to
recrystallization, occur over hundreds of picoseconds with slower recoveries for larger particles.
Zincblende and wurtzite NCs revert to initial structures following intense photoexcitation
suggesting melting occurs primarily at the surface, as supported by simulations. Electronic
structure calculations relate significant band gap narrowing with decreased crystallinity. These
findings reflect the need to consider the physical stability of nanomaterials and related electronic

impacts in high intensity excitation applications such as lasing and solid-state lighting.
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3.1. Introduction

Quantum-confined semiconductor nanocrystals (NCs) offer band-gap tunability, colloidal
synthesis and processability, and discretized electronic densities of states in a departure from bulk
semiconductors.8%9% While many NC applications such as photoluminescent labels, light-
emitting diodes (LEDSs), and solar absorbers employ low-intensity generation of electron-hole
pairs (often referred to as ‘excitons’ regardless of binding energy owing to spatial confinement
within the NC), some applications such as optical amplifiers and high brightness LEDs excite
multiple excitons.?%3%99% Bjexciton lifetimes in spherical NCs scale with particle volume for a
wide range of compositions, while triexcitons and higher numbers of excitations per NC decay
progressively faster according to the number of carriers present in the particle.***%” Thermal
energy is transferred to the NC lattice upon both intraband cooling of each photogenerated
exciton® 4% and multiexcitonic Auger-recombination®-1% that, given the reduced particle volume
and lower equilibrium melting temperature relative to the bulk composition,’®®* raises questions

regarding the stability of the particle lattice.

Previous studies have generally considered the electronic and nuclear structure of NCs as
static throughout the excitation and relaxation processes. However, consideration of earlier time-
resolved studies suggests a need to re-examine whether energy landscapes for photoexcited NCs
remain unchanged at high photon fluence. In particular, Malko et al. reported detailed optical gain
studies of CdSe NCs.1* Gain magnitude exhibited a maximum for certain sizes when ~10 to 20
excitations were photogenerated per NC on average, but strongly decreased at higher pump

fluences purportedly owing to ever-increasing photoinduced absorption with larger carrier
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populations. However, even for pump intensities yielding 100 excitations per NC on average, the
photoinduced absorption amplitude, several picoseconds after excitation, still increases.
Extrapolation of lower-order multiexciton lifetime scaling to high fluence gives an expected decay
time for such high-multiexciton states that resides in the sub-picosecond regime, and thus these
photocarriers likely recombine too fast to give rise to such photoinduced absorption. It is possible
that loss of crystalline order from increased lattice temperature deleteriously affects observed
optical properties. Transient loss of crystallinity also suggests that reports of a hot-phonon
bottleneck%? following intense excitation might require further scrutiny. Briefly, in the hot-phonon
bottleneck mechanism, carrier cooling occurs at sub-ns rather than sub-ps time scales owing to
equilibration with large numbers of phonons. Recently, time-resolved X-ray diffraction®®1% and
electron-diffraction’® measurements on these photogenerated NCs have begun to permit

observations of lattice structural changes.

Here transient lattice studies are reported for a series of CdSe NCs of varying sizes across
a range of optical excitation photon fluences measured by time-resolved X-ray diffraction (TR-
XRD). The results reveal that photoexcitation, even at reasonable pump fluence, can cause not
only heating, but also transient disordering of NC lattices. The observed photo-induced lattice
disorder in smaller NCs is achieved at lower average numbers of photoexcitations per particle and
can recover to the ordered lattice more rapidly in comparison to larger NCs. Examinations of both
wurtzite and zincblende CdSe NC polymorphs show that crystal structure is preserved even upon
very intense excitation, which suggests an important role of surface melting as well as perhaps

recrystallization with rates that exceed crystal reorganization. Ab-initio molecular dynamics and
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density functional theory findings suggest, furthermore, that the optoelectronic properties of

nanoparticles significantly change owing to disorder upon intense excitation.

3.2. Results and Discussion
3.2.1. Transient Melting of CdSe NCs

Figure 3.1a shows XRD data collected from a jet of 3.8-nm radius wurtzite CdSe NCs with
solvent scattering subtracted. Differenced diffraction patterns (optical pump-on minus pump-off)
at 80 ps after photoexcitation are shown in Figure 3.1b for a series of excitation fluences ranging
from 0.15 mJ/cm? to 17.3 mJ/cm? that correspond to an indicated average number of photoexcited
electron hole-pairs, <N>. The method used for accounting for sample degradation, dominated by
loss of dispersibility, is detailed in Appendix A.1. For lower fluence (<N>=2.6), the differenced
signals appear as derivatives, owing to increased diffraction at smaller Q and a decrease at larger
Q. Such shifting of Bragg peaks relates to the deposition of thermal energy in the NCs, which
causes modest lattice expansion. With increasing fluence, in addition to a Bragg peak shift, a
significant decrease in diffraction intensity becomes apparent, which indicates a decrease in
crystalline order due to melting that cannot be explained by the Debye Waller effect (see Appendix

A2).
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Figure 3.1. (a) Radially integrated X-ray diffraction from a liquid jet of wurtzite CdSe NCs in
dodecane solution. (b) Differenced X-ray diffraction patterns (laser-on minus laser-off) for
different average numbers of absorbed photons per particle, corresponding to photoexcitation
fluences. The X-ray delay time was 80 ps after photoexcitation with 100 fs, 3.1 eV laser pulses.

Figure 3.2a shows time-evolution of the scattering intensity of 3.8-nm radius CdSe NCs
upon 3.1-eV excitation at intensities of 0.67 mJ/cm? (<N>=12) and 24 mJ/cm? (<N>=430). Here,
the presented scattering intensities show the average integrated XRD peak areas from three
similarly behaved (as shown in the inset) lattice planes with the highest obtained signal to noise,

namely the [110], [103], and [112] planes, which emphasize recrystallization since changes in peak
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position do not impact integrated intensity. The data were fit to single exponential decays (solid
lines), details of which are described in Appendix A.3. In these samples, melting occurs faster®
than the instrument response function (79 ps), while recrystallization occurs with time constants
of ~100 ps. These recovery times are about an order of magnitude slower than what as predicted
for a simple heating and cooling of the particle from continuum theory (see Appendix A.4), and
hence support the assertion that the decrease in peak intensity is attributable to melting rather than
thermal expansion. As shown, higher excitation fluence results in only slight changes in the

recovery time.

Figure 3.2b shows the time evolution of scattering intensity for 1.5, 2.0, and 3.8-nm radius
CdSe NCs excited at 24 mJ/cm? clearly showing that recovery time increases significantly with
particle size. Smaller NCs present a larger surface area to volume ratio, more rapid thermal
outflow,% and lower melting points than larger particles,”>** and these effects combine to yield
the observed trend. Figure 3.2c shows the fluence dependence of the integrated scattering intensity
magnitude examined at 80 ps after excitation for three NC sizes. These data exhibit a particle-size
dependent apparent threshold for melting. The dotted lines highlight threshold fluences that
decreases the Bragg peak intensity in excess of noise levels. Larger nanoparticles having a larger
per-particle specific heat and lower surface energy likely explains the NC-size-dependent trend.
Upon accounting for particle volume, the disordering thresholds of the NCs of radius of 1.5 nm,
2.0 nm, and 3.8 nm are 0.89, 0.89, and 0.30 excitations/nm? respectively, which relates comparable

excitation densities.
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Figure 3.2. (a), Diffraction intensity recovery for 3.8-nm radius CdSe NCs after photoexcitation
at 3.1 eV with intensities of 0.67 mJ/cm? (<N>=12, red) and 24 mJ/cm? (<N>=430, black) along
with single exponential fits (solid lines) with respective lifetimes of 255 + 117 ps and 369 + 237
ps. Additional discussion about the fitting and normalization process, along with more power
dependent Kkinetics data, is included in the Appendix A.3. Inset: Recovery of the [110], [103], and
[112] lattice planes of the NCs excited at 24 mJ/cm? in the main figure along with the same single
exponential fit. (b) Recovery of CdSe NCs with radii of 1.5 nm (blue squares), 2.0 nm (green
diamonds), and 3.8 nm (red circles) after photoexcitation by a 24 mJ/cm? 3.1 eV laser pulse along
with single exponential fits (solid lines) with respective lifetimes 75 + 91, 180 + 160 and 369 +
237 ps. (c) Normalized power dependence at 3.1 eV of the magnitude of the integrated scattering
intensity loss after 80 ps for CdSe NCs with radii of 1.5 nm (blue squares), 2.0 nm (green
diamonds), and 3.8 nm (red circles). The gray dashed line represent the un-pumped, static
scattering intensity. Dotted lines correspond to melting thresholds as calculated using the
methodology described in Appendix A.5.
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3.2.2. Modeling Disordered NCs

To investigate the melting behavior of the CdSe NCs, molecular dynamics (MD)

107

simulations of wurtzite NC heating utilizing the LAMMPS software package™*’ were performed

with interatomic forces described by the Rabani potential*%:

_ (4:ia; gij 12 ij °
= (55 se ) -G @

where g; is the charge on atom i, 7;; is the distance between atoms i and j, €;; is the depth of the

potential energy well between atoms i and j, and o;; is the distance at which the interparticle
potential is zero. To generate data, a spherical, stoichiometric 2.5-nm radius CdSe NC containing
3,282 atoms was thermalized at 300 K followed by heating in steps of 100 K using a velocity
rescaling procedure.®® Here, a temperature of 1600 K is needed to ensure simulation of a fully
molten NC (the measured bulk melting temperature is 1531K).!° Note that the absolute
temperatures needed to melt the NC are assuredly higher than those required experimentally; this
represents a challenge of statistical sampling rather than physics and is required to observe the
melting event with 100% probability during a simulation-accessible timescale.!'! Figure 3.3a
displays the temperature-dependent XRD patterns obtained using the Debye scattering equation.
Similar to the TR-XRD experiments, the heated NCs exhibit a shift to lower Q values as a result
of thermal expansion of the wurtzite lattice as well as substantial peak broadening related to loss

of crystalline order.
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The MD simulations presented here examine NC heating in the thermodynamic limit that
assumes heat has distributed evenly throughout the particle. While it is difficult to ascertain the
validity of this assumption with regard to heating via pulsed laser excitation, prior evidence of sub-
picosecond exciton-phonon coupling®:3841%7 |ends credence to the notion that thermalization
between the electron and lattice baths occurs prior to structural rearrangements. To further examine
the melting mechanism in this thermodynamic limit, an orientational ordering parameter g was
used as has been previously used to quantify nucleation events in supercooled liquid Si.**? Using

the atomic positions at a given time point, the term g is computed as shown below:
_ o 1 QNp@D)
Gim(®) = 5 2728 Vi (0(riy), 0 (1)) (32)

Here, N, (i) is the number of bonds for atom i, while 6 and ¢ denote the azimuthal and polar
angles of orientation, respectively, for bond r;;. Y;,,, denotes the spherical harmonics. From g,
21+1 dimensional vector q; = [671,-1; Qu—1+1 - qri-1, ﬁz,z] can be constructed for each atom i which

enables the computation:

q. = =1 g Dllqi()

0)

By comparing various values of [ for completely molten and completely crystalline particles, it
was found that g4 provided the greatest distinction between melted and crystalline particles. In
particular, decreasing crystallinity yields a higher g4 value. The cutoff was selected to be g4 = 0.6,
as more than 90% of the atoms exhibiting g4 > 0.6 reside in a melted environment. At 10 equally

spaced time points throughout the production run trajectories, gs was computed for each atom in
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the NC at all equilibrium temperatures considered during the MD simulations presented here.
Then, defining simple radial cutoffs, the average g4 values were computed, which is defined as
Qorder, fOr a series of concentric slices represented by radial bins. The results of this analysis are
presented in Figure 3.3b. The transition from Qorder = 0.5 (crystalline) to Qorger = 0.6 (melted)
happens gradually over temperature. However, Qorder iNncreases more rapidly as a function of
distance from the NC center at lower temperatures. As temperature is increased, the Qorder Values
increase in a surface-inward fashion, indicating that some degree of surface pre-melting occurs
even in the thermodynamic limit at temperatures below the bulk melting temperature. In non-
equilibrium conditions, surface melting effects will likely be even more pronounced; heat that has
not been evenly distributed throughout the NC is likely concentrated near the surface owing to

interfacial thermal boundary resistance.

To assess the electronic structure of CdSe NCs at elevated temperatures, ab-initio MD
simulations (AIMD) of a heated Cdz3SessH*4¢ were performed. The CdssSess NC size is significant
in that it represents the smallest NC size accessible experimentally (~1.2 nm) while still containing
few enough atoms to permit AIMD simulations. The H* represents a pseudohydrogen having an
effective nuclear charge sufficient to achieve passivation of lone pairs (i.e. dangling bonds)
associated with surface atoms (Z = 1.5 for H* atoms passivating a surface Cd and Z = 0.5 for H*
atoms passivating a surface Se. These Z values are determined by considering the number of
electrons contributed by each species in a tetrahedral coordination environment; in particular, the
resulting formula is Z = (8 — mj)/4, where m is the formal number of valence electrons in the species

i.). Again, pseudohydrogen was chosen in lieu of full-size organic ligands to permit AIMD.
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Figure 3.3. (a) Calculated X-ray diffraction patterns for static (400 K blue), heated (800K red),
and melted (1600 K yellow) CdSe NCs. The particle simulated is smaller than that in Figure 3.1
resulting in broader peaks and overlapping of the [100], [002], and [101] peaks. (b) Ordering
parameter vs. radial position for CdSe NCs at a range of temperatures. (c) and (d) Density of states
for a CdSe NC that it is ordered (Qorder <0.6) or disordered (Qorder >0.6), respectively. (e) Bandgap
energy of CdSe NC (blue) along with changes that would be expected by solely thermal effects as
expected from the Varshni relation (black).
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As shown in Fig. 3.3c and 3.3d, a substantial reduction in band gap occurs between 300

and 1600 K. Importantly, this reduction far exceeds thermal effects as described by the Varshni
relation such as phonon renormalization that predicts only a 950 meV reduction across the whole
temperature range (further explored in Appendix A.6). Here band gaps of 3.9 eV at 0 Kand ~2 eV
at 1600 K were calculated. 1600 K was chosen to ensure uniform melting of the particle on
timescales accessible to AIMD. Note that while the absolute magnitude of the band gap may be
overestimated due to well-known self-interaction errors in the PBE functional,''® relative
quantities and trends (including the change of band gap with temperature-induced structural

changes) are generally correctly captured.

The density of states data presented in Figures 3.3c and 3.3d reveal, importantly, that the
valence and conduction band edge states remain predominantly comprised of Se and Cd orbitals,
respectively. This suggests such states remain “core”-like (e.g. semiconducting CdSe); the absence
of significant participation of surface ligand states at the band edge is indicative that gap closure
is not due to surface trap formation (which would be irreversible) but rather intrinsic changes to
the CdSe electronic structure. Such changes should reverse upon recrystallization, although
accurate simulation of the cooling process requires careful transition path sampling and is beyond

the scope of the present study.

As the redshift of the NC gap far exceeds what would be expected from simple lattice
heating, as demonstrated in Figure 3.3e, the origin of the gap closure can likely be understood in
terms of orbital hybridization. As the wurtzite lattice becomes hot and eventually molten (lacking

in long-range order), a combination of increased bond lengths (due to heating) and a randomization
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of the bond angle distribution (due to melting) results in a higher concentration of weak and
dangling bonds. As these bonds necessarily involve less hybridization, the magnitude of
bonding/anti-bonding splitting decreases, resulting in an overall reduction in band gap. While
further simulation would be necessary to unambiguously demonstrate this point, the same

phenomenon is known to yield metallization in molten Si and molten Ge.*4115

3.2.3. Effects of Polytype on Disordering

Figure 3.4a shows static XRD from 3.1-nm radius, zincbhlende CdSe NCs. While CdSe NCs
can exist in either crystal polymorph, wurtzite is thermodynamically slightly more stable.'® Figure
3.4b shows differenced XRD patterns for these zincblende NCs excited at 17 mJ/cm? (<N>=160,
1.3 excitons/nm?) at a series of time delays. The loss and recovery of crystallinity demonstrated
suggest the excitation fluence induces transient melting. However, perhaps surprisingly, the NCs
recrystallize back into the zincblende polytype with no evidence for a phase transition to the
thermodynamically more stable wurtzite. This trend suggests that nucleation occurs faster than
crystal reorganization for this composition. For pump fluences nearer to the disordering threshold,
if only the surface or an outer shell disorders, this would leave a core to facilitate recrystallization,
but we would also expect broadened diffraction peaks from a reduced crystalline core size. Still,
such a template recrystallization explanation would be consistent with previous explorations of

NCs preferentially melting at the surface.*’18
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Figure 3.4. (a) Radially integrated X-ray diffraction from a liquid jet of zincblende CdSe NCs in
dodecane solution. (b) Differenced diffraction patterns for optical pump-on minus pump-off with
indicated pump-probe delay times, for excitation fluence of 17 mJ/cm? (<N> =160).

3.3. Conclusions

With understanding that lattice ordering can change substantially upon deposition of
sufficient energy, it is worth revisiting the manner in which such disordering can impact optical

gain. As previously reported,'%* excited carriers do contribute photoinduced absorption over broad
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spectral ranges that contribute to optical loss and compete with gain. As the lattice heats owing to
intraband cooling of carriers and Auger heating processes, the loss of lattice ordering can more
substantially impact gain; the semiconductor energy gap itself red-shifts upon losing crystalline
order. The red-shifted species both contribute strong absorption at gain wavelengths corresponding
to crystalline material and also cease to exhibit stimulated emission. Modifications of NC structure
and excitation characteristics can each influence thresholds of NC disordering. Structures that
increase particle specific heat and stabilize the surface, such as core-shell and giant-NC
approaches, would be expected to partially alleviate the noted thermal effects on crystallinity.
Indeed, such structures exhibit improved gain properties?®3:11%120 and even sustained lasing
properties.'?t However, this relationship presents complexity as such shells also alter the rate of
NC thermal outflow.'?? For a given number of photons absorbed, redder excitation wavelengths
deposit less thermal energy, and longer pump pulsewidths deposit energy more slowly; ultimately
the maximum lattice temperature achieved depends on the relative rates of NC heating and cooling.
Consequently, one would expect improved gain with longer, redder excitation sources. In fact, the
pump fluence required to observe gain has been reported to decrease with redder excitation,*® and
longer pump pulse duration. #' Similar considerations also apply for NCs under electrical

excitation.

In conclusion, following photoexcitation, CdSe NCs undergo a transient loss of
crystallinity with a threshold corresponding to 0.89 excitons/nm?, which recovers on the hundred
picosecond timescale with slower recovery for larger particles. The magnitude of this loss of Bragg

peak intensity linearly depends on the excitation fluence above the size-dependent melting
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threshold. These changes in crystal structure drastically reduce the particle band gap, suggesting
that this effect needs to be accounted for in nanoparticle systems with either large pulsed electron-
hole pair populations, such as NC-based lasers, and can also be important in continuous high-
intensity excitation such as solid-state lighting or concentrated photovoltaics. It was found that
polytypism is preserved for this composition upon transient disordering that suggests investigation
with still higher temporal resolution might show that recrystallization outpaces crystal
reorganization to preserve the initial crystal structure. Surface melting with templated
recrystallization can explain such retention, but this observation might represent a characteristic
of nanomaterial behavior even from homogeneously melted structures. Furthermore, transient
disordering in core-only NCs might help explain why core-shell structures often outperform the
former in high-intensity applications beyond the rationale that such inorganic shell materials
improve electronic surface passivation. As such, increased understanding of transient disordering
can advance materials design and boost resultant device performance since, if for example melting
in NC-based lasers could be reduced, larger and more sustained optical gain should be achievable.
Conversely, applications that take advantage of the transient physical and electronic structure of

the disordered state might also be achievable.
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3.4. Methods
3.4.1. Material Synthesis

The synthesis of wurtzite CdSe nanocrystals followed a modified and scaled-up version of
literature procedures.'?® First, a selenium precursor solution was made by dissolving 348 mg
powdered selenium (99.99%, Aldrich) in 1.7 mL of trioctylphosphine (90%, Aldrich) in a nitrogen
glovebox. In a 3-neck flask, 360 mg CdO (99.99%, Aldrich), 18.0 g trioctylphosphine oxide (99%,
Aldrich), and either 1.40 g of tetradecylphosphonic acid (Strem, 99+% used for synthesis of larger
CdSe nanocrystals) or 1.68 g octadecylphosphonic acid (Strem, 99+%, used for synthesis of
smaller CdSe nanocrystals) were combined and held under vacuum at 120°C for 1 hour, then
heated to 300°C under nitrogen and held until the reaction mixture became clear, indicating the
formation of cadmium phosphonate complexes. Then, 10 mL trioctylphosphine was injected and
the reaction mixture was heated to 340-370°C. (Higher temperatures for smaller particles.) After
reaching the set-point temperature, the selenium precursor solution was rapidly injected and the
temperature was maintained from 0-15 minutes: for larger nanocrystals, lower temperatures and
longer reaction times were used. To synthesize the smallest nanocrystals in this study, an additional
300 uL of diphenylphosphine (98%) was added to the selenium precursor solution prior to injection
and the reaction was cooled immediately afterward. Nanocrystals were purified by methanol
precipitation and two additional hexanes/isopropanol washes, redispersing the nanocrystals in
dodecane.

The synthesis of zinc blende CdSe nanocrystals followed modified literature procedures.?*

Cadmium myristate powder was synthesized by dissolving 1.5 g sodium myristate (>99%,
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Aldrich) in methanol and then mixing with 600 mg cadmium nitrate tetrahydrate (99.997%,
Aldrich). The white precipitate was isolated, washed twice with methanol, once with acetone, then
dried in a vacuum oven. An additional selenium injection solution were prepared by dissolving Se
powder in octadecene (90%, Aldrich) at 0.1 M concentration at 200°C under nitrogen, then
evacuating the flask at 100°C for 1 hour. An additional cadmium injection solution was prepared
by dissolving 0.5 M cadmium oxide in oleic acid (90%, Aldrich) at 250°C under nitrogen until the
reaction flask turned clear and subsequently evacuating the flask for 1 hour at 120°C and held at
that temperature to remain a liquid. The synthesis of nanocrystals was achieved by mixing 39 mg
Se powder, 30 mL octadecene, and 275 mg cadmium myristate in a 100 mL 3-neck flask, then
evacuated at 80°C for 1 hour, and heated to 240°C. After 3 minutes at 240°C, a dropwise injection
of degassed 4 mL octadecene, 1 mL oleylamine (70%, Aldrich), and 1 mL oleic acid was added
over 5 minutes. After 30 more minutes, the reaction was heated to 280°C and a 20 mL of a 5:1
mixture of selenium: cadmium injection solutions (1:1 by mol) at 0.2 mL/minute. After the
injection, the reaction flask was cooled to room temperature. Purification of the nanocrystals was
performed using precipitation by isopropanol, followed by two additional hexanes/isopropanol

washes, redispersing the nanocrystals in dodecane.

3.4.2. X-ray Diffraction Measurements

A dodecane suspension of CdSe NCs was circulated by a peristaltic pump from a large
reservoir continuously purged with N2 to protect the sample from Oz. The liquid suspension was

flowed continuously through a stainless steel tube to give a free liquid jet to minimize radiation
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damage. A laser pulse was used to excite CdSe NCs, followed by an X-ray probe pulse at a
specified time delay to interrogate the transient states. The laser and X-ray beams overlapped
spatially on the liquid jet at a 20° relative angle. The laser pump pulse was the second harmonic
output of a Ti:S regeneratively amplified laser with 10 kHz repetition rate (Coherent Micra
oscillator + Legend Elite HP Duo regenerative amplifier), giving 400 nm (3.1 eV) laser pulses
with 100 fs fwhm. The laser fluence at the sample was then adjusted using neutral density filters.
The X-ray probe beam was derived from electron bunches extracted from the storage ring, giving
pulses with a 79 ps fwhm and 6.5 M Hz repetition rate. A Pilatus 2M detector was temporally
gated to collect the scattering pattern from the laser-synchronized X-ray pulse from the pulse train,
and the measurement was repeated for a certain integration time. The X-ray energy was set at 11.7
keV for all measurements. To account for variations in X-ray brilliance and the liquid jet thickness,
the scattering patterns were normalized in the Q range of 4 to 4.1. Based on the absorption spectra
of the NCs, we calculated their sizes and cross sections at 400 nm using previous work by Wu et
al*® and Klimov'? respectively. The numbers of excitons per particle were estimated for each
condition using the cross sections and the measured laser fluence. The initial optical densities of
our samples at 400 nm were 4.0, 6.1, 9.9, and 3.6 for the 3.8-nm radius, 2.0-nm radius, 1.5-nm

radius, and zincblende NCs respectively.

3.4.3. Molecular Dynamics Velocity Rescaling Procedure

At each temperature, thermalization was achieved via 12 ps of simulation in the canonical

(constant particle number N, volume V, and temperature T) ensemble. This was found to be
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sufficient to ensure temperature fluctuations of less than + 20 K. Following thermalization at each
temperature, a simulation of 8 ps in the microcanocial ensemble (constant N, V, and energy E) was

used to generate production data. For all simulations, a time-step of 1 fs was utilized.

3.4.4. Generating XRD Patterns with the Debye Scattering Equation

To generate XRD patterns, the Debye scattering equation was solved using atomic

positions taken from the MD production trajectories:

sin Q|r;—rj|

Q) =22 fifi —— (3.4)

Q|Ti—rj|

In this equation, |ri —rj| is the distance between atoms i and j, and fi is the atomic scattering

factor of atom i, an element-specific quantity.

3.4.5. AbD Initio Molecular Dynamics

Initially, the atomic positions of the NC were relaxed until the forces on each atom were
less than 0.02 eV/A. Following relaxation, the NC was heated to the temperature of interest (i.e.
300, 500, 800, 1200, or 1600 K) and equilibrated for 2 ps (MD timestep = 2 fs) using a canonical
sampling through velocity rescaling (CSVR) procedure!®® with a time constant of 10 fs. Following
equilibration in the canonical ensemble, the structure was relaxed to the nearest local minimum
and a final self-consistent field cycle was performed to calculate the electronic structure of the

(locally) relaxed NC.
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CHAPTER 4: PHOTOINDUCED, REVERSIBLE PHASE TRANSITIONS IN ALL-
INORGANIC PEROVSKITE NANOCRYSTALS

This chapter is based on the research described in the following publication:

Kirschner, M. S.; Diroll, B. T.; Guo, P.; Harvey, S. M.; Helweh, W.; Flanders, N. C.;
Brumberg, A.; Watkins, N. E.; Leonard, A. A.; Evans, A. M.; Wasielewski, M. R.; Dichtel, W. R.;
Zhang, X.; Chen, L. X.; Schaller, R. D. Photoinduced, Reversible Phase Transitions in All-

Inorganic Perovskite Nanocrystals. Nature Comm. 2019, 10 (1) 504.

Significant interest exists in lead trihalides that present the perovskite structure owing to
their demonstrated potential in photovoltaic, lasing, and display applications. These materials are
also notable for their unusual phase behavior often displaying easily accessible phase transitions.
In this chapter, time-resolved X-ray diffraction (TR-XRD), performed on perovskite CsPbBrs NCs,
maps the crystal lattice response to controlled excitation fluence. CsPbBrz undergoes a
photoinduced orthorhombic-to-cubic phase transition which is discernable at fluences > 0.34
mJ/cm? through the loss of orthorhombic features and shifting of high-symmetry peaks. This
transition is reversible and recovers on the timescale of 510 + 100 ps. A reversible crystalline-to-
amorphous transition, observable through loss of Bragg diffraction intensity, occurs at higher
fluences (> 2.5 mJ/cm?). These results demonstrate that light-driven phase transitions occur in
perovskite materials, which will impact optoelectronic applications and enable the manipulation

of electronic non-equilibrium phase characteristics of the broad perovskite material class.
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4.1. Introduction

Much of the work on lead halide perovskites has focused on understanding the origin of
their impressive optoelectronic properties including a tunable bandgap, high carrier mobility, long
carrier lifetimes, and large absorption cross section.?*2"-133 Sych advances have enabled thin-film,
solution-processable photovoltaics with efficiencies comparable to state of the art Si
technologies'?"341%° as well as low-threshold lasers!4®4! and highly efficient light emitting
diodes. #2144 However, the effects of the heating induced from the injection conditions relevant to
display and gain applications are not yet understood. Among the possible responses are crystal
phase transitions**>14° that could become accessible for even moderate excitation fluences. These
materials exhibit poor thermal conductivity*® which is compounded in NC systems which have
low interfacial thermal conductance.?* Improving the understanding of these phenomena may also
provide insight into perovskite phase stability that will be important in applications.14>1°1152
Previous investigations of lead halides have demonstrated slow thermalization times in hybrid
perovskites,1>>1%8 partially attributable to the mismatch between the phonon density of states for
the organic and inorganic sub-lattices. Studies on the response of nanocrystals to high fluence
excitations have revealed fast biexciton lifetimes,?%1 although the effects of Auger heating on
the integrity of the NC lattice remain unexplored. This concern is particularly relevant as elevated
temperatures have been shown to reduce photoluminescence, although resiliency can be improved

by tuning the halide composition.1®

One methodology for examining the implications of photoinduced heating in perovskites

is time-resolved X-ray diffraction (TR-XRD). Through exciting above the bandgap, fast electron-
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phonon coupling and Auger heating impulsively deposit energy into the lattice, which could
initiate a phase transition. Examining this effect in perovskite NCs will help evaluate their stability
under the high carrier injection conditions that they will experience in display and lasing
applications. Here, TR-XRD on CsPbBrs NCs is performed, which are prototypical all-inorganic
lead trihalide perovskite NCs.181-64 The studies reveal multiple regimes of material response
ranging from a reversible orthorhombic-to-cubic phase transition, up to reversible- and then
irreversible melting. In addition to characterizing these photoinduced phase transition, this work
demonstrates that TR-XRD is a promising methodology for understanding phase transitions in

perovskite materials.

4.2. Results and Discussion
4.2.1. The Crystal Structures of CsPbBr3

Figure 4.1a shows crystal structures of CsPbBrz in the orthorhombic and higher-
temperature (above 130°C in the bulk and 117°C in the NCs) cubic phases that are differentiated
by PbBrs octahedral tilting in the orthorhombic phase as have previously been characterized. 4>
149 The resulting reduction in symmetry has implications in the XRD patterns as demonstrated in
Figure 4.1b. Primarily, the orthorhombic phase (blue) has a much higher density of diffraction
peaks than the cubic phase (red), most of which are located near corresponding cubic features. For
NCs, Scherrer broadening smears together these closely-spaced peaks such that a single broader

peak appears relative to the expected width in the cubic phase. There are also several diffraction
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peaks absent from the cubic phase. The clearest of these features occur around Q = 1.7 A%,
1.8 A, and 2 AL, which are all present in the XRD of CsPbBrs NCs (black) and confirm the
orthorhombic structure.’®®1% To emphasize these features, they are labeled “a”, “b”, and “c”
respectively in Figure 4.1b. Further, for simplicity the high-symmetry peaks—those that occur in
both phases—are labeled with their corresponding cubic planes in Figure 4.1b and | will use these
assignments to refer to diffraction peaks in the corresponding Q regions. CsPbBrs can also exist in
a tetragonal phase (88°C >T>130°C for the bulk material and 59°C>T>117°C for the nanocrystals)
which has a diffraction pattern very similar to the orthorhombic phase with the notable exception

of its lack of the “b” peak.
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Figure 4.1. (a) Schematic of CsPbBr3 in the orthorhombic (top) and cubic phases (bottom). (b)
XRD patterns for the orthorhombic (blue) and cubic phases (red) as generated with VESTA along
with the experimental NC XRD pattern (black). The bulk crystal structures are based on a CIF data
from Stoumpos et al.1*” which were adapted.

4.2.2. Dynamics of Orthorhombic-to-Cubic Phase Transition

To understand how the NC lattice responds to controlled-fluence, impulsive heating, TR-
XRD experiments were performed using Beamline 11-ID-D at the Advanced Photon Source
(Argonne National Laboratory). The general methodology used was consistent with that in Chapter
3. Briefly, a reservoir of 11.2 + 2.9 nm edge length, oleic acid and oleylamine-passivated CsPbBr3
NCs, synthesized according to Protesescu et al.?® but scaled by a factor of 8 to provide enough

sample for experiments dispersed in dodecane was continuously flowed as a free jet into a dry
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nitrogen-purged interaction region, which assured measurement of fresh, unperturbed material
with each laser pulse. The ability to flow NCs in solution is a practical advantage partially
motivating their usage over bulk perovskites for TR-XRD measurements. Pump pulses of 3.1 eV
photon energy from a 1.6 ps Ti:S laser with a 10 kHz repetition rate were attenuated and focused
to achieve the desired fluence. After a controlled time delay, 11.7 keV X-ray pulses (79 ps fwhm)
were directed into the jet, and the resulting 2D diffraction pattern was collected on a time-gated
Pilatus 2M detector, which was then radially integrated. The data was normalized for X-ray flux

in the Q range of 3.5t0 3.6 A ™.

Figure 4.2a shows the TR-XRD pattern of CsPbBrs NCs under an excitation fluence of 4.8
mJ/cm?. The static XRD pattern is also included in a top panel with vertical lines denoting the
orthorhombic (solid, gray) and high-symmetry peak positions (dotted, black). The high-symmetry
diffraction features systematically exhibit increased scattering at lower Q and decreased scattering
at higher Q, the result of the peaks shifting to lower Q values and consistent with thermal
expansion. However, the peaks associated with the lower-symmetry orthorhombic phase exhibit
distinct behavior, as emphasized in Figure 4.2b, which zooms in on the Q range of 1.6 A to 2.1
A1, The TR-XRD signals of these peaks mirrors their static XRD patterns with local minima
occurring at the static peak positions, a result of a loss of scattering intensity rather than a change

in position. Selective reduction in orthorhombic peak intensity suggests that this excitation
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Figure 4.2. (a) TR-XRD pattern of CsPbBr3 NCs at various times following excitation at 4.8
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mJ/cm? along with the static XRD pattern for reference on peak positions (black). The
orthorhombic peaks are delineated with gray solid lines and the high-symmetry black dashed. A
solid black line also denotes AScattering=0 and arrows emphasize how the TR-XRD pattern

evolves in time. (b) Zoomed in TR-XRD for 80 ps in the Q range of 1.6 A to 2.1 A™1. Once again,

the static pattern is displayed with the same features marked as in a. Arrows emphasize how the
TR-XRD pattern deviates from the static XRD. (¢) TR-XRD pattern for the [200] peak normalized
such that the maximum AScattering=1. The arrow denotes how the pattern evolves in time.
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condition induces a transition to the cubic structure. Related observations have also noted
octahedral tilting of lead halides under intense excitation using ultrafast electron diffraction
measurements on hybrid perovskite thin films¢”. This photoinduced phase transition is reversible
as the orthorhombic peaks completely recover during the observation window and the high-
symmetry peaks return to their static positions. This recovery is emphasized in Figure 4.2c, which
shows the [200] peak normalized at each time as it shifts to the original, higher Q position. To
convert these shifts in the diffraction peaks to changes in temperature, series of static, temperature
dependent XRD patterns were collected on a thin film of NCs suspended in a polymer matrix
(Figure 4.3a). This methodology is used as the experimental data does not follow a Debye-Waller-
like dependence as explored in Appendix B.1. The four most prominent diffraction peaks ([110],
[200], [211], [220] and denoted with black dashed lines) were fit to Gaussian functions at each
temperature and the shifts in peak positions are plotted in Figure 4.3b. Using a linear fit to extract
a thermal expansion coefficient yields a value of 28.4 + 3.5 x 10 K™ (solid black line) which is
on the same order as the measured bulk value of 40 x 10°° K™ (dashed gray line)**”. The lower value
measured for the NCs might be partially caused by annealing, which causes a slight decrease in
lattice size after extended times at elevated temperatures (Appendix B.2). Additionally, while the
three lattice parameters have been shown to exhibit different temperature dependencies in the bulk,
the Scherrer broadening in the NC makes it difficult to distinguish these differences. However,
treating the lattice parameters as if they were equivalent still yielded values consistent with bulk
values suggesting that this assumption is reasonable. It is also worth noting that the analysis done

by Cottingham and Brutchey on refining lattice parameters of temperature dependent XRD
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measurements with an assumed cubic structure*® would predict a thermal expansion coefficient

around 30 x 10® K™, consistent with the measurements reported here.

Figure 4.3c shows recovery dynamics of the NC lattice derived from TR-XRD signals from
the same four diffraction peaks ([110], [200], [211], [202]), which all exhibit consistent Kinetics
and fluence dependencies (Appendix B.3). To account for the fact that the transient signal has
negative and positive components, the absolute value of the change in scattering is used. These
kinetics are well fit to a biexponential function with time components of 86 + 24 ps—possibly due
to NC cooling as it is on the order of CdSe NC cooling*®®—and a component of 510 + 100 ps—
which can be attributed to the cubic-to-orthorhombic phase transition as it is on the same order as
the amorphous-to-crystalline transition in CdSe NCs,'®® the most analogous process. There may
also be faster features, which would require higher-time resolution instruments to resolve. There
were not significant variations in dynamics observed with different excitation fluences as shown
in Appendix B.4. Figure 4.3d shows NC temperature, calibrated from the thermal expansion
coefficient derived from static XRD, as a function of time. While lattice temperature decreases
following photoexcitation, the crystals spend an extended amount of time at a plateau around
175°C. This discontinuity in the change in lattice temperature could be caused by reversion to the
orthorhombic phase releasing energy and slowing the cooling process. Additionally, the NCs
exhibit narrower peak widths when they are transiently in the cubic phase as displayed in Figure
4.3e, likely a result of the increased crystal symmetry as the cubic phase exhibits narrower peaks

as shown in Appendix B.5. Some initial cooling causes further peak narrowing for the first
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nanosecond following photoexcitation until the return to the orthorhombic structure causes

broadening to the original peak width.
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Figure 4.3. (a) Temperature dependent XRD with black dashed lines to emphasize the room
temperature peak position. (b) Expansion of lattice planes from static experiments versus
temperature along with a linear fit which suggests a thermal expansion coefficient of 28.4 + 3.5 x
10% Kt along with the bulk thermal expansion coefficient from Stoumpos et al.}#’ (c) Integrated
absolute change in scattering signal for NCs versus time under a fluence of 4.8 mJ/cm? along
with a biexponential fit. Error bars indicate standard deviation in the measurement. (d) Change in
NC temperature versus time as calculated from the temperature dependent XRD measurements.
Error bars indicate 95% confidence intervals from the fitting algorithm. (e) Change in relative
diffraction peak width as calculated from fitting the TR-XRD pattern. Error bars indication 95%
confidence intervals from the fitting algorithm.
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4.2.3. Fluence Dependence of Disordering

The mechanism for the deposition of energy into the lattice involves several processes
which have already been the subject of thorough investigation. Initially, there is rapid intraband
relaxation which has been reported to occur on sub picosecond timescales.'?%15%16% At higher
excitation fluxes, there has been evidence of a hot-phonon bottleneck of a few picoseconds in
nanocrystals'®® that is absent in the bulk measurements.*® This initial relaxation is understood to
be the result of the generation of longitudinal-optical phonons, through Frohlich electron-phonon
coupling, which rapidly down convert to acoustic phonons,*-15315 with the specific vibrational
density of states of CsPbBrs having been the subject of previous characterization.>*17
Additionally many of the multiexcitons undergo Auger recombination—where one exciton relaxes
to the ground state by transferring its energy to another exciton which then proceeds to decay to
the band-edge. Generally, biexciton lifetimes depend on NC composition and size—they have
been reported to be on the order of ~100 ps for NCs of this size and composition*?*t*—while
multiexcitonic rates scale quadratically with number of carriers®*#* resulting in rapid
recombination under high fluence excitation conditions. Taken together, these methods result in
rapid deposition of energy in the lattice. The subsequent phase transition is fundamentally non-
equilibrium as it is impulsively induced. The transition pathway is distinct from a thermal
transition as it does not proceed through an observable intermediate, tetragonal phase (Appendix
B.6) as has been reported in the thermally induced phase transitions of NCs.1*® Similarly, the

temperature of the NCs before the cubic-to-orthorhombic transition does not match with the
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thermal transitions which occurs at 117°C.1*° This non-equilibrium behavior is consistent with the

behavior in analogous systems, 103168171172

Figure 4.4 shows the TR-XRD signals 40 ps after photoexcitation at a range of fluences.
As the fluence increases, the high-symmetry diffraction peaks move to lower Q values resulting in
larger TR-XRD signal. However, at the highest fluences, the peaks also decrease in intensity, with
the change in scattering signal becoming asymmetric with the negative feature becoming larger in
magnitude than the positive feature. This change suggests the initiation of a second phase
transition: crystalline-to-amorphous (melting). Additionally, at these higher fluences there was a
loss of signal on a laboratory time scale associated with a loss of sample as displayed in the inset.
This effect is likely the result of NCs crashing out of solution following the loss of ligands as NCs
could be seen deposited on the tubing of the jet. The degradation is negligible at fluences below
7.7 mJ/cm? but at 18 mJ/cm? the degradation was so rapid, extensive, and problematic that | have
excluded the corresponding TR-XRD pattern from the main panel. Fluences around 7-12 mJ/cm?
should therefore be an upper limit to excitation density for applications of these materials in NC

form.

To determine the onset of melting, the change in total peak intensity was examined as a
function of fluence, (Figure 4.5a). The observed behavior is threshold-like, with no notable
changes below the fluence threshold of 2.5 mJ/cm?, which is indicative of the start of the
crystalline-to-amorphous transition.*®® Figure 4.5b shows the absolute value of the TR-XRD signal
as a function of fluence. This value increases linearly at low fluences but becomes sublinear after

the melting threshold. This trend may reflect shifts in peak position contributing more |AScattering|
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than decreases in peak intensity as a result of having both positive and negative components.
Percent peak loss and |[AScattering| exhibit very similar dynamics (Appendix B.7), which is further
evidence of the non-equilibrium nature of these phase transitions: instead of transitioning from
amorphous to cubic before returning to the orthorhombic phase, the NCs transition directly back
to the orthorhombic phase. Figure 4.5¢ shows corresponding increases in temperature as calibrated

from the temperature dependent XRD measurements.
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Figure 4.4. TR-XRD patterns of CsPbBr3 NCs 40 ps after photoexcitation at a range of excitation
fluences. The orthorhombic peaks are delineated with gray solid lines and the high-symmetry black
dashed. A solid black line also denotes AScattering=0 and arrows emphasize how the TR-XRD
pattern evolves with power. Inset: Irreversible percent loss of peak intensity versus excitation
power. The error bar indicates standard deviation in the measurement.



85

' a
Melting Begins ¢)
&» 10 to Occur ]
[
|
—
5 5 ©
o o {
=2
= o
— 0 b
=
@ 2 Y :
E (D
3 1 O
5 |
7))
4 of
C
— 300 ‘13
5 ¢
— 200 ‘1)
b
100 ‘1)
]

10

Fluence {mecmz}

Figure 4.5. (a) Reversible percent loss of peak intensity 40 ps following photoexcitation
versus excitation fluence. Error bars indicate standard deviation in the measurement. The gray box
indicates fluences past the melting threshold. (b) Integrated absolute change in scattering signal
versus excitation fluence. Error bars indicate standard deviation in the measurement. (c) Change
in NC temperature versus excitation fluence. Error bars indicate 95% confidence intervals from
the fitting algorithm.
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4.3. Conclusion

In summary, following moderate to high fluence photoexcitation, CsPbBrz NCs experience
significant impulsive heating. This heating causes the NCs to undergo an orthorhombic-to-cubic
phase transition observable through TR-XRD. Lattice recovery dynamics show extended time at
elevated temperatures and narrower diffraction peak widths providing further evidence of the
phase transition which recovers on the timescale of 510 + 100 ps. At fluences > 2.5mJ/cm?
reversible melting begins to occur with significant irreversible damage occurring at fluences > 18
mJ/cm?. The success of characterizing CsPbBr; with TR-XRD suggests it is a promising avenue
for studying thermal effects in other lead halide perovskites. These processes, particularly phase
transitions, need to be considered for perovskite materials under intense excitation as
optoelectronic characteristics have been shown to be strongly influenced by elevated

temperatures.°

4.4. Methods
4.4.1. Material Synthesis

CsPbBrs NCs were synthesized according to Protesescu et al.?® scaled up by a factor of

eight. NC size was determined via TEM using a JEOL-1400 microscope.
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4.4.2. Temperature Dependent X-ray Diffraction Measurements

Temperature dependent XRD measurements were performed on a Rigaku Smartlab

instrumentwith a temperature controller under a nitrogen environment.

4.4.3. Calculating Changes in Peak Position.

The changes in peak position were calculated by a global fitting method. First, the static
[110], [200], [211], and [202] peaks were fit to Gaussians. Then, at each time point the TR-XRD

pattern for each peak i was fit to the following equation:

Q-bg; Q—(1+a)b0i)2

AS;(Q) = Ai(—e_(c—oi) + Ze‘( Feor

! (4.1)

where AS is the change in scattering intensity, A is a normalization term, bo and co are the static
peak positions, « is the lattice expansion, g is the relative peak width, and y is a relative peak
intensity. This fit represents simply replacing the initial diffraction peak with a shifted peak. While
A was allowed to vary for each diffraction peak, the other three terms were globally fit to increase

the stability of the fitting algorithm.

4.4.4. Accounting for Degradation.

To account for degradation, static XRD patterns taken during different scans at the same

delay after laser excitation were compared with the following equations
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dij(@) = ~%118:j41(Q) = 5:;(Q) (4.2)
4(Q) = ~3,di;(Q) (43

ASi,j(Q) = Si,j(Q) - Sﬁl,j(Q) —(i—m) = CT](Q) (4.4)

Here, Sij is scattering intensity for the ith time point in the jth scan, there are a total of n time points
in a scan, dj is the average irreversible loss that occurs over scan j, and 7 is the nearest pre-time

zero point. For the final scan, the value of d taken from the penultimate scan was used.

4.4.5. Generated X-ray Diffraction Pattern.

The XRD patterns in Figure 4.1 were generated using VESTA based on a CIF file from

Stoumpos et al.14
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CHAPTER 5:OPTICAL SIGNATURES OF TRANSIENTLY DISORDERED
SEMICONDUCTOR NANOCRYSTALS

This chapter is based on the research described in the following publication:

Kirschner, M. S.; Diroll, B. T.; Brumberg, A.; Leonard, A. A.; Hannah, D. C.; Chen, L.
X.; Schaller, R. D. Optical Signatures of Transiently Disordered Semiconductor Nanocrystals.

ACS Nano 2018, 12 (10) 10008-10015.

The optoelectronic properties of semiconductor nanocrystals (NCs) have led to efforts to
integrate them as the active material in light-emitting diodes, solid-state-lighting, and lasers.
Understanding related high carrier injection conditions is therefore critical as resultant thermal
effects can impact optical properties. The physical integrity of NCs is indeed questionable as recent
transient X-ray diffraction studies have suggested that nanoscopic particles reversibly lose
crystalline order, or melt, under high fluence photoexcitation. Informed by such studies, here,
CdSe NCs are examined under elevated fluences to determine the impact of lattice disordering on
optical properties. To this end, intensity-dependent transient absorption are implemented using
both one- and two-pump methods where the latter effectively subtracts out the NC optical
signatures associated with lower fluence photoexcitation, especially band-edge features. At
elevated fluences, a long-lived induced absorption are observed at a lower energy than the
crystalline-NC bandgap across a wide range of sizes that follows power dependent trends and
kinetics consistent with the prior transient X-ray measurements. NC photoluminescence studies

provide further evidence that melting influences optical properties. These methods of
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characterizing bandgap narrowing caused by lattice disordering could facilitate routes to improved

optical amplification and band-edge emission at high excitation density.

5.1. Introduction

Interest persists regarding the behavior of quantum-confined semiconductor nanocrystals
(NCs) under high fluence excitation,11:24-354095.99-102,168.173-176 | aqdition to addressing
fundamental questions about NC physics, 1 9102188173177 characterizing NCs in this regime has
practical implications in display and lighting technologies that operate under sustained, high carrier
injection conditions.>-2831-339 NCs can exhibit narrow linewidth, band-edge photoluminescence
and high emission quantum vyields. Consequently, NC-based devices in some cases exhibit
excellent color purity as well as high quality white light when combined, which benefit NC
LEDs**28 and commercial displays. Related are lasers that utilize NCs as gain media that, in

addition to offering a tunable emission wavelength, exhibit low lasing thresholds.?®-%

Heat dissipation in such applications becomes important as elevated temperatures reduce
device performance and long-term NC stability.1’8-18% While thermal management represents a
central consideration in existing analogous commercial devices that utilize bulk materials,'’® these
concerns become increasingly pressing in NCs due to reduced thermodynamic stability” and low
thermal conductivity.®* Indeed, as demonstrated in Chapters 3 and 4, NCs undergo reversible
transient disordering, or melting, at sufficiently elevated excitation fluences.!®® The energy

required to induce this transition is highly dependent on NC volume (<N>~0.5 excitons per nm?
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for CdSe) with recrystallization occurring within 1 ns for the particle sizes studied. Perhaps most
notably, density functional theory modeling of disordered NCs suggest that they may present
dramatically perturbed electronic structures that would transiently alter their optical

characteristics.

Fluence-dependent optical properties of CdSe NCs have previously been studied in depth
with transient absorption.!t4%10L181 Syydies that explore pump fluence found long-lived
photoinduced absorptions emerging for elevated intensities, however, the extent to which these
optical observations are caused by thermal processes has yet to be investigated. Such features
cannot result from multiexcitonic effects since Auger recombination rates are understood to scale
quadratically with the number of carriers**1’’ such that, within tens of picoseconds, highly excited
NCs are reduced to containing only one or two excitons. Frequently, the origin of long-lived
photoinduced absorption at high fluences has been attributed to NCs undergoing Auger ionization
and surface charging.*>19%181 Here, ejected carriers become trapped on the NC surface resulting in
an unequal distribution of charges in the NC core which can influence the optical properties of
subsequent excitons. These previously observed photoinduced absorptions tend to share several
notable characteristics: a spectral position lower in energy than the bandgap, an increased
amplitude with higher photon energy and fluence, and a reduced amplitude with surface
passivation and sample stirring/flowing. Characterizing this interplay would enable better

understanding and routes to optimization of thermal management in relevant devices.

Here, the transient optical properties of NCs under high fluence photoexcitation are

reported. | begin by examining NCs with conventional pump-probe transient absorption (TA),
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which, at high pump fluences, results in convoluted dynamics. Consequently, the majority of this
chapter focuses on two-pump pulse TA (2pTA), wherein only the second pump pulse is
alternatingly blocked. 2pTA effectively simplifies the response of the NCs by saturating the lowest
energy band-edge states that otherwise dominate the TA spectra, increasing the sensitivity to high
fluence photoexcitation effects. In this regime, a lower energy photoinduced absorption appears
on the ultrafast timescale with an onset that is proportional to the NC volume, occurring at an
exciton density around <N>=0.15-0.32 excitons per nm?®. Further, high fluence photoluminescence
measurements show a reduction in the bandgap on the ultrafast timescale. The consistency of these
results with previous observations from TR-XRD suggest that there are electronic implications
due to NC disordering under high fluence photoexcitation. These characterization techniques
provide an avenue for understanding and improving the function of NCs in high carrier injection

applications.

5.2.  Results and Discussion
5.2.1. Differences between Low Fluence and High Fluence Dynamics

Figure 5.1 exemplifies the differences in photoresponse of NCs under low and high
photoexcitation fluences. Figures 5.1a and 5.1b show TA spectral maps of 2.0 nm radius CdSe
NCs under low (<N>=0.27) and high (<N>=100) fluences, respectively, with the low fluence data
normalized for having fewer photoexcited NCs. At low fluences where most NCs contain only a

single exciton, the TA spectrum exhibits a bleach feature (decreased absorption upon optical
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pumping) around 2.15 eV owing to state filling of the 1S exciton state.1#% With increasing pump-
probe delay time, the amplitude of this feature decays, but there are not significant spectral
changes. This contrasts with NC behavior under high fluence photoexcitation where in the first
few ps there are significant bleach features and increases in absorption (photoinduced absorptions)

that quickly decay away as a result of intraband relaxation (known to occur on sub-picosecond
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Figure 5.1. TA spectral maps of 2 nm NCs under (a) low and (b) high fluence photoexcitation with
average numbers of excitons of 0.27 and 100 respectively. In the low fluence data, the absorption
is normalized for the fact that fewer NCs are photoexcited by dividing by 1-P(N=0) as calculated
with Poisson statistics. (c) Transient absorption spectra at 150 ps under low (light blue) and high
(dark blue) fluence photoexcitation, along with the difference (red). (d) Dynamics under both
fluences monitored at 2.05 eV.
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timescales for hot excitons) and Auger recombination,}14%126 as well as solvent recovery
(Appendix C.5). Particles of this size and composition are expected to exhibit a biexciton lifetime
around 33 ps,19%126 which is observed through the bleach feature around 2.15 eV undergoing a
significant recovery within the first 100 ps, and suggests that the particles should only contain a
single exciton after this time period. However, a spectrally broad photoinduced absorption persists
for much longer. This feature is emphasized in Figure 5.1c which shows the high fluence (dark
blue) and the scaled low fluence (light blue) TA spectra, each at 150 ps along with the calculated
difference between the two spectra (red). Notably, the difference relates a photoinduced absorption
around 2.05 eV, which is lower in energy than the bandgap. Dynamics, monitored at 2.05 eV are

displayed in Figure 5.1d.

5.2.2. Strategies for Transient Absorption with Two Pump Pulses

Previous characterization of this photoinduced absorption has been limited owing to the
fact that it has significant spectral overlap with the optical response of single- and biexcitons. To
overcome this complexity, | implemented a two-pump TA technique (2pTA) as related in Figure
5.2a. While TA reveals differences between a ground state and an excited state, here | aim to
measure the effects of photoexcitation not solely attributable to single- and biexcitons. Therefore,
instead of comparing pump-on (photoexcited) vs pump-off (ground state) absorption spectra, |
compare the spectra under high pump power vs lower pump power photoexcitation. A lower power

“pump 1” photoexcites the sample to generate a population of single and biexcitons, and then 2
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picoseconds later (allowing sufficient time for intraband relaxation), a chopped, controlled fluence
“pump 2” photoexcites the same region of sample. By continuously comparing the sample
photoexcited by just pump 1 to photoexcitation by both pumps 1 and 2, the resulting difference
yields spectra and dynamics with greatly reduced effects from single- and biexcitons. The fluence
of pump 1 only has the requirement that it needs to be below the threshold to induce melting as
then it might subtract away these effects. However, as the intensity of pump 1 increases, it more
effectively subtracts away band-edge bleaching effects owing to the Poisson distribution. To this
end, the majority of this work utilized pump 1 fluences that generated an average number of
excitons around 1.3 to ensure that most of the NCs had at least one exciton while minimizing NCs
that are sufficiently excited to induce melting. The topic of pump 1 fluence is explored further in

Appendix C.1.

2pTA measurements minimize signals from processes that occur on laboratory timescales
(minutes and hours) while remaining sensitive to ultrafast processes. Specifically, as is often
conveyed in the literature,**1%%181 NCs might build up charge after numerous photoexcitations.
The dynamics of excitons in charged NCs are understood to be different than those in neutral
NCs.%” 2pTA should minimize these types of effects as single-exciton dynamics are subtracted
away regardless if they are perturbed by surface charging. Using this technique, the low fluence
dynamics are subtracted away as a constant percentage rather than as a constant number of

photoexcited NCs, as would occur with an algorithm that subtracts away low fluence data.
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Figure 5.2. (a) Schematic of 2pTA where pump 1 and the probe are incident on the sample at 500
Hz and pump 2, at a few ps time delay after pump 1, is alternatingly blocked or chopped. (b) and
(c) Power dependence of (b) one-pump TA and (c) 2pTA (with pump 1 set to generate an average
of 1.3 excitons), in each case showing transient spectra of 2.9 nm NCs 150 ps after photoexcitation.
In (c), <N> refers to the excitons generated by pump 2. Inset: The integrated peak area of the gray
region.

Figures 5.2b and 5.2c display comparisons between TA and 2pTA where the former relates
the power dependence of the TA spectra of 2.9 nm radius NCs while the latter shows the power
dependence of the 2pTA spectra (pump 1 fixed to generate on average of 1.3 excitons). Presented

spectra were acquired at 150 ps to enable sufficient time for Auger processes to occur. While the
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TA spectra are dominated by state filling effects, the 2pTA spectra reveal a photoinduced
absorption feature at higher fluences that progressively grows in amplitude and decreases in
energy. There is a slightly negative feature around 2.0 eV caused by the single and biexcitons not
perfectly subtracting out. The inset shows the normalized integrated peak intensity for the
highlighted spectral region as a function of power. In TA experiments, this region is dominated by
the bleach feature at low fluences, which is successfully removed in the 2pTA spectra. At higher
fluences, the photoinduced absorption dominates both the TA and 2pTA spectra, with the two
techniques eventually converging. The onset of this induced absorption feature indicates that some
physical phenomenon, specific to high power photoexcitation, is occurring, with an onset that is

clearer in the 2pTA experiments.

5.2.3. Fluence Dependence of Transient Disordering

Figure 5.3a shows the power dependence of the photoinduced absorption peak observed
with 2pTA for NCs of a range of sizes at 150 ps after photoexcitation. The peak areas were
calculated by integrating 25 nm spectral windows starting from a wavelength 12 nm longer than
the NC absorption maximum. Notably, all the NCs exhibit threshold-like behavior. The fluence of
the absorption onset was determined by fitting the data to a piecewise linear function (as detailed
in Appendix C.2), which reveals a strong dependence on NC size. For the smallest particles
examined, this threshold occurs around <N>=1.4, which does not include the excitons generated

by pump 1 (on average 0.85 for these 1.3 nm radius NCs). Additionally, the distribution of
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photoexcited NCs is Poissonic which results in the population of highly excited NCs in the
ensemble to be relatively large and to absorb relatively more photons when the mean is smaller.
Consequently, in these small NCs, the highly excited population might cause photoinduced
absorptions to begin to appear at lower fluences while much of the ensemble is still exhibiting
single-exciton dynamics. Conversely, the largest particles require around 80 excitons for this high
fluence feature to appear, which runs against suggestions that Auger-ionization-induced charging
might yield the observed photoinduced absorptions. Interestingly, if normalized by particle
volume, as is shown in Figure 5.3b, the power dependence of induced absorption becomes nearly
size independent occurring around 0.15-0.32 excitons per nm? for all sizes. A thermal process
might be expected to exhibit a dependence on volume as larger particles have larger specific heats.
Notably, the pump-fluence threshold associated with the observed low-energy photoinduced
absorption for each sample is consistent with the previous TR-XRD observations, as is presented
in the inset of Figure 5.3b. In the TR-XRD experiments, the disordering threshold occurs between
0.30-0.89 excitons per nm?, where the lower signal to noise in TR-XRD experiments may accounts
for the slight difference from 2pTA results.*®® Appendix C.3 includes additional information about

the 2pTA experimental procedures.
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Figure 5.3. Power dependence of the photoinduced absorption observed in 2pTA spectra 150 ps
after photoexcitation for NCs of a range of sizes as a function of the average number of excitons
generated by pump 2 (a) and excitons normalized by volume (b). Dashed gray lines indicate AA=0
and the dotted black line indicates the power utilized in Figure 5.3c which is past the melting
threshold. Solid lines in (a) are from fits of a piecewise linear function and the solid black line in
(b) 1s a fit to the average of NCs of all sizes. Inset: 2pTA power dependence compared to the
dependence observed in TR-XRD experiments for 2.0 nm radius NCs. (c) 2pTA spectra (solid)
compared to static absorption spectra (dotted) with AA=0 indicated (dashed). These spectra reveal
the additional electronic transitions enabled by NC melting.

Figure 5.3c shows 2pTA spectra of NCs 150 ps after overall photoexcitation at 0.63
excitons per nm?®. Consistent with Figure 5.2b, the photoinduced absorptions are broader and occur
at lower energies compared to the static spectra (included as dotted lines). The defined position of
these photoinduced absorptions implies that they represent a transition into a distinct state rather

than a continuum, where the latter is often argued occurs with photocharging. 4% It is also worth
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noting that while heating NCs should result in a slight decrease in bandgap owing to crystal
expansion, it would not result in the observed net increase in absorption.'®2. Conversely, the
observed decrease in energy is consistent with theoretical predictions of NCs undergoing melting.
188 Therefore, based on the threshold-like behavior—for fluences that are consistent with TR-XRD
measurements'®—and the spectral properties of the high fluence photoinduced absorption, this
low energy photoinduced absorption can be attributed to NC melting. Although the increased
oscillator strength and peak broadening that lattice disordering induces is detrimental to some

applications such as lasing,'°* it may prove beneficial in other contexts.

It is worth considering how the thermal energy responsible for inducing this transition from
crystalline to disordered is transferred to the lattice. Following photoexcitation, LO phonons are
rapidly generated through Frolich electron-phonon coupling as the exciton relaxes to the band-
edge’®® depositing energy into the lattice equal to the difference between the photon energy and
the lowest-accessible energy level. Consequently, higher energy photons should deposit more
energy, which may be responsible for previous observation of larger photoinduced absorptions for
excitation with higher frequency photons rather than its prior attribution to differences between
the relaxation pathways of various excitonic states.*® Additionally, most of the multiexcitons
undergo Auger recombination, where one exciton relaxes to the ground state by transferring its
energy to either an additional electron or hole. This hot carrier then undergoes intraband relaxation
depositing thermal energy equivalent to the energy of the exciton with which it Auger recombined.
This process is often referred to as Auger heating.*® The energy deposited from Auger heating is

thus the bandgap times the number of excitons minus 1—since the final exciton cannot undergo
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Auger recombination—provided the NC is charge neutral and with the simplifying assumption
that only band-edge excitons undergo Auger recombination. The relative contributions of these
two heating pathways then depends on the NC bandgap and the pump photon energy. Just as an
example, for the case of a 3-eV pump and 2-eV bandgap with 10 excitons generated, direct
intraband relaxation then yields 10 eV of deposited energy (assuming eventual cooling of all
excitons to the band-edge prior to Auger processes), and Auger heating produces 18 eV of energy.

Dismissing this assumption would shift more energy deposition to Auger heating.

5.2.4. Disordering Dynamics

Figure 5.4a shows the 2pTA spectra of 2.0 nm radius CdSe NCs under high fluence
photoexcitation (pump 1 generating an average of 1.3 excitons, pump 2 at <N>=11) at several time
points. During the first few picoseconds after pump 2, there are broad, low energy, photoinduced
absorptions commensurate with intraband relaxation and solvent response, as was observed in TA,
along with bleach features from the low or unexcited NC population following pump 1. These
features decay away rapidly and are followed by the subsequent development of the photoinduced
absorption attributable to melting. The spectral properties of this photoinduced absorption changes
over the first few hundreds of picoseconds and then decay away on the timescale of a few
nanoseconds. The data later than 10 ps was globally fit to three exponential decays and an offset
to account for slow, nanosecond timescale processes. The decay lifetimes were kept constant

across the spectrum while the various pre-exponential factors and offset terms were varied
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independently at each wavelength. Figure 5.4b shows the relative values of those pre-exponential
factors. The spectral characteristics of these time components are not necessarily representative of
distinct species, but do provide insight regarding how the 2pTA spectrum evolves in time. Notably,
the 135 ps time component is consistent with observations from TR-XRD. Additionally, it is
spectrally similar to what is predicted for a molten NC with a lower energy absorption peak,
suggesting it is the result of the spectrum changing from NC recrystallization. This measurement
is, however, sensitive to effects on NC bandgap, which does not necessarily follow a linear
relationship with NC crystallinity—not to mention that recrystallization does not necessarily
follow exponential kinetics. Consequently, recovery timescales observed here are not a direct

analog of TR-XRD measurements.

Figure 5.4c shows the fast and slow (inset) 2pTA dynamics of all the NCs from Figure 5.3
in the spectral region attributed to the photoinduced absorption peak. Again, intraband transitions
and fast solvent response are responsible for an early induced absorption that in roughly a
picosecond transitions into a bleach feature—Ilikely the result of state filling in the portion of NCs
lacking 2 or more excitons!**°—and then rapidly transitions back into a photoinduced absorption.
The rise of the later photoinduced absorption scales with NC size, occurring faster for smaller NCs.
The few-picosecond development of the photoinduced absorption could represent the timescale of
NC melting where the rate of Auger heating combined with reduced melting temperature could
dictate the size-dependent rate of disordering. The magnitude of this photoinduced absorption rise
time does depend on the fluence of pump 1 (Appendix C.1) with less initial bleach observed for

higher pump 1 intensity. Therefore, this rise time represents a lower limit on the melting timescale



103

as faster processes might be obscured by the dynamics of NCs unexcited by pump 1. The inset

displays the kinetics of the NCs at longer times along with global fits, as performed in Figure 5.4b.

All NC samples exhibit time components consistent with reordering (on the order of 150 ps).
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Figure 5.4. (a) 2pTA spectra of 2.0 nm NCs at <N>=11 (pump 1 generating an average of 1.3
excitons) at several time points. The spectra at 1 and 2 ps are scaled down by a factor of 10. (b)
Pre-exponential factors of a global fit of the 2pTA spectra from (a). (c) Kinetics for the first 20 ps
of the spectral region where the induced absorption occurs for NCs of a range of sizes. Peak areas
are normalized such that the maximum of the second induced absorption minus the minimum of
the bleach feature is 1. Inset: Dynamics for 20 ps to 6 ns for those NCs along with fits. Details of
the fits are included in Appendix C.3.
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5.2.5. Photoluminescence Measurements

To further investigate the effects of high fluence photoexcitation on NCs, a series of
photoluminescence (PL) measurements was performed. Previous work characterized CdSe PL
under this excitation regime with a focus on distinguishing biexciton and higher-multiexciton
radiative transitions.®®74-176 However, here | am examining if emission consistent with radiative
recombination from melted NCs is observable. Figure 5.5 shows normalized PL spectra of 2.0 nm
NCs for the first 20 ps after photoexcitation under a range of fluences obtained using a streak
camera. At higher fluences a peak attributable to radiative decays from higher-energy exciton
states is observed. However, as the power increases even more, the PL spectrum begins to lose
distinct features. This breakdown is consistent with melting which would cause a decrease in the
band structure and a broader, less structured transition. It is also notable that as the fluence
increases, the lower-energy edge of the PL shifts to lower energies. In previous work, such shifting
has been attributed to a combination of neutral and charged biexcitons derived from Coulomb
binding energies.®®14-16 Gijven the continual decreases in energy, thermal processes may
contribute to the lower energy emission. The inset displays the total spectrally integrated PL
intensity under the same fluences, here collected with a CCD. The total intensity increases with
excitation power until <N>=10 for this sample where the intensity saturates and then slightly
decreases. The PL spectra and dynamics are included in Appendix C.4 and do not significantly
change with fluence, suggesting that NC disordering does not alter the decay pathway of single

excitons.?’
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Figure 5.5. Normalized photoluminescence spectra of the first 20 ps following photoexcitation in
2.0 nm NCs. Inset: Total photoluminescence as integrated with a CCD.

5.3.  Conclusion

In summary, high fluence photoexcitation of CdSe NCs causes optical changes consistent
with the reversible melting noted in recent TR-XRD studies. At sufficiently high fluences (<N> ~
0.25 excitons/nm?), an induced absorption lower in energy than the NC bandgap begins to appear
with a recovery component on the timescale of 150 ps. The reduction in bandgap, suggests that
reversible melting would likely have a deleterious effect on most devices that rely on high carrier
injection conditions. The ability to characterize this phenomenon without a synchrotron will enable
an improved understanding of the behavior of highly excited NCs. This insight could enable the
design of NCs with improved resilience to melting and thus higher performing devices. The

findings suggest also that shell growth on particle cores may improve performance owing to
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increased specific heat and reduced surface energy, rather than improved surface passivation as

commonly believed.

5.4. Methods
5.4.1. Material Synthesis

The synthesis of wurtzite CdSe nanocrystals followed a modified and scaled-up version of
literature procedures.'?® First, a selenium precursor solution was made by dissolving 348 mg
powdered selenium (99.99%, Aldrich) in 1.7 mL of trioctylphosphine (90%, Aldrich) in a nitrogen
glovebox. In a 3-neck flask, 360 mg CdO (99.99%, Aldrich), 18.0 g trioctylphosphine oxide (99%,
Aldrich), and either 1.40 g of tetradecylphosphonic acid (Strem, 99+% used for synthesis of larger
CdSe nanocrystals) or 1.68 g octadecylphosphonic acid (Strem, 99+%, used for synthesis of
smaller CdSe nanocrystals) were combined and held under vacuum at 120°C for 1 hour, then
heated to 300°C under nitrogen and held until the reaction mixture became clear, indicating the
formation of cadmium phosphonate complexes. Then, 10 mL trioctylphosphine was injected and
the reaction mixture was heated to 340-370°C. (Higher temperatures for smaller particles.) After
reaching the set-point temperature, the selenium precursor solution was rapidly injected and the
temperature was maintained from 0-15 minutes: for larger nanocrystals, lower temperatures and
longer reaction times were used. To synthesize the smallest nanocrystals in this study, an additional
300 pL of diphenylphosphine (98%) was added to the selenium precursor solution prior to

injection and the reaction was cooled immediately afterward. Nanocrystals were purified by



107
methanol precipitation and two additional hexanes/isopropanol washes, re-dispersing the

nanocrystals in hexanes.

5.4.2. Optical Measurements

All samples were suspended in hexanes for optical measurements and rapidly stirred and
translated. Transient absorption measurements were performed using a 500 Hz, 35 fs Ti:S
amplifier. The 800 nm output was beamsplit with one portion frequency doubled to generate the
pump pulses, and a smaller portion time-delayed and focused into sapphire to produce a white light
probe beam. Pump pulses were mechanically chopped at 250 Hz to compare probe intensity though
the sample with and without photoexcitation. Pump spot sizes were measured via transmission
through a pinhole. The 2pTA experiments utilized the same laser. The delay between the pump
and the probe was 2 ps. The pump 1 powers generated an average number of excitons of 0.85, 1.3,
1.3, and 3.1 for NCs of R=1.3, 2.0, 2.9, and 4.0 nm respectively. In the photoluminescence
measurements, the laser rep rate was raised to 2 kHz. For the time resolved PL (early time in the
main text), the photons were directed into a 150 mm spectrograph and single-photon- sensitive
streak camera. Detector regions were binned vertically or horizontally to produce time-resolved

spectra or spectrally resolved dynamics. The total PL was collected with a CCD.

Based on absorption spectra, NC sizes and cross sections were calculated at 400 nm using
previous work by Yu et al*?® and Klimov,'? respectively. The numbers of excitons per particle

were estimated for each condition using the cross sections and the measured laser fluence.



108
CHAPTER 6: SIZE-DEPENDENT COHERENT-PHONON PLASMON MODULATION
AND DEFORMATION QUANTIZATION IN GOLD BIPYRAMIDS AND
NANOJAVELINS

This chapter is based on the research described in the following publication:

Kirschner, M. S.; Lethiec, C. M.; Lin, X. M.; Schatz, G. C.; Chen, L. X.; Schaller, R. D.
Size-Dependent Coherent-Phonon Plasmon Modulation and Deformation Characterization in

Gold Bipyramids and Nanojavelins. ACS Nano 2018, 12 (10) 10008-10015.

Localized surface plasmon resonances (LSPRs) arising from metallic nanoparticles offer
an array of prospective applications that range from chemical sensing to biotherapies. Bipyramidal
particles exhibit particularly narrow ensemble LSPR resonances that reflect small dispersity of
size and shape but until recently were only synthetically accessible over a limited range of sizes
with corresponding aspect ratios. Narrow size dispersion offers the opportunity to examine
ensemble dynamical phenomena such as coherent phonons that induce periodic oscillations of the
LSPR energy. Here, transient optical behavior of a large range of gold bipyramid sizes are
characterized, as well as higher aspect ratio nanojavelin ensembles with specific attention to the
lowest-order acoustic phonon mode of these nanoparticles. Coherent phonon-driven oscillations
of the LSPR position are reported for particles with resonances spanning 670 to 1330 nm.
Nanojavelins were shown to behave similarly to bipyramids but offer the prospect of separate
control over LSPR energy and coherent phonon oscillation period. A new methodology for
quantitatively measuring mechanical expansion caused by photo-generated coherent phonons is

developed. Using this method, an elongation of approximately 2% per photon absorbed per unit
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cell is found and that particle expansion along the lowest frequency acoustic phonon mode is
linearly proportional to excitation fluence for the fluence range studied. These characterizations
provide insight regarding means to manipulate phonon period and transient mechanical

deformation.

6.1. Introduction

Synthetic control over the size, shape, and composition of metallic nanoparticles affords
tunability of localized surface plasmon resonances (LSPRs) from the ultraviolet through the mid-
infrared.*"184188 Controlling the LSPR energy facilitates nanoparticle-based applications that
range from use as SERS substrates*®>>>" and chemical/biological sensors*®*>>" to medical
therapeutic applications® 18919 and photocatalysis.®1% Whereas the large extinction cross-
sections presented by LSPRs draw interest for applications, ensemble polydispersity represents
another key feature as reflected in the LSPR linewidth. Gold bipyramids exhibit narrow ensemble
linewidths, largely dominated by homogeneous dephasing’®™ 1% (especially narrow in
comparison to spheres and rods), which reflects the monodispersity of the sample. The
comparative homogeneity of the ensemble permits time-dependent, ensemble characterization of
coherent acoustic phonon oscillations’®"7® that interestingly yield prominent, periodic shifts of
the LSPR energy owing to expansion and contraction of the particles. While other nanostructures
can exhibit the same phenomenon, particle size dispersion leads to variation in phonon frequencies

causing fast inhomogeneous damping that typically dominates ensemble dynamics.*765187.188
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Previously, Pelton et al. examined bipyramids with an LSPR near 700 nm, characterized

and also modeled the LSPR oscillations via a parameter-free model.”” They could separate
damping processes related to energy dissipation into solvent (fluidic damping) vs particle-intrinsic
damping and found that intrinsic damping was consistent across a range of suspension media. In
subsequent work, they generalized this model to include particles with an arbitrarily slender shape
and, by characterizing a series of similarly sized particles, argued that damping is a property of
material and geometry.”® Fernandes et al. demonstrated use of bipyramid acoustic phonons to
perform mass sensing.”® Upon growing a thin layer of silver on a gold bipyramid sample they were
able to observe a shift in vibrational frequency and correlated the shift to the mass of silver added.
Their work also led to observation of higher-order vibrational modes of bipyramids and the
characterization of how such higher-order modes changed with the geometric alteration induced

by the addition of silver.

Despite these preceding works, some properties of these coherent phonons remain
ambiguous. One such aspect is the fluence- and particle-size-dependent displacement amplitude
of the phonon-induced particle deformation in bipyramids, although some studies have measured
such for other nanoparticle systems. Hartland measured the expansions of gold nanospheres from
coherent acoustic phonons based on shifts in LSPR position obtained from optical transient
absorption spectroscopy.'® He found radial increases around 0.4% for excitation fluxes around
2.5x10%° photons/cm? of 390 nm pump photons.®” Other studies utilized x-ray characterizations.
Plech observed lattice expansions of <1.2% for laser pump intensities up to near 8x10%°

photons/cm? from a 400 nm source using transient x-ray scattering.®® Using truncated gold
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octahedral nanocrystals pumped at a fluence of 4x10%° photons/cm? from a 800 nm source,
expansions of around 0.5% were reported by Clark et al.®® However, these efforts rely on isotropic
systems or complex spectroscopic techniques. A more robust methodology is required to
understand acoustic phonon vibration in the ever increasing variety of particle geometries. This
need is especially relevant for bipyramids as the most recent synthetic progress is able to produce
a wider range of bipyramids with high yield'®*1% as well as nanojavelins—extremely elongated

bipyramids with surface plasmon resonances that extend into the near-infrared range.'*®

Here, time-resolved spectroscopic measurements and theoretical modeling of a large range
of gold bipyramids and nanojavelins are reported with LSPR extinction maxima that range from
650 to 1350 nm. First, the dependence of coherent phonon dynamics with particle size and aspect
ratio are characterized, and it is demonstrated that LSPR position and phonon frequency can
independently be varied. Then, a methodology to calculate particle expansion caused by coherent
acoustic phonons is developed using transient absorption spectroscopy in conjunction with
theoretical modeling. Using this approach, it is shown that particle expansion is linearly dependent
on excitation power with larger particles exhibiting slightly higher relative expansions. Taken
together, these results provide a better understanding of how to manipulate phonon dynamics as

well as their mechanical impact on nanoparticles.
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6.2.  Results and Discussion
6.2.1. Independent Manipulation of Plasmon Resonance and Phonon Frequency.

Figure 6.1a shows transmission electron micrographs (TEMSs) and extinction spectra
(absorption and scattering contribute) for a series of gold bipyramids and nanojavelins (herein
referred to as samples A-G) suspended in water with a broad range of LSPR positions, spanning
from 650 to 1350 nm. Samples A-E were synthesized following the procedure published by Liu
and Guyot-Sionnest,'®® whereas samples F-G were prepared using the procedure outlined by
Chateau et al. which results in rougher, sawtooth-like edges.’® The redder LSPR extinction
maxima arise from longitudinal plasmon resonances while features near 550 nm originate from
both transverse LSPR modes of the bipyramids/nanojavelins and undesired synthetic side products
such as small nanospheres and nanorods.'®® Figure 6.1b shows that these longitudinal LSPRs
depend linearly on aspect ratio, defined as particle length/width, which is consistent with previous

measurements.1%
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Figure 6.1. (a)(top) Transmission electron microscopy of samples A thru G, (bottom) extinction
spectra for the indicated samples where solid lines indicate bipyramids (A-E) and dashed lines
indicate nanojavelins (F and G). The white scale bars are all 100 nm in length. (b) Position of the
longitudinal LSPR vs aspect ratio for samples A-G from panel (a) where red “x” shapes indicate
nanojavelins. The solid line is a linear fit of the five bipyramid samples. Error bars represent
standard deviation in ensemble aspect ratio as derived from TEM.

For each of these samples, broadband transient absorption was performed using a pump
wavelength tuned to the LSPR extinction maximum. Despite the differences in the synthesis and
surface details, both types of particles present coherent acoustic phonons reflected in their transient
absorption spectrum. Figure 6.2a shows the raw transient absorption spectrum for nanojavelin
sample G. There is substantial oscillatory red and blue shifting of the LSPR center wavelength
owing to the photo-induced generation of coherent acoustic phonons. Upon elongation, the LSPR
broadens and red-shifts to produce an induced absorption feature, as well as a concurrent bleach
of the static LSPR position in addition to some evidence of broadening. For all seven samples, and

as shown in the inset of Figure 6.2b, the LSPR oscillatory features was fit to obtained the coherent
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phonon frequency as well as oscillation quality factors with a procedure detailed in Appendix D.1.
It was found that phonon periods depend linearly on particle length for bipyramids and
nanojavelins, consistent with the lowest-confined acoustic mode.” At present, bipyramid
syntheses do not permit facile independent tuning of both aspect ratio and length. As a result,
adjusting the LSPR vyields a concomitant change in the phonon period, which is set by the
nanoparticle length. However, it is possible to create nanojavelins with nearly the same length as
bipyramids but significantly different aspect ratios such as samples D and F. These two ensembles
exhibit similar phonon periods of 93 ps and 85 ps but quite different LSPR resonances of 872 nm
and 1096 nm. These measurements then demonstrate that, through utilizing nanojavelins, one can

further control particle LSPR energy and phonon period.
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Figure 6.2. (a) Representative experimental broadband transient absorption dynamics, here for
sample G. (b) Particle length vs measured phonon period. This solid line is a linear fit for the five
bipyramid samples. Error bars indicate standard deviations in ensemble size. Variation in the
phonon period is less than 0.3% so no vertical error bars are included. Inset: LSPR peak center
modulation caused by acoustic phonons for the data in panel (a). Experimental data points are
shown in blue and the dark grey line arise from fitting to Equation 1. Note that the shift in LSPR
in the inset relates both coherent phonons and lattice heating. Lattice heating in the samples is
discussed in Appendix D.2.
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6.2.2. Mechanical Deformation from Acoustic Phonons.

Understanding lattice distortion extent in metal nanoparticles is generally quite
challenging. However, here | develop a technique to quantify the effects of lattice distortions on
plasmonic properties. To determine this particle deformation caused by the coherent acoustic
phonons several theoretical tools were used in conjunction with experimental data. First, finite-
difference time-domain (FDTD) simulations were performed using particle dimensions based on
TEM images to calculate the extinction spectra of the samples. Figure 6.3a shows the calculated
and experimental optical spectra for sample C. The redder, longitudinal plasmon resonances
exhibit good agreement. The calculated higher energy peak, around 512 nm, corresponds to the
transverse plasmon mode and is masked in the experimental spectra by the large peak around 555
nm corresponding to the LSPRs of spherical nanoparticles in the sample. These FDTD calculations
also provide spatial mapping of the electric field distribution at the particle surface, shown as an
inset in Figure 6.3a of sample C. As expected, the highest field intensity appears close to the tips

of the bipyramid, corresponding to the longitudinal plasmon resonance.

Finite-element analysis (FEA) was used to calculate the frequency of the acoustic
vibrations associated with the samples. In Figure 6.3b the measured and calculated periods of the
acoustic mode are shown as a function of the longitudinal plasmon resonance. The calculated
periods closely match those of the measured oscillations with a slight systematic increase. Figure
6.4a shows how FDTD and FEA were combined to calculate particle deformation after photo-
excitation. Using FEA the direction of the geometric change induced by the acoustic phonon was

determined. The LSPR peak shift with expansions of different magnitudes along that phonon mode
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were then calculated via FDTD. These calculations on bipyramids were performed with a long
axis extended in a range of 0.1% to 1% of its original value and contracted along the short axis.
Figure 6.4a shows a rather linear dependence of the LSPR shift as the particle undergoes
elongation. These calculations were then used to generate a calibration plot to allow the conversion

of peak shift to mode-specific particle elongation.
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Figure 6.3. (a) Experimental (in blue, arbitrary unit) absorption spectrum measured on Sample C.
The absorption spectrum calculated on a gold bipyramid with the same dimensions as Sample C
is also plotted (in red). The theoretical spectrum displays both the transverse (around 512 nm) and
longitudinal (at 829 nm, dash line) plasmon resonances. The experimental transverse plasmon
resonance overlaps with the plasmon band from the impurities in the sample. Inset: FDTD
simulation of the 2D projected near-field enhancement around the same gold bipyramid as in a,
calculated at 829 nm. (b) Measured (blue) and calculated (red) oscillation period of the vibrational
mode as a function of the longitudinal plasmon resonance for the five samples of gold bipyramids.
Inset: simulated displacement of a bipyramid during acoustic mode oscillation (not at scale).

To relate these calculations to experimental data, the time dependent position of the LSPR

after photoexcitation was fit to a function of the following form

t

2
we(t) = X; b; et/ e_(gf) sin (% + qoj) +wg + ae =t/ Feool (6.1)
J
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This equation includes for a given phonon mode j, the maximum coherent phonon displacement
B, homogeneous lifetime 7,, inhomogeneous lifetime due to nanoparticle polydispersity t,, the
period of the acoustic vibrations T, and phase shift ¢, along with the static LSPR position w,, a
lattice heating term «, and a lattice cooling lifetime t.,,;. Here, a single frequency, the lowest-
energy phonon mode, dominates the oscillatory behavior of the LSPR signal and therefore obviates
the summation as only one phonon mode is modeled in the fit. Homogeneous quality factors did
not exhibit monotonic dependence on particle size, but these values (which range from roughly
10-30) likely depend on details of the particles such as surface roughness and facet imperfections
evident in TEM as examined and discussed in Appendix D.3 along with information regarding

fitting procedures.

Figure 6.4b shows the coherent phonon-induced shift in the LSPR peak position (8)
measured as a function of pump intensity for the bipyramid samples. Note that the extrapolation
to zero photons absorbed gives a residual, apparent particle expansion in both theoretical (6.4a)
and experimental data (6.4b). It is unclear why this trend is observed. For the theoretical data it is
possibly caused by uncertainty from the high-resolution meshing and prohibitively high precision
calculations impedes still smaller-expansion modeling. The low power regime also yields
experimentally reduced signal-to-noise. Still, the trend may relay physical meaning. For instance,
scattering of hot electrons and higher-energy phonons may cause pre-existing acoustic phonons to
enter into phase as phonon injection locking has been reported in other systems,*® though such a

notion requires future research.
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Figure 6.4. (a) LSPR shift from different particle expansions as estimated from FDTD and FEA
simulations. While the particle elongations in these theory calculations are much larger than is
observed experimentally, they can be extrapolated to predict dynamics on experimental scales that
are not computationally feasible. Since FDTD is highly sensitive to small changes in bipyramid
geometry and high-resolution meshing there is some uncertainty in these calculations, on the order
of a few wavenumbers. (b) LSPR shifts observed from coherent acoustic phonons normalized for
particle size. Unit cells were assumed to be FCC structure (4 atoms per unit cell) and particle
absorption cross sections, listed in Table D.1, were taken from FDTD calculations. Error bars are
the 95% confidence interval from the fitting algorithm. (c) Particle elongation versus photons
absorbed per unit cell from the experimental data in b combined with a calibration curve generated
from theory results in a. Error bars are the same as those in b. (d) Slopes of linear fits of the data
in ¢ along with expected slopes based on the linear thermal expansion coefficient and specific heat
of gold. Horizontal error bars are standard deviations in size from TEM images and the vertical
error bars represent the uncertainty from the calibration curves (Figure 6.4a) calculated from the
ratio of the residual sum of squares to the total sum of squares.
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Combining the slope information from theory (Figure 6.4a) and experiment (Figure 6.4b),

the power dependence of particle elongation in Figure 6.4c can be evaluated. This analysis shows
that elongation exhibits a fairly linear dependence on excitation intensity, which is consistent with
observations for nanospheres using transient x-ray scattering.!%® As can be seen in Figure 6.4b,
LSPR shifts do not exceed 15 cm™ across this range of powers and samples, which translates to
transient particle elongations of less than 0.2%, comparable to what has been reported for
nanospheres.%8%%187 However, here strictly coherent, mode-specific expansion is considered
whereas prior efforts also included incoherent lattice heating, making it difficult to perform direct
comparisons between different reports. | do not expect it is possible to obtain significantly larger
changes in particle elongation than those shown in Figure 6.4 as additional deposited energy from
still higher pump intensity likely goes toward rapid melting rather than coherent expansion of the
particle.%81% In Appendix D.4, overall changes in particle size from coherent phonons are

estimated.

Figure 6.4d shows the slope of percent elongation over photon absorption for the data
shown in Figure 6.4c along with expected slopes from the thermal expansion coefficient of gold.®®
These measured values, when normalized for particle size, exhibit only a slight size dependence
with more expansion occurring for larger particles, which could be explained by the longer
particles having lower energy phonons. If the bipyramidal phonon modes were populated with a
Boltzmann like distribution of energy, higher percentages of the energy would be converted into
lower energy phonon modes for these bigger bipyramids. Alternatively, larger bipyramids have

higher scattering cross-sections. Provided that some of that scattering is inelastic, it will contribute
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to generation of phonons. However, this effect is expected to be small since scattered photons
impart significantly less energy than absorbed photons and the scattering cross section is on the
same order of magnitude as the absorption cross sections. Although these differences exist, the
expansion per photon absorbed is on the same order of magnitude across the examined size range,
which indicates that size dependent effects on elongation are weak. These measurements are also
on the same order as estimated from the thermal expansion coefficients of gold which are
dependent on the excitation wavelength with more expansion expected for higher energy photons.
This similarity is surprising as the experimental data reflects coherent phonons which
constructively interfere, whereas thermal expansion is an incoherent process which also involves
destructive interference. Likely, only a small percentage of the absorbed energy goes into these
coherent acoustic phonon modes and other heat dissipation pathways are also quite important.
These dissipation pathways could be further explored using the analysis developed by Crut and his
coworkers which could provide added insight into the size dependence of the expansion per photon

absorbed. 375200

6.3. Conclusion

In conclusion, it was demonstrated that coherent acoustic phonons in nanojavelins exhibit
similar size dependent trends as bipyramids providing a method to separately control LSPR
position and phonon frequency. Additionally, by using theoretical tools and transient absorption

spectroscopy, it is possible to quantify particle expansion from photogenerated coherent acoustic



121
phonons which has a linear power dependence that slightly increases with particle size. This
information provides a guide for designing particles with tunable LSPR as well as understanding
the resulting mechanical response to photoexcitation. Future work could include using these design
principle to create gold bipyramids with low frequency phonons excited by convenient
wavelengths for mass sensing applications or utilizing the ability to measure mechanical

displacement to further develop models of phonon-solvent interactions.

6.4. Methods
6.4.1. Material Synthesis

Gold bipyramids and nanojavelins used in this study were both synthesized using a seed-
mediated growth approach, but followed two separate synthesis routes published earlier.1931%
Briefly, to synthesize gold bipyramids, gold seeds were created by reacting HAuCls with NaBH4
solution in the presence of sodium citrate. The seeds were aged for two hours before use. For
growth of the bipyramid, HAuCl4 solution with trace amount of AgNOs added were mixed with
cetyltrime-thylammonium bromide (CTAB) solution, acidified by a small amount of HCI, and
reduced by L-ascobic acid. Right after the reduction, small amounts of seeds were added, and the
reaction was allowed to proceed in a 30°C bath for two hours. The aspect ratio of the bipyramid
was controlled by the different amount of AgNO3 added. To synthesize gold nanojavelins (sample
F and G), seeds were created by reduction of HAuCIls in the presence of 25%

cetyltrimethylammonium chloride (CTAC) solution with NaBH4/NaOH solution. The seeds were
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aged in a 85°C oil bath for 1h, and further aged in ambient conditions for one day prior to the
growth reaction. The growth solution consisted of HACl4, a mixture of CTAB and CTAC, small
amount of silver nitrate, and initiated by adding a mild reducing agent 8-hydroxyquinoline.
Immediately after the reduction, different amounts of seeds are added to control the aspect ratio of

nanojavelins.

6.4.2. Optical Measurements

All samples were suspended in water for optical measurements and rapidly stirred.
Transient absorption measurements were performed using a 2 kHz, 35 fs Ti:S amplifier. The 800
nm output was beamsplit to pump an optical parametric amplifier that produced tunable pump
pulses at the LSPR of the sample, and a smaller portion was time-delayed and focused into sapphire
to produce a white light probe beam. Pump pulses were mechanically chopped a 1 kHz to compare
probe intensity though the sample with and without photoexcitation. Pump spot sizes were

measured via transmission through a pinhole.

6.4.3. Electrodynamics and Continuum Mechanics Calculations

Finite-difference time-domain (FDTD, Lumerical Solutions) simulations were performed
to calculate the absorption and scattering spectra of the samples. The dielectric permittivity

tabulated by Johnson and Christy for gold was used?® and the background refractive index was
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set to 1.33 for water. As the measurements have been performed on an assembly of bipyramids in
solution, the calculated absorption spectra correspond to the sum of the spectral response under

plane-wave irradiation with polarization parallel and perpendicular to the bipyramid long axis.

FEA software (Abaqus, version 6.13-2) was used to calculate the frequency of the acoustic
vibrations associated to each sample. These simulations have been performed on a continuous
pentagonal bipyramid,*®® with material mechanical properties defined according to bulk gold
(Young’s modulus=79 GPa, Poisson’s ratio=0.4 and density=19300 kg.m=). The modeling
dimensions and shape (including length, width and radius of curvature) were based on the TEM

measurement of several individual nanoparticle features.
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CHAPTER 7: PHONON-DRIVEN OSCILLATORY PLASMONIC EXCITONIC
NANOMATERIALS

This chapter is based on the research described in the following publication:

Kirschner, M. S.; Ding, W.; Li, Y.; Chapman, C. T.; Lei, A.; Lin, X.-M.; Chen, L. X.;

Schatz, G. C.; Schaller, R. D. Nano Lett. 2018, 18 (1) 42-448.

| demonstrate that coherent acoustic phonons derived from plasmonic nanoparticles can
modulate electronic interactions with proximal excitonic molecular species. A series of gold
bipyramids with systematically varied aspect ratios and corresponding localized surface plasmon
resonance energies, functionalized with a J-aggregated thiacarbocyanine dye molecule, produce
two hybridized states that exhibit clear anti-crossing behavior with a Rabi splitting energy of 120
meV. In metal nanoparticles, photoexcitation generates coherent acoustic phonons that cause
oscillations in the plasmon resonance energy. In the coupled system, these photo-generated
oscillations alter the metal nanoparticle’s energetic contribution to the hybridized system and, as
a result, change the coupling between the plasmon and exciton. | demonstrate that such
modulations in the hybridization is consistent across a wide range of bipyramid ensembles. Finite-
Difference Time Domain calculations are also used to develop a simple model describing this
behavior. Such oscillatory plasmonic-excitonic nanomaterials (OPENS) offer a route to manipulate
and dynamically-tune the interactions of plasmonic/excitonic systems and unlock a range of

potential applications.
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7.1. Introduction

Nuclear motions have long been examined in photochemistry, most often in the context of
vibrationally mediated photodissociation.?%22% Recent efforts have utilized vibrational motions to
control the photoresponses of more complex systems. For example, in a variety of donor-bridge-
acceptor molecules, charge transfer rates between the donor and acceptor could be manipulated by
exciting bridge vibrations.2%-2  Additionally, selective excitation of vibrational modes in a
pentacene/C60 photoresistor resulted in photocurrent enhancement.’® An analogous set of
systems that has yet to be considered are optically active nanomaterials such as plasmonic
nanoparticles. These materials have pragmatic advantages such as tunable optical resonances and
compositions, large photoabsorption cross sections, high photostabilities, and inexpensive,
scalable syntheses. Further, they often have simpler electronic/geometric relationships, such as the
linear relationship between aspect ratio and plasmon resonance in gold nanorods/bipyramids.
Nanomaterials also offer the potential to control the distance and relative orientation between
interacting systems. These benefits make nanoparticles an enticing system for advancing
vibrationally mediated photochemistry and manipulating complex electronic phenomena in

molecular systems.

Numerous studies of the vibrational modes of nanomaterials have been reported.*:70214-
216,71,75,77.209-213 Mych of these works have been concerned with time-dependent characterization
of geometric changes induced by coherent acoustic phonons generated following photoexcitation.
Small changes in particle geometry result in discernible changes in optical properties such as

localized surface plasmon resonance (LSPR) energy, which permits the characterization of the
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phonon modes that alter such resonances. However, the size dispersion in an ensemble of
nanoparticles generally leads to a variety of phonon frequencies that can result in a significant
inhomogeneous dephasing.*’2%921% This dephasing can be circumvented through the use of single
particle measurements’ 7214215 or relatively monodisperse ensembles.”® 77216 Taken as a whole,
these studies have provided insights into the nature of phonon-induced geometrical distortion of

nanoparticles as well as phonon-solvent coupling.

Here, | show that acoustic phonons resulting from photoexcitation can transiently alter the
electronic coupling between an LSPR and a molecular electronic transition. Similar systems that
take advantage of the coupling of plasmonic nanomaterials have gained significant interest and
shown potential in an array of applications.?”-?® In this way, molecular sensitivity to the
vibrational mode of an inorganic solid undergoing acoustic deformation is demonstrated. Related
behavior has been observed in the modulation of spatially-extended plasmonic superlattices.?2422°
A system of highly monodisperse gold bipyramids (AuBPs)’%">21¢ is used with thiacarbocyanine
dye, 2,2’-dimethyl-8-phenyl-5,6,5,6’-dibenzothiacarbocyanine chloride (TCC) molecules on the
AuBP surface, to achieve time-dependent ensemble characterization of the phonon-induced
energetic modulation. Previous reports have shown that TCC can successfully attach to gold
nanostructures and couple to the particle electronically resulting in a plexcitonic system with
plasmon-exciton hybridized states.?!%222 The static properties of several different AuBPs, with
corresponding LSPR energies, functionalized with TCC (herein called TCC-AuBPs), are
characterized and then the ultrafast dynamics of these systems are analyzed to determine the effects

coherent acoustic phonons on the electronic transitions. Finally, a qualitative explanation for the
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direction and magnitude of the observed changes in coupling is offered. The resulting paradigm,
which is described as an Oscillatory Plasmonic-Excitonic Nanomaterial (OPEN), could be used as
a model system in the development of photochemistry facilitated by vibrational modes as well as
provide fundamental insight into plexcitonic systems or enable new applications owing to the

inherent fine-tuning of the plasmonic resonance.

7.2. Results and Discussion
7.2.1. Plasmon-Exciton Coupling

Figure 7.1a shows the extinction spectra of TCC in 1:1 water:ethanol (blue dotted
[TCC]=70 uM), in 5:1 water:ethanol (green dashed [TCC]= 20 uM), and in the presence of AuBPs
with a LSPR of 1385 nm and 5:1 water:ethanol (solid red [TCC]=20 uM). The inset shows the
structure of TCC. At this concentration of TCC in a 1:1 water:ethanol solution, absorption features
appear around 550 and 600 nm, characteristic of TCC monomer and ethanol induced aggregation
respectively.?’® As the concentration of water in the solvent increases, the intensities of the
previous absorption features decrease and a peak around 695 nm begins to form—indicative of J-
aggregate formation. 21222 In the presence of AuBPs with a NIR LSPR, a similar spectral feature
appears at 700 nm, which can be attributed to the formation of J-aggregates on the surface of
AuBPs likely due to a combination of van der Waals forces and electrostatic attraction.?!%?%! These

AuBPs have LSPRs in the NIR so there is likely no electronic interactions between TCC and



128
TCC Monomers and Aggregates C  Resonant AuBPs and TCC-AuBPs

a 7
1 OQ TCC
IRL | aYe0EsYa NN |
= r q \ —
2 & TCC on AuBP =3
N & .| AuBP _
= 4 |
[ir] =] =
o C 2 4TCC-AuBP |
4
= = %%
w LLi
- 3t
0
M
500 550 G000 650 700 750 E 2y
Wavelength (nm) S _/\/\
"

b Off-Resonant AuBPs and TCC-AuBPs i
0.8 ’ — . : D.-/\k

-
w
0.7 940 3 600 650 700 750 800
0.6t ) 930 i d Wavelength (nm)
&) 3 200 — 9% TCC-AuBP Energies
Q05f g 760
L 15060009079 T 740 Plexciton Lower
| I c Resonances
c = 100 < 720
£ 03¢ 0 5 10 =
w nmol TCC 5 700
0.2 o
= 680
0.1 = P o .
‘More TCC v Plexciton Upper Resonances

700 800 8900 680 700 720 740
Wavelength (nm) AuBP LSPR (nm)

Figure 7.1. (a) Static spectra of TCC in 1:1 water:ethanol (blue dotted), 5:1 water:ethanol (green
dashed), and in the presence of a 1385 nm LSPR AuBP in a 5:1 water:ethanol solution with the
unfunctionalized AuBP extinction spectra subtracted out (red solid). Inset: The molecular structure
of TCC. (b) Static spectra of TCC-AuBPs with a AuBP LSPR of 925 nm with varying amounts of
TCC added. As dye is added, the LSPR redshifts with a constant full-width half-maximum as
detailed in the insets and emphasized with a black arrow and a brown line. (c) Extinction spectra
of TCCs on NIR AuBP as in (a) (red), AuBPs with LSPRs that range from 640 nm-750 nm, and
TCC-AuBPs formed with the aforementioned AuBPs. Notably the TCC-AUBPs each have an
upper and lower resonance. (d) The wavelength of the upper (blue triangles) and lower (red
triangles) resonances of the TCC-AuBPs in (c) versus the LSPR of the AuBPs used in their
synthesis along with a coupled oscillator model fit (red and blue lines). The positions of the AuBP
LSPRs (green line) and the TCC resonance based on the fit (black line) are included.

1000
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AuUBPs. Instead, this change in the TCC resonance is likely the result of AuBPs offering high
surface areas, stable nucleation sites for the J-aggregates to form in addition to a slight dielectric
screening effect. Similar changes have been previously observed for other gold nanoparticle/J-
aggregate systems.??® Figure 7.1b shows the LSPR extinction spectrum of a different AuBP
ensemble with a LSPR near 925 nm as a function of increasing amounts of TCC. Upon addition
of more dye, the J-aggregate peak appears at 700 nm, and additionally, the AuBP LSPR gradually
redshifts by 14 nm. This change in LSPR is displayed in the inset with a Langmuir adsorption fit.
The inset also demonstrates a fairly constant peak linewidth. These TCC-dependent optical
properties of AuBPs likely originate from changes in the local dielectric environment arising from
the added TCC, and are consistent with J-aggregate formation as explored by Finite Difference
Time Domain (FDTD) Analysis. The changes observed in TCC (Figure 7.1a) and AuBP (Figure

7.1b) spectra demonstrate that TCC-AuBPs have successfully been formed.

Figure 7.1c shows the extinction spectra of the TCC J-aggregate formed on several
different aspect ratio AuBP ensembles with LSPRs ranging from 670-750 nm before
functionalization. The TCC-AuBP ensembles exhibit broader peaks with asymmetric Fano-type
line shapes consistent with plasmon-exciton coupling. Further, the hybridized system undergoes
an avoided crossing with an upper and lower resonance. This anti-crossing behavior is explicitly
demonstrated in Figure 7.1d, which displays the spectral positions of each of the two TCC-AuBP
peaks along with the LSPRs of the corresponding AuBPs and the absorption peak of TCC. Also

included are fits based on a coupled harmonic oscillator model; 221:222:226
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hwp+hwg

E(hw,) = ===+~ J (hQ,)? + (hw, — ha,)’ (7.1)

where hw, and hw, are the energies of the AuBP LSPR and the TCC resonance respectively. The

term hQ,.is referred to as the Rabi splitting or the coupling energy of the system, which was found
to be 120 meV in this system. This coupling constant is on the same order of the coupling observed
in J-aggregate nanogroove??? (60-120 meV) and nanoshell?1°22° (120 meV) systems but lower than
has been observed in nanodisk dimers??* (230-450 meV). The redshift caused by TCC changing
the local dielectric environment of the AuBPs complicates the implementation of this model and

information about how this issue was corrected for is included in the Section 7.4.1.

7.2.2. Using Phonons to Modulate Plasmon-Exciton Hybridization

Figure 7.2 shows ensemble transient absorption maps and inset static extinction spectra of
(a) a AuBP ensemble and (b) the same AuBPs functionalized with dye to form TCC-AuBPs. These
spectra, and all subsequent transient absorption spectra discussed in this chapter, were taken at
modest excitation powers (around 50 pJ/cm?) to avoid sample damage. Excitation wavelengths
were tuned to the sample-specific extinction maxima. For each AuBP-TCC sample, measurements
were performed photoexciting at each extinction peak. As discussed later in the chapter, the

excitation wavelength had little effect on the observed dynamics.
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Figure 7.2. Transient absorption spectrum for AuBP (a) and the corresponding TCC-AuBP (b)
photoexcited at 690 nm and 725 nm respectively with static spectra as insets. (c) Kinetic traces for
the AuBP in (a) (blue dashed with period of 42.52+0.16ps) and the TCC-AuBP in (b) (red solid
with period of 43.61+ 0.14ps). Uncertainties are the 95% confidence intervals of the fitting
algorithm. Inset: Kinetics of both at 635 nm where only TCC-AuBP exhibits significant
oscillations with a period of 43.32+0.41 ps
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The transient response of bare (ligand terminated) AuBPs have been previously presented

and analyzed.”®™2'® Briefly, in addition to the LSPR broadening and redshifting after
photoexcitation, the impulsively-generated lowest order acoustic phonons cause the independent
nanoparticles to periodically elongate and contract, which causes the LSPR to redshift and
blueshift in an oscillatory fashion. As shown in Figure 7.2b, a similar phenomenon occurs in TCC-
AuBPs. However, for TCC-AuBPs, there are two sets of photo-induced absorptions and bleaches
that oscillate, corresponding to the two static peaks in the inset. These oscillations are further
illustrated in Figure 7.2c where transient dynamics at indicated wavelengths are displayed for both
bare AuBPs (dotted blue) and functionalized TCC-AuBPs (solid red). The displayed dynamics
were chosen due to their position between the induced absorption and bleach peaks, where the
oscillations are most pronounced. The oscillation period of bare AuBP spectral oscillations at 707
nm is 42.52+0.16ps (95% confidence interval from the fitting algorithm) while that of the
functionalized AuBPs at 745 nm is 43.61+0.14ps. This slight shift in period likely arises due to
the small additional mass of dye adsorbed to the particles, which emphasizes the potential of

AUBPs in mass sensing applications.”™

Oscillations in TCC-AuBPs arise either from changes in both the peaks or from a single
peak undergoing significant changes that are spectrally broad with apparent, small oscillations at
the location of the other peak. In the context of this TCC-AuBP system, the magnitude of the
oscillations at the lower energy peak are larger than those at the higher energy peak, which suggests
it is conceivable that in this TCC-AuBP only the lower energy peak is affected by the coherent

phonons. To explore this concept, the inset of Figure 7.2c shows the dynamics of the AuBPs and



133
the TCC-AuBPs at 635 nm. The lower energy TCC-AuBP resonance is both redder (722 nm vs
691 nm) and narrower (FWHM of 34 nm vs 51 nm) than the bare AuBP LSPR, so one might
expect that it would have a smaller effect on the dynamics observed at 635 nm. However, it is
observed that only the TCC-AuBPs exhibit oscillations at this wavelength, indicating that the
LSPR of the bare AuBP is too far away spectrally to have any effect at 635 nm, and that oscillations
at the same wavelength in the TCC-AuBP case can only come from the higher energy peak.
Therefore, the coherent acoustic phonons affect both peaks. Further, oscillations at 635 nm have a
period of 43.32+0.41 ps consistent with those of the lower energy peak. Therefore, the
functionalized system, in addition to having a reduced phonon frequency, undergoes changes in
its plexcitonic coupling effecting the transition energies and relative intensities of the hybridized
states. In other words, TCC-AuBPs constitute an oscillatory plasmonic-excitonic nanomaterial

(OPEN).

Figure 7.3 shows transient absorption spectra of TCC-AuBP photoexcited with (a) 670 and
(b) 730 nm pump pulses with bandwidths of 53 meV (19 nm and 23 nm respectively),
corresponding to the two peaks observed in static extinction spectra. Static spectra are included as
insets. Changing the excitation wavelength has little impact on dynamics; both photoexcitation
energies result in an OPEN. To emphasize this similarity, normalized kinetics at 665 nm and 765
nm are included as Figure 7.3c as well as normalized spectra at different time points are included
as Figures 7.3d-h with 670 nm (blue line) and 730 nm (red line) excitation. The presence of
coherent phonons, observable through the oscillations in the spectra, necessitates dissipation of

energy in the nanoparticle lattice. Further, the phase of the photo-generated phonons are
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independent of excitation wavelength, suggesting that the electron-phonon coupling does not
significantly change under different excitation conditions despite differences in the number and
energy of the photons absorbed. Regardless of how or how much energy enters the system, it

converts into nanoparticle vibrational modes in the same way.

Dynamics Consistent Despite Different Photoexcitation Energies
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Figure 7.3. Transient absorption spectra for TCC-AuBP when it was pumped on its (a) higher
energy (670 nm) and (b) lower energy (730 nm) peaks with static spectra as insets. (c) Normalized
kinetics of TCC-AuBP pumped at 670 nm (blue) and 730 nm (red) and probed at 665 nm (solid
lines) and 765 nm (dotted lines). (d-h) Transient absorption spectra for TCC-AuBP after being
pumped on its blue (blue line) and red (red line) peaks after various times. Notably, the behavior
of the two systems are rather similar regardless of the excitation wavelength.
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It is also worth emphasizing that the coherence of the phonons implies that they must be
generated on a timescale faster than that of the phonon period. Based on this result, it is assumed
that on the timescale of coherent acoustic phonons, the system is primarily thermally, rather than
electronically, excited. In other words, the lattice is excited while the electrons are not. This
premise is consistent with the electronic lifetimes of TCC aggregates??®??? and AuBPs,*"70.7>:216
which are on the order of ps, and the fast decay of TCC-AuBP photoluminescence (Appendix E.2).
While these observations do not preclude the existence of long-lived electronic excitations, there
seems to be little evidence that the excitation source significantly populates such a state and thus

it would not have a practical impact on the analysis.

To understand the effects of these acoustic phonons in this OPEN, it is worth revisiting the
simple coupled harmonic oscillator model described earlier. Within this model, the acoustic

phonons change the LSPR energy (w,,) and the resulting changes in the energies are

dE
dwp

hwp—hwg

) (7.2)

h
=;1% )
J(hwp—hwo) +(hQ,)?

Since the Rabi splitting (7Q,.) is real (and positive), increasing the plasmon energy will always
increase the energies of both transitions while decreasing the LSPR energy will always decrease
the energies. From an experimental standpoint, this suggests that, at least with respect to spectral
position, the two peaks should oscillate in phase: both peaks either redshift or blueshift. Further,
if w, = w,, both peaks will oscillate significantly, while spectral separation causes asymmetric

changes in energy.
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While this simple framework provides some insight on peak positions, it does not provide

insight regarding how the hybridization changes with phonon phase. To address these concerns,
FDTD simulations were utilized on contracted and elongated particles—consistent with previous
simulations of phonon-induced shifts in plasmon resonances.”” Details about the FDTD
calculations are included in the methods and Appendix E.1. Briefly, AuBP particles coated by a
few nm TCC layer were expanded and contracted along their lowest order, acoustic phonon mode
and the extinction spectra of the resulting particles were calculated. AuBPs with plasmon
resonances of 651 nm and 706 nm were specifically examined and resulted in upper/lower
resonances of 661 nm/725 nm and 671 nm/766 nm with the addition of TCC layers with absorption
maxima of 675 nm. Notably, the addition of the dye layer likely causes a redshift in the LSPR
resulting in lower energy resonances and increasing the energetic overlap with the dye for the bluer
bipyramids. Figure 7.4 demonstrates how the resonances change in (a) energy and (b) extinction
cross section along the phonon mode. For both particles, the two peaks change energy in phase
together consistent with the simpler coupled harmonic model. In the 651 nm case, the resonance
of bare AuBP is only 24 nm from that of the dye resulting in sensitivity to changes in the AuBP
LSPR. Conversely, in the 706 nm case, the separation is 31 nm resulting in the upper resonance

having a much weaker dependence on the AuBP LSPR than in the 651 nm case.
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Figure 7.4. Differences in peak location (a) and amplitude (b) of the extinction spectra for a series
of stretched TCC-AuBPs (40 nm in length with 651 nm LSPR and 120 nm in length with 706 nm
LSPR) derived from FDTD calculations. Maximum deviation in length in the long axis of the
AUBP is £0.1%. The upper resonances are labeled UR and the lower resonances LR.

In Figure 7.4b, particle expansion (a redshift), increases the amplitude of lower resonances,
but decreases that of the upper resonances. This trend occurs regardless of the relative energies of
the AuBP LSPRs and the TCC resonance. As the AuBP redshifts, the lower resonance would be
expected to have a slightly more AuBP-like character and the upper resonance a slightly more
TCC-like character. Since much of the extinction cross section comes from the plasmonic
nanoparticle, it follows that the peak intensity roughly correlates with the bipyramid character.

This suggests that the phonon mode is modulating the hybridization in these states, even if it does
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not change AL,. This model assumes that systems are strongly coupled, if they were weakly

coupled, behavior reflected in the model developed by Heylman et al.??’ would be expected.

These theoretical predictions are well matched experimentally, as demonstrated by Figure
7.5. Figures 7.5a and 7.5b show the transient absorption spectra of two TCC-AuBP composite
ensembles using AuBPs with an unfunctionalized LSPR of (a) 672 nm or (b) 743 nm, on either
side of the J-aggregated TCC absorption at 700 nm. Both of these systems exhibit two oscillatory
features, demonstrating that OPEN behavior occurs across a wide range of AuBP LSPRs. To
determine the nature of these changes, it is considered how the spectra change at different phases
in the oscillation in Figures 7.5¢c and 7.5d. The phases displayed—O0, m, 2, and 3n—are the
maxima or minima of the dynamics traces and correspond to the particles in their most elongated
or contracted geometries. To emphasize peak positions, the spectra normalized to the maximum
value at each peak appear as insets. The transient peak positions oscillate in phase with one another
suggesting that the changes in the energy level of the contributing AuBPs dominate the energetics.
Further, in Figure 7.5¢, where the bare AuBPs have a resonance close to TCC, both peaks clearly
oscillate in position based on the minima of the bleach features. Yet, in Figure 7.5d, with more
spectral separation between the AuBP LSPR and the TCC electronic transition, only the redder
peak undergoes significant oscillations in spectral position. It has been shown that the magnitude
of the spectral oscillations depends on excitation power,”” so one might expect that these
differences could have arisen from differences in excitation fluence. However, given that
oscillations of the red peak in 7.5d are larger than those in 7.5c, power dependence cannot explain

this discrepancy.
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Figure 7.5. Transient absorption spectra for TCC-AuBP when the corresponding AuBP have an
LSPR of 672 nm (a) and 743 nm (b) with static spectra as insets. (¢) and (d). Transient spectra in
(a) and (b) (c and d respectively) at different phases in the acoustic phonon. The insets are the
peaks normalized to emphasize peak positions. (€) and (f). Normalized peak areas (maximum and
minimum values set to -1 and 1) of the upper (labeled UR) and lower (labeled LR) of TCC-AuBPs
from the transient absorption spectra of (a) and (b). In (e) upper resonance is integrated from 550
nm to 677 nm and the lower resonance 677 nm to 801 nm. In (f) the upper resonance is integrated
from 600 nm to 698 nm and the lower 699 nm to 852 nm. Phase labels correspond to (¢) and (d).



140

Figures 7.5e and 7.5f show how the transient peak areas change with time. At points in the
phonon phase when the AuBP is expanded (0, 27), the extinction of the upper resonance decreases
and the lower resonance increases whereas the opposite occurs when the particle is contracted.
Unfortunately, there is some convolution between the red tail of the upper resonance and the blue
tail of the lower resonance that contributes to this trend. Therefore, while the data agrees with
predicted trends, the extent to which it does is overstated; this observation should only be
considered as being consistent with theory predictions rather than something independently
suggested by the data. The phonon-dephasing times varied across these two ensembles as well as
across the entire range of AuBPs and TCC-AuBP examined throughout this work. Most of these
differences are likely due to differences in inhomogeneity and the resulting inhomogeneous
dephasing rates. However, previous characterizations of gold nanoparticle acoustic phonons have
demonstrated some range of quality factors (frequency normalized dephasing times), even after
corrections for inhomogeneity and solvent effects,*”:707>77215216 g ggesting additional factor
maybe be in play. The exact origin of these variations, as well as variations in the particle cooling

rates, certainly merits additional investigation.
7.3.  Conclusions

In conclusion, AuBPs were successfully functionalized with TCC to form OPENs with
hybridized states that are modulated by the coherent acoustic phonons of AuBPs. These changes
are rationalized in the context of the static coupling between these two species. The existence of
this new class of nanomaterials is promising in a number of contexts. The fine-tuning of the

hybridization of OPENSs could improve existing applications of plexcitonic materials. Further, such
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systems could serve as a developmental testbed for the utilization of vibrational modes in

controlling electronic interactions.

7.4. Methods
7.4.1. Material Synthesis

To create the AuBPs, syntheses consistent with previously reported methods were
performed.t® Briefly, gold seeds were created by reacting HAuCls with NaBH4 solution in the
presence of cetyltrimethylammonium chloride (CTAC) and nitric acid. The seeds were aged in a
85°C oil bath for 1h, and further aged in ambient conditions for one day prior to the growth
reaction. The growth solution consisted of HACls, CTAB, small amount of silver nitrate, and
initiated by adding a mild reducing agent 8-hydroxyquinoline. The aspect ratio was varied by
adjusting the concentration of 8-hydroxyquinoline.

To create the TCC-AuBP, TCC in 1:1 ethanol:water solution was combined with AuBPs
in water and allowed sufficient time for the TCC to aggregate (usually around a day). Practically,
this requires very little TCC. It is also important to wait for the final formation of the TCC-
AuBP. To determine the amount of dye to add to a bipyramid solution, the optical density at the
LSPR in a1 mm cuvette was used as a stand-in for AuBP concentrations. While AuBPs of different
geometries will have different extinction cross sections, these bipyramids were close in size and
therefore this is a reasonable approximation. For the TCC-AuBPs used for static characterization,

TCC concentration varied from 1-100 pM TCC/AuBP OD. Across this concentration range, the
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peak shape was relatively constant, save for an initial region where the peaks split. However, the
addition of TCC caused a redshift, consistent with what was observed in the non-resonant case.
Therefore, to take this into account, | linearly extrapolated peak position—obtained by fitting the
peaks to the combination of a Lorentzian function and a Fano resonance—to a TCC concentration
of 0. The exception to this was the TCC-AuBP ensemble made from 727 nm LSPR AuBPs which
was fit to the sum of two Lorentzians. These trends make observing the peak positions—and
consequently the exact value for the Rabi splitting—imprecise. However, all of the TCC-AuBPs
exhibited peaks with higher and lower energies than TCC and the component AuBPs, which is
what the assertion of anticrossing behavior is based on. For each sample transient absorption was
performed on, 150 pL of bipyramid solution with an OD around 1 had 20 pL of 80 uM TCC
solution added to them. It is worth noting that going above the concentrations of TCC used here
can result in significant changes in peak shape. Based on the cross sections in Chapter 6, there are
likely 10,000 to 100,000 dye molecules per AuBP at the concentrations used for ultrafast
spectroscopic investigation. Given the AuBPs have surface areas around 1,500-2,500 nm?, 21 there
are roughly 1-20 A? of gold surface per dye molecule. If the dye molecules laid flat on the particle
surface and the lower end of these estimates for space per molecule were more accurate, it is
conceivable that there is complete coverage of the particles. However, given the consistent
lineshapes seen across a wide concentration range, as well as the fact that there is strong evidence
of the dye aggregating (100 nm redshift in absorption), it seems more likely that the coverage is
sub-monolayer. Perhaps complete coverage is responsible for the more dramatic changes seen at

higher concentrations, but the characterization of the specific attachment chemistry and its
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electronic implications in anisotropic plexcitonic systems is an interesting subject which has yet

to really be explored experimentally.

7.4.2. Electrodynamics Calculations

The calculations were performed within Lumerical FDTD Solutions. The optical response
of the TCC is modeled using a Lorentz dielectric function with a central wavelength of 680 nm
and a linewidth parameter of 20 nm while the dielectric properties of the AuBPs are modeled as
pure Au from Johnson and Christy.?®? The Lorentz dielectric function has the following

expression:?%8

6002
w2-wi+2idw

e(w)=1- (7.3)

where wo is the central wavelength, and 6 is the linewidth. A value of 2 is added to the real part of
this function to qualitatively match the property of J-aggregates.??°

Given, the relative size of the dye layer, it is difficult to experimentally probe its size and
location. Therefore, FDTD calculations were performed on several differently partially coated
TCC-AuBPs and found that a core-shell model, wherein a concentric shell of TCC encases the
AuBP, most closely matched the experimental spectra. The 40 nm size core is covered by a 1 nm

thick shell while the 120 nm core is paired with a 3 nm shell.
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CHAPTER 8:O0SCILLATION ASSOCIATED SPECTRA ELUCIDATE PHONON-
INDUCED CHANGES IN PLASMON-EXCITON COUPLING

This chapter is based on the research described in the following publication:

Kirschner, M. S.; Jeong, Y.; Spencer, A. P.; Watkins, N. E.; Lin, X.-M.; Schatz, G. C.;

Chen, L. X.; Schaller, R. D. (In Prep)

Coherent vibrations detected in optical experiments can offer insights regarding materials
properties and electronic interactions, but also yield complex time-dependent optical signatures.
Here, I adapt techniques from studies on vibrational wave packets in molecules to analyze
optical signatures of coherent acoustic phonons in nanoparticles. This strategy enables improved
understanding of the implications of energetic changes induced by coherent phonons. This
approach is then applied to systems that target coherent acoustic phonons as a route to modulate
plasmon-exciton coupling with the results compared to theoretical calculations. Taken together,
the described approach provides an intuitive, simple means of analyzing new systems and

facilitates attempts to utilize, rather than simply observe, nanomaterial phonon modes

8.1. Introduction

Often, following the impulsive electronic excitation of a material, a portion of that energy
is channeled to generating phonons in the lattice. When phonons of a specific frequency are
launched significantly faster than their period, coherent (in phase) oscillations in particle geometry

can occur which often modulate optical properties.*76%71-78.187.215216.230-233 Aqdjtionally, these
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phonon modes can be affected by small mass changes and used to perform mass sensing with up
to yoctogram resolution.”™#° Because of the frequency range of acoustic phonons in finite-size
nanoparticles, which is typically 0.01 to 1 THz, its characterization presents challenges for
conventional Raman spectroscopy. However, they can be characterized in the time domain
enabling unique insight into material properties.’”>’*Recently, it has been observed that coherent
phonons can modulate electronic coupling between systems.??4225231 particularly of note are
hybrid materials that exhibit plasmon-exciton coupling?'°22%22% which can be modified by phonons
in systems that are termed oscillatory plasmonic-excitonic nanomaterials (OPENS).2%! As the field
advances, it should be possible to use the induced changes in electronic properties in other contexts

such as manipulating electron or energy transfer to or from a nanomaterial.

Coherent acoustic phonons are typically characterized in the time domain by analyzing
optical transient absorption (TA) spectra to determine the frequencies of the populated phonon
modes. While this approach reveals the frequency of the mechanical changes, it does little to clarify
the electronic implications of the lattice distortions caused by coherent acoustic phonons.
Occasionally, more sophisticated transient spectral analysis is used wherein at every time point,
the TA spectrum is fit to the difference of the ground state spectrum and a spectrally-shifted
excited-state spectrum resulted from the lattice movements which can be used to quantify particle
expansion along a phonon mode.”"8":216 However, this requires optical spectra with simple line
shapes. Systems that take advantage of the induced electronic changes, such as OPENSs, exhibit
substantially more complex spectra with multiple peaks and highly asymmetric spectral features

which confound this type of analysis.?!
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Here, | present a strategy for analyzing these more complex systems derived from previous
methods used in analyzing vibrational wave packets in molecular systems.?*-24! This technique,
which is referred to as oscillation associated spectrum (OAS) analysis, determines the phase and
magnitude of the oscillatory dynamics at each individual wavelength to reveal information about
the underlying phenomenon. Initially, the technique is described when analyzing gold bipyramid
transient spectra—a prototypical ensemble that exhibits well-defined coherent acoustic
phonons.’®7>216.231 |n addition to agreeing with conventional understanding of this system, OAS
provides new insights from deconvoluting ensemble inhomogeneity. Next, it is demonstrated that
this technique can extract effects of phonons in OPENs which agree well with theoretical
calculations. Finally, the contexts where OAS is particularly advantageous are discussed. Moving
forward, OAS can help facilitate design of systems that take advantage of phonon-induced

electronic changes, e.g. phase-controlled applications.

8.2.  Results and Discussion
8.2.1. Defining Oscillation Associated Spectra

Figure 8.1a shows a two dimensional TA map (TA signal versus wavelength and pump-
probe delay) of a typical ensemble of gold bipyramids excited on their localized surface plasmon
resonance (LSPR). Following the generation of phonons through electron-phonon coupling,*”®
the spectra are dominated by two phenomena. First, heating of the lattice causes the plasmon

resonance to broaden and redshift. Second, coherent acoustic phonons produce oscillations in
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LSPR energy. This bipyramidal phonon mode is known to involve elongation of the long axis and
shortening of the short axis and vice versa. As the particles expand and contract, the LSPR red
shifts and blue shifts, respectively, resulting in the observed periodic behavior. To characterize the
effects dominated by coherent acoustic phonons, the non-oscillatory components of the data are
subtracted. To this end, | made use of the matrix pencil method to model which subtracts
exponential decays and damped oscillations simultaneously as a sum of complex exponentials at
each wavelength, using information theoretic criteria to determine the optimal number of
exponential functions.?*> By modeling both oscillatory and non-oscillatory components
simultaneously, these signals can be more cleanly separated. The resulting 2D TA map isolating
the oscillatory component is displayed in Figure 8.1b. Notably, the magnitude of the oscillations
are distinct from the amplitude of the overall transient signal. Further, there is a nodal line near the
static extinction maximum (denoted by a dashed gray line) representing a change of phase in the
oscillations. This phase reversing behavior is also observed for acoustic phonons in other

nanomaterials including nanospheres and nanorods. 187:232
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Figure 8.1. (a) A 2D TA map of photoexcited bipyramid ensemble with its LSPR of 677 nm
indicated with a dashed gray line. (b) A TA map following subtraction of non-oscillatory dynamics
from panel A with the static LSPR maximum indicated by a dashed gray line.

To gain a more quantitative understanding, Fourier transformations were performed at
every wavelength as is commonly done in analyzing vibrational wave packets in molecular
systems.?4240 Averaged together, the maximum Fourier transform magnitude here occurred at a
frequency of 28.7 GHz (period of 34.8 ps, FWHM of 9.0 GHz). Figure 8.2a demonstrates how the
phases of the oscillations vary with wavelength at this frequency. To better illustrate trends, these

phases are reported relative to a frequency-dependent reference phase to yield

0'(ALf) =0 f)—0,(f) (8.1

where A is wavelength, f is oscillation frequency, and 8', 6, and 6, are reported, observed, and
reference phases respectively. Here, the convention that 8’ = 0 corresponds to the particle being

expanded along its long axis at time zero is used, consistent with initial particle expansion
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following photoexcitation. Theoretical calculations show expansion results in the LSPR

redshifting which increases extinction at photon energies lower than the LSPR. Thus, 6, is defined

[lend g2, r)da
0o(f) = Zmatl

end_lmax

(8.2)

In this case, Amax = 690 nm and Aend = 714 nm. The cos(6") is displayed as it outputs a value of 1 if
a feature is perfectly in phase with initial particle expansion and -1 if it is out of phase. This change
in oscillation phase is sharp and well-defined as a result of the behavior originating from a single
phenomenon: coherent phonons simultaneously cause some regions to increase in extinction and
other regions to decrease. This simplicity in phase behavior enables phonon-induced changes in
extinction to be spectrally described by multiplying the relative phase with the Fourier transform
magnitude. The resulting product is referred to as the afore-mentioned oscillation associated
spectra (OAS) because these describe the spectral changes induced by the vibrations in analogy to
decay associated spectra that describe how electronic excited states change the optical properties
of a molecular system.>**>% This method for calculating the OAS is equivalent to taking the real-

part of the Fourier-transformed signal where the phase origin has been set to 8,. Mathematically,
OAS(A, f) = Re{F[AA(A,1)] x e~ oD} (8.3)

where F[AA(A, t)] is the Fourier transform with respect to t of AA(A, t) to yield AA(A, f) and Re
is the real-part function. The inclusion of phase information in analyzing oscillatory dynamics, as
in the OAS approach, is not frequently applied in molecular systems as their phase behavior is

more complex; OAS best describes phase shifts that are exactly m. Rather, OAS uses the same
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underlying logic as damped oscillation associated spectra, although the simpler phase behavior of

acoustic phonons in a nanomaterial makes the implementation and interpretation much simpler.?*!

The OAS of this sample at a frequency of 28.7 GHz (34.8 ps period) is shown in Figure
8.2b. As acoustic phonons cause a plasmonic particle to expand and contract, often it is assumed
that the plasmon resonance red shifts and blue shifts while retaining the same general structure.
With a constant peak structure, the extinction at any given wavelength will be determined by its
proximity to the extinction maximum. Therefore, as coherent acoustic phonons cause the LSPR to
shift, the extinction at any given wavelength will change based on its new proximity to the
extinction maximum. The magnitude of this change will be proportional to how extinction changes
with relative proximity to the LSPR, which are equivalent to changes in energy. In terms of
observables, the amplitude of extinction changes resulting from oscillations in LSPR energy
should be proportional to the derivative of the static extinction spectrum with respect to energy.
This trend is evident in Figure 8.2b, where the OAS matches up well with the derivative of the
static extinction with respect to energy. In the inset, it is demonstrated how the extinction spectrum
would change if it was solely affected by coherent acoustic phonons by adding (red) or subtracting
(blue) the OAS from the static extinction spectrum. Unsurprisingly, the resulting spectra simply
suggest the LSPR is red shifting and blue shifting. Peak broadening or red shifting from incoherent
heating both contradict the assumptions in the discussion and could create differences between the
OAS and the derivative of the extinction spectrum, although these effects are generally quite
small®!¢ justifying the neglect of them. In Appendix F.1, it is demonstrated that the similarity

between OAS and differentiated extinction spectrum is consistent across the bipyramids I have
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examined. It is worth mentioning that Hartland had previously considered the Fourier transform
magnitude of phonons in gold nanospheres as a function of wavelength and found a maximum
magnitude at a wavelength red of the LSPR.'®” That observation was likely the result of the same

trend described above as it was caused by an analogous phenomenon.

In addition to confirming these conventional assumptions about acoustic phonons, OAS
provides a method of deconstructing inhomogeneity in the ensemble. Phonon frequencies are
dependent on particle geometry so differently sized particles oscillate at slightly different
frequencies. These differences cause inhomogeneous dephasing which dominate dynamics in most

nanoparticle ensembles*’¢>

and consequently highly monodisperse nanoparticles—including gold
bipyramids—are the focus of many coherent acoustic phonon studies.”®’>77.78:216231 However, in
the analysis of such systems, inhomogeneity is considered only in the context of dephasing rates
without considering that different particles present different extinction spectra and oscillation
frequencies. There have also been some single particle measurements on coherent acoustic
phonons which are able to circumvent issues of inhomogeneity,’>*!>2* but phonon-driven
application will require ensembles of nanomaterials. OAS resolves issues of inhomogeneity by
considering oscillation frequency at every wavelength independently. Figure 8.2¢c which shows a
2D map of the OAS. There are the same positive and negative features as shown in Figure 8.2b—
which is essentially a line cut of this 2D map—but these two features have distinct spectral-phonon
frequency behavior. Notably, the longer wavelength features tend to exhibit larger average periods.

Oscillation period is known to increase with particle length and LSPR wavelength increases with

aspect ratio. The trend can then be explained by longer bipyramids having higher aspect ratios.
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8.2.2. OAS on OPENS

This methodology can also be applied to systems that exhibit more complex transient
optical signals such as OPENSs. Figure 8.3a shows a 2D TA map of the bipyramids from Figures
8.1 and 8.2 decorated with a thiacarbocyanine dye, 2,2’-dimethyl-8-phenyl-5,6,5',6'-
dibenzothiacarbocyanine chloride (TCC). Following functionalization, the bipyramids
electronically couple with TCC, resulting in two hybridized resonances with a Rabi splitting of
120 meV.%! The TA spectra of the resulting ensemble system exhibits oscillatory behavior across
its entire extinction spectrum from the coherent acoustic phonons of the bipyramids. These
oscillations are quite challenging to interpret; in addition to having non-oscillatory dynamics to
contend with, the extinction has a complex line shape making it difficult to extract the phonon
induced spectral changes. As a result, previous analysis®*! was simplistic although, some insight
into the underlying phenomena was gained. First, based on qualitative observations, it was argued
that peak positions shift in phase with each other. Specifically, both hybridized resonances increase
in energy and then, together, decrease in energy. This trend is consistent with predictions from a
simple coupled oscillator model’’® as is commonly used to describe plasmon-exciton
coupling.??!**? Second, based on FDTD calculations, it was argued that the peak intensities
changed out of phase with one another; while one increased the other would decrease. This was
interpreted through the lens of most of the oscillator strength of the resonances coming from the
bipyramids rather than the TCC molecules. As acoustic phonons cause the LSPR to redshift, the

redder peak has relatively more bipyramid character and thus a higher extinction cross section.
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Fortunately, OAS is agnostic to line shape and can overcome this complexity. It is briefly

worth noting that OPENs exhibit the same simple phase behavior as bipyramids (Appendix F.2)
as they have the same underlying phenomenon of coherent acoustic phonons, validating the usage
of OAS. The 2D map of the OAS is displayed in Figure 8.3b. There is an overall shift in frequency
with the maximum Fourier transform magnitude at a frequency of 28.2 GHz (period of 35.4 ps,
FWHM of 8.2 GHz). This change to lower frequency is likely due to the mass added by the dye,
further conveying the prospective utility of gold bipyramids in mass sensing applications.”
Relatedly, the period of the oscillations in the hybridized systems seems to be longer at bluer
wavelengths. This may be due to the fact that the higher-energy peak is more TCC-like in character,
as it should be more intense for particles that have more TCC attached to the bipyramid, which

would increase the oscillation period.

The OAS at the maximum Fourier transform magnitude is shown in Figure 8.3c along with
the static extinction spectrum and the derivative of the static extinction spectrum. In contrast to
bare gold bipyramids, the OAS of an OPEN sample resembles—but does not match—the
derivative of its extinction spectrum. This difference suggests the behavior is more complex than
a simple shift in peak position. However, the shape of the OAS could be explained by changes in
the relative amplitude of the two peaks. The spectral region between the two peaks would have
competing factors from changes in peak amplitude and peak position changes which could result
in the observed reduced oscillation strength and phase behavior. This trend is indeed observed in
Figure 8.4a where the OAS is added or subtracted from the static extinction spectrum. Here, it

becomes clear that particle expansion causes both resonances to red shift with the redder peak
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increasing in intensity and the bluer peak decreasing in intensity. Conversely, particle contraction
causes the peaks to blue shift with the bluer peak increasing in intensity while the redder peak
decreases in intensity. It is worth comparing these results to theoretical (electrodynamics combined
with continuum mechanics) calculations that were used to generate the original scientific model.?*!
To accomplish this task, a series of FDTD calculations was performed. Bipyramids were coated
with a TCC layer and then were expanded or contracted 1% along their lowest order acoustic
phonon mode. The extinction spectra of these modified particles, along with that of the particle in
its original geometry are shown in Figure 8.4b. These calculations and the experimental data
analyzed with OAS are strikingly similar, demonstrating experimental evidence of the previously

proposed model.
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Figure 8.4. (a) The static extinction of the OPEN (black) with the addition (red) or subtraction
(blue) of the OAS. (b) Extinction spectra of OPENs at maximally expanded or contracted
conditions as predicted by FDTD calculations
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8.3.  Conclusion

In addition to improving the specific understanding of this system, it is worth considering
the utility of OAS in several contexts. A major strength of OAS is its simplicity, which makes it
scalable for especially complex or crowded spectra. For example, if there were multiple phonons
of different frequencies affecting the dynamics at similar wavelengths, their separation in
frequency space would make it trivial for OAS to separate their effects. Further, due to its lack of
assumptions about line shape, it could also be used to evaluate changes in peak width or even the

emergence of new resonances.

In conclusion, I have described OAS and applied it to analyze coherent acoustic phonons
in nanomaterials. The assumption that phonons cause shifts in LSPR energy—with minimal
changes in line shape—was validated while refining insight into sample inhomogeneity. OAS also
experimentally validated previously-suggested models of phonon-induced changes in plasmon-
exciton coupling in OPENSs. This general strategy could be used to analyze oscillatory effects, such
as from phonons or other periodic signals, on arbitrarily complex systems and aid in the design of

new applications that use the coherent phonons of nanomaterials.
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8.4. Methods
8.4.1. Material Synthesis

Gold bipyramids examined in this study were synthesized using a previously described
seed-mediated growth approach.t%3216.231 Briefly, gold seeds were created by reacting HAUCI, with
NaBHjs solution in the presence of sodium citrate. The seeds were aged for two hours before use.
For growth of the bipyramids, HAuCl4 solution with trace amounts of AgNO3z added were mixed
with cetyltrime-thylammonium bromide (CTAB) solution, acidified by a small amount of HCI,
and reduced by L-ascobic acid. Right after the reduction, small amounts of seeds were added, and
the reaction was allowed to proceed in a 30°C bath for two hours. To form the OPENs, TCC in a
water:ethanol solution was added to the bipyramid solution as consistent with previously described

methods. 23!

8.4.2. Optical Measurements

All samples were suspended in water for optical measurements. Transient absorption
measurements were performed using a 2 kHz, 35 fs Ti:S amplifier. The 800 nm output was
beamsplit to pump an optical parametric amplifier that produced tunable pump pulses at the LSPR
of the sample, and a smaller portion was time-delayed and focused into sapphire to produce a white
light probe beam. For the data in this chapter, the bipyramids were excited at 670 nm and the
OPENSs at 650 nm. Pump pulses were kept at modest fluences, a few 100 uJ/cm?, to minimize

sample damage.
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8.4.3. Analysis Code

While the main text includes the general method used to determine the OAS, explicit

MATLAB code can be found at https://github.com/kirschner2 1/OscillationAssociatedSpectra.

8.4.4. Electrodynamics Calculations

We performed finite-difference time-domain (FDTD, Lumerical Solutions) simulations to
calculate the absorption and scattering spectra of the samples consistent with previously described
methods.?®! Briefly, the dielectric permittivity tabulated by Johnson and Christy for gold?” was
used and the background refractive index was set to 1.33 for water. The bipyramid size was 120
nm-long and 60 nm-wide. A 2.3260-nm thick TCC shell was added with an assumed Lorentzian
permittivity with the resonant wavelength of 700 nm, linewidth of 35 nm, and the plasma
frequency corresponding to 2.3485 eV. The plane-wave irradiation was polarized in the direction
of the bipyramid long axis (Although the measurements have been performed on a randomly
oriented bipyramids in solution, gold bipyramid extinction is the most prominent in the long axis

direction, and therefore the theoretical analysis is comparable to experiment).
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APPENDIX A: SUPPORTING INFORMATION FOR TRANSIENT MELTING AND
RECRYSTALLIZATION OF SEMICONDUCTOR NANOCRYSTALS UNDER
MULTIPLE ELECTRON-HOLE PAIR EXCITATION

A.1l. Accounting for Irreversible Sample Degradation

Under high intensity laser illumination, CdSe nanocrystals (NCs) undergo both reversible
and irreversible loss of X-ray scattering intensity. Some of this irreversible process occurs over
the course of real-time signal averaging at any given time point, resulting in the convolution of
these irreversible and reversible effects. To account for this phenomenon, diffraction patterns taken

during different scans at the same time delay were compared. The equations used are as follows,
dij(Q) = 235,51 (@ = 5,;(@ (A1)
d,(Q) = % i=1d;,;(Q) (A.2)

AS; j(Q) = 5;;(Q) — 51,;(Q) — (i — 1) *d,(Q) (A.3)

where S;; is scattering intensity for the ith time point in the jth scan, there are a total of n time
points in a scan, d; is the average irreversible loss that occurs over scan j, and the first time point
(i=1) is a measurement before laser excitation (i.e. negative pump-probe delay time). For the final
scan, the value of d taken from the penultimate scan were used. An assumption of this type of
analysis is that loss is locally linear with time. Evidence of the validity of this assumption is in the
small variation observed in di; between different scans and time points (see Figure A.1). However,

these are measurements of the average change that occurs over roughly twenty minutes. It seems
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likely that while the average value is constant, there are significant changes that occur on the
timescale of seconds or minutes, which corresponds to the rate at which individual measurements
are taken. Therefore, accounting for this irreversible loss, while necessary, results in short term,
random variations having the structure of the lost XRD signal. The main degradation mechanism
of the samples seems to be loss of dispersibility of the particles in solvent, likely owing to ligand
loss since electron microscopy of the optically degraded material still showed primarily crystalline,

distinct particles of similar size and shape.

——Scan 1 | ‘/ 4 |

—Scan 2 0 A — ——— T
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Figure A.1. Average sample degradation between scans (d, (Q)) for 2.0-nm radius NCs excited at
24 mJ/cm? with an inset of A Scattering 80 ps after photoexcitation to indicate the magnitude of
the sample degradation.
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A.2. Debye-Waller Effect

The percent scattering change observed experimentally is consistent across the Q-range

examined (Figure A.2) suggesting that Debye-Waller effects do not significantly impact

interpretation of decreased amplitude in Bragg peaks as resulting from melting.24°
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Figure A.2. Natural log of observed scattering intensity (1) over static scattering intensity (lo) vs
Q for 3.8-nm radius NCs for a range of fluences where melting is present.
A.3. Fitting Dynamics

To characterize the TR-XRD dynamics, data ranging from 80 ps to 1 ns was fit to a single

exponential decay,
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[AS(Q,t)dQ = ae™ "+ B (A.4)

where o is the magnitude of the loss of signal, 7 is the recovery lifetime, and 3 is an offset. Since
smaller crystals have broader peaks, the exact bounds of the integral varied from sample to sample.
However, in all cases, only the [110], [103], and [112] peaks were considered, and they were
integrated separately; areas between the three peaks were not integrated to reduce noise. To
emphasize the differences in life times in Figure 3.3, the data is normalized such that the peak area
at t=80 ps was unity and p was 0. The decision to set 3 to 0 is nontrivial. My principle concern was
that it is easy to visually conflate an apparent non-zero, long lived signal with a longer lifetime.
Further, the value of B could be misleading. The inherent noise in X-ray experiments, as well as
problems introduced when accounting for irreversible damage makes it difficult to assess if
apparent signals at longer times (>5 ns) are real, noise, or artifacts. Understanding processes that
occur on this timescale could be a valuable future study, but the data in Chapter 3 is of insufficient
quality to make any reasonable conclusions about it. Therefore, this normalization makes sense as

it clarifies meaningful data at the cost of not displaying potentially spurious results.

We fit the data for each independent scan, and the values obtained from the fits are given
in Table A.1. The mean 7t is the reported value with the standard deviation as the reported range.
The specific data displayed in Figure 3.2 are the mean data points with plots of the fits to the

means.



201

Sample/Fluence Information | Average of Scans Average Scan
Particle Standard 0 :
Radius F'“e”"‘; <N> | t(ps) Deviation | t (ps) 95% Confidence
(mJ/cm?) Interval (ps)

(nm) (ps)

15 24 27 75.2 91.1 60.1 37.7

2.0 17 42 153 149 88.4 61.8

2.0 24 59 180 163 155 132

2.0 33 80 129 53 127 137

3.8 0.67 12 255 117 214 62

3.8 24 430 369 237 281 271

Table A.1. Constants derived are shown for the additional excitation fluences where average of
scans are the average values and standard deviations for each of the scans fit independently, and
average scan is the value and confidence interval of the fit when each data point fit is the average
value at that certain time delay across the scans.

A.4. Continuum Theory

Using analysis consistent with what is described in Juve et al.,?*” NC cooling was modeled.
While the calculated cooling process is not purely exponential, it was fit to a single exponential to
compare it to what was observed experimentally. The time constants for 1.5 nm, 2.0 nm, and 3.8

nm radius NCs were found to be 15 ps, 22 ps, and 52 ps respectively.
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A.5. Determination of Fluence-Dependent Melting Threshold

When measuring the power dependence, in addition to taking data points at negative delay
times, scattering at long times was measured where the reversible melting was negligible (5 ns and
0.1 ps). However, there was often apparent signal, either positive or negative, owing to noise.
Based on these data points a Gaussian distribution of noise was constructed, the validity of which
was confirmed using a chi-squared test with a significance level of 10%. A one-tailed p-test was
then performed on the data from 80 ps after photoexcitation, and the threshold was defined when
the null hypothesis that the data could be explained by the noise distribution was rejected at the

10% significance level.

A.6. Varshni Equation

The well-known Varshni equation is written:

AT?
B+T

Eg = Ego - (A5)

Where Eq is the bandgap, T is temperature, Eqo is the bandgap at T=0, and A and B are material
specific constants. In this analysis, Eqo was taken from the AIMD calculations and A and B from
literature.28-253 However, there is some controversy as to the precise values of these constants.
This analysis considered a variety of reported values and found bandgap closures that ranged from
440 meV to 950 meV. Notably, Varshni parameters for CdSe nanoparticles?*®2%° resulted in

smaller changes in the bandgap , but given the surprising nature of these results, in the text the
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most conservative estimate available is used with parameters from Hernandez-Calder6n.? The
important result, however, is that in all cases, the calculated bandgap closure was more than a
factor of 2 lower than the value calculated from AIMD, providing strong evidence of effects from

NC melting.
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APPENDIX B: SUPPORTING INFORMATION FOR PHOTOINDUCED,
REVERSIBLE PHASE TRANSITIONS IN ALL-INORGANIC PEROVSKITE
NANOCRYSTALS

B.1. Debye Waller Factors.

Measured changes in diffraction patterns do not match a Debye-Waller like dependence, that is
1122
1(Q,6)  exp (=3 Q*(uhus(®))) (B.1)

where | is the scattering intensity and (u3,,s(t)) is a time-dependent mean square displacement of
the atoms!®3167:24¢_|f this were the case, there would be a linear relationship between -In(1/I) and
Q? (with Io being the static diffraction intensity) which is not observed as shown in Supplementary
Figure B.1. This may be caused by the phase transition changing the relative intensities of the

diffraction peaks.

2 2
1.1 mdicm 4.8 mdicm
2
0.2} 65 016 mlem’ 1.7 mdiem?  —E—7.7 mdem? 1
0.15 0.34 m.kcm 2.6 mJiem? —9— 12 mdicm?
151 ¢ &

(V1)

0.1} "\4)
&%_g w—"““*ﬁ-_ﬁ¢-

U - __——EF— - i
5 5.5 6 6.5 T
Q? (A?)

Figure B.1. The negative logarithm of scattering intensity 40 ps following photoexcitation over
static scattering intensity vs Q? for a range of photoexcitation fluences. Error bars represent
standard deviation in the measurements.
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B.2. Hysteresis during Temperature-Dependent XRD Measurements.
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Figure B.2. XRD measurements of CsPbBrz NCs before (black) and after (blue) temperature-
dependent XRD measurements, as well as the XRD pattern at the maximum temperature examined

(red).
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B.3. Consistency across Lattice Planes
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Figure B.3. Normalized |AScattering| for CsPbBrs NCs following photoexcitation at 4.8 mJ/cm?
examined across the four examined diffraction peaks. Error bars represent standard deviations in
the measurements.
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Figure B.4. Normalized |AScattering| for CsPbBrs NCs 40 ps following photoexcitation at a range
of fluences examined across the four examined diffraction peaks. Error bars represent standard
deviations in the measurements.



B.4. Consistency across Fluence
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Figure B.5. Normalized |AScattering| for CsPbBrs NCs following photoexcitation at 1.1 mJ/cm?
and 4.8 mJ/cm?. Error bars represent standard deviations in the measurements.
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B.5. Diffraction Peak Narrowing in the Cubic Phase.
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Figure B.6. Temperature-dependent XRD measurements of the [110] and [200] peaks of CsPbBr3
NCs in a polymer matrix collected at Sector 5 at the Advanced Photon Source. The NCs started at
30°C and then were ramped up to 190°C (solid), back down to 30°C and then ramped up to 190°C
(dashed), and then back down to 30°C. While there is an irreversible process occurring during the
first increase in temperature, the [110] and [200] peaks are narrower at 190°C where the cubic
phase is present. The pattern from the Al crucible is included (black) and was subtracted away
from the displayed patterns.
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B.6. Normalized TR-XRD Patterns Following Photoexcitation.
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Figure B.7. Normalized TR-XRD pattern of CsPbBrz NCs at various times following excitation
at 4.8 mJ/cm?. The orthorhombic peaks are delineated with gray solid lines and the high-symmetry
black dashed. A solid black line also denotes AScattering=0. The pattern is normalized by dividing
by the |[AScattering|. Notably, the orthorhombic peaks do not change significantly in time.
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B.7. Consistency between |[AScattering| and Percent Peak Loss.
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Figure B.8. Normalized |AScattering| and Percent Peak Loss for CsPbBrs NCs photoexcited at 4.8
mJ cm. Error bars represent standard deviations in the measurements.
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B.8. Relative Peak Width vs Fluence.
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Figure B.9. Relative peak width for CsPbBrz NCs 40 ps following photoexcitation at a range of
fluences. Error bars represent 95% confidence intervals in the fitting algorithm.
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APPENDIX C: SUPPORTING INFORMATION FOR OPTICAL SIGNATURES OF
TRANSIENTLY DISORDERED SEMICONDUCTOR NANOCRYSTALS

C.1. Effects of Pump 1 Fluence

As demonstrated in Figure C.1, the 2pTA spectrum doesn’t change significantly with
increasing pump 1 fluence. However, as demonstrated in Figure C.2, pump 1 fluence significantly

impacts the magnitude of the early bleach features.

><10‘3f

2.4 2.2 2 1.8
Energy (eV)

Figure C.1. 2pTA spectra of R=4.0 nm NCs 150 ps after photoexcitation at a fluence of <N>=97.
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Figure C.2. Early time kinetics of R=4.0 nm NCs as a function of pump 1 fluence, with <N>>=97,
along with fits. Inset: Kinetics from 20 ps to 6 ns. Here, <N1> relates average number of excitons
per NC created by pump 1.

C.2. Melting Threshold Calculation

The melting onset was determined by fitting the data to a piecewise linear function of the form:

(b2—b1)

f(x) =azx+ b, for x >—— (C.1)
al—az)
b,—b1 b1
f(x) =ai;x +by for Eaj__azj =X = _a_1 (CZ)

f(x) =0 for —Z—:>x (C.3)



with the threshold defined by

Table C.1.

(b2—
(a1-
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—alj. Using this method, the various thresholds are displayed in
2

Size Threghold Volume Normalized Threshold
(Excitons) (Excitons/nm?)
R=1.3 nm 1.4 0.149
R=2.0 nm 10 0.321
R=2.9 nm 20. 0.199
R=4.0 nm 79 0.322
Average 0.169

Table C.1. Melting Thresholds for NCs.

C.3. Additional Information About the Kinetic Fits

The spectra of the pre-exponential factors for the R=1.3 nm and R=2.9 nm samples are included

in Figures C.3 and C.4 and the lifetimes of the various fits are included in Table C.2. Additionally,

the same information for the R=4.0 as a function of pump 1 and pump 2 fluence are included as

Figures C.5-C.9 and Table C.4.
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Figure C.3. Pre-exponential factors from the global fit of R=1.3 nm NCs.
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Figure C.4. Pre-exponential factors from the global fit of R=2.9 nm NCs.
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Figure C.5. Kinetics of R=4.0 nm NCs as a function of fluence. The main figure shows the first
20 ps and the inset shows data out to 6 ns along with fits (solid lines).
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Figure C.6. Pre-exponential factors for the t1 components of the global fits of R=4.0 nm NCs.
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Figure C.7. Pre-exponential factors for the T2 components of the global fits of R=4.0 nm NCs.
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Pre-exponential factors for the t3 components of the global fits of R=4.0 nm NCs.



219

Relative Weight (a.u)

1.8

2.1 2 1.9
Energy (eV)
Figure C.9. Offsets representing the long time component of the global fits of R=4.0 nm NCs.

Size | <Ni> |[<N>| 1,(ps) T, (ps) T5(ps)
R=1.3] 085 [33 ] 14.6+0.5 | 73.1+3.2 | 62741
R=2.0| 13 | 11 | 248+1.8 | 135+7 |1580+70
R=29| 13 [ 18 | 21.1+£1.0 | 136+14 [1720+110
R=4.0| 3.1 [97 | 24.0+0.9 | 13011 [1520+80

Table C.2. Kinetic fit decay constants for NC of various sizes. Uncertainties are 95% confidence

intervals from the fitting algorithm.

Size | <Ni> [<N> T, (ps) T, (ps) T,(ps)

R=4.0] 3.1 |74 | 163£0.6 779+7 (1240 +80
R=4.0] 3.1 |114| 20.8+0.6 139+7 1250 + 60
R=4.0| 3.1 |145| 21.6+0.6 160+3 2000+ 110
R=40| 62 |97 | 275 +£2.8 116 £5 1320 + 60
R=4.0| 12.1 | 97 | 35.0+3.7 105+4 1190 + 60

Table C.3. Kinetic fit decay constants for R=4.0 nm NC for various pump fluences. Uncertainties

are 95% confidence intervals from the fitting algorithm.
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C.4. Power Dependence of Photoluminescence on Short and Long Timescales

The early time photoluminescence of the NCs increasingly redshifted with increasing
fluence with minimal spectral changes in the total PL spectra. Further, the longtime PL kinetics

don’t change with increasing fluence.
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Figure C.10. (a) Normalized photoluminescence spectra of the first 20 ps following
photoexcitation in 1.3 nm NCs. (b) Normalized total photoluminescence spectra as collected with
a CCD. Inset: Total photoluminescence as integrated with a CCD. Fluences are the same as in (a)

and (b).
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Figure C.11. Normalized total photoluminescence spectra of R=2.0 nm NCs as collected with a
CCD. Inset: Total photoluminescence as integrated with a CCD. Fluences are the same as in Figure

5.5.
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Figure C.12. (a) Normalized photoluminescence spectra of the first 20 ps following
photoexcitation in 2.9 nm NCs. (b) Normalized total photoluminescence spectra as collected with
a CCD. Inset: Total photoluminescence as integrated with a CCD. Fluences are the same as in (a)

and (b).
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Figure C.13. (a) Normalized photoluminescence spectra of the first 20 ps following
photoexcitation in 4.0 nm NCs. (b) Normalized total photoluminescence spectra as collected with
a CCD. Inset: Total photoluminescence as integrated with a CCD. Fluences are the same as in (a)

and (b).

Kinetics of the band edge PL are included. Notably, the decay timescales don’t change

with increasing fluences. At the highest fluences, there are decreases in PL intensity caused by

sample degradation.
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Figure C.14. Kinetics of the band edge PL of R=1.3 nm NCs as a function of fluence.
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Figure C.15. Kinetics of the band edge PL of R=2.0 nm NCs as a function of fluence.
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Figure C.16. Kinetics of the band edge PL of R=2.9 nm NCs as a function of fluence.
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Figure C.17. Kinetics of the band edge PL of R=4.0 nm NCs as a function of fluence.
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C.5. Solvent Response

4
15 ><610m|a | |
:czjzo — DS
%m &‘——w_wl —2ps
ﬁ10§ 0 10 20 30 40 50 _10[35
8 Time (ps) _50 ps
4
< i
P 5
O _ ! L )
24 22 2 18

Energy (eV)

Figure C-18. TA spectra of hexanes under high fluence photoexcitation at several times.
Inset: Kinetics at 2.15eV.

C.6. Varshni Relation

The Varshni relation is written:

E,=E,—2C  (C4)

g 90 " B4t

where Eq is the bandgap, T is temperature, Eqo is the bandgap at T=0, and A and B are material
specific constants. With 0.15 photons absorbed/nm? (3.1 eV each) and the bulk values for density

(5.81 g/cm?®) and specific heat (0.49 g/JK), there should be an increase of temperature of 26 K,
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which from 300 K, would result in a reduction of the bandgap of 10.6 meV2*® which is on the order

of the thermal energy of 28 meV.
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APPENDIX D:SUPPORTING INFORMATION FOR SIZE-DEPENDENT
COHERENT-PHONON PLASMON MODULATION AND DEFORMATION
CHARACTERIZATION IN GOLD BIPYRAMIDS AND NANOJAVELINS

D.1. Transient Absorption Data Fitting

For gold bipyramids and nanojavelins, the longitudinal plasmon resonance is well modeled
using Lorentzian functions. Since the photoexcited particles also present fairly low size- and
aspect-ratio dispersity, the transient optical signal can be approximated as two Lorentzian

functions’®.7>76.187

8400 = Ot )~ (o) O

W-00)?+ ()2 (@-we(t)2+(5

where t is time, w is frequency, /o and wo are the static extinction width and center respectively
taken from static spectra, and a(t), I(t), and w.(t) are constants that are allowed to vary in time

which represent a normalization factor, the resonance linewidth, and center frequency.

D.2.  Phonon Dynamics Interpretation

As discussed in the main text, the time evolution of the LSPR center wavelength was

modeled using the equation:

t

2
ws(t) =Y, Bie /i e_(;) sin (? + goi) +wq + ae~t/Tcool (D.2)
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which includes for a given phonon mode i, the maximum coherent phonon displacement g,
homogeneous lifetime 71, inhomogeneous lifetime due to nanoparticle polydispersity 7., the period
of the acoustic vibrations T, and phase shift ¢, along with the static LSPR position w,, a lattice
heating term «, and a lattice cooling lifetime zco01. While fitting the data, T, ¢, w,, and > were kept
constant across excitation power. At first, these parameters were allowed to vary, but they
exhibited no apparent power dependent trends and so they were kept constant to increase the
stability of fitting the remaining parameters. The one exception was sample B, where w,, was
allowed to vary in order to improve the quality of the fit. This variance was likely caused by sample
inhomogeneity and was still quite small changing only by a few wavenumbers. The four other
parameters were allowed to vary with excitation power. While g and phonon lifetimes are further
discussed in Chapter 5, the data regarding a and zco0l are included here in Figure D.1a and D.1b,
respectively. Error bars here and in the main text represent 95% confidence intervals from the

nonlinear least squares fitting algorithm.
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Figure D.1. (a) LSPR shift from lattice heating. (b) Fitted lattice cooling lifetimes.
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D.3. Additional Damping Rate Information

The observed phonon coherence dephasing comprises several components. Damping arises
from sample inhomogeneity (z2) as particles of different sizes in the sample will exhibit different
phonon frequencies that cause oscillations to eventually become out of phase leading to an
apparent damping effect. This process is well approximated by a Gaussian decay profile provided
that the particle size distribution is Gaussian.'®’ This lifetime can be approximated as 7z~72~ 2ot
where o7 is the standard deviation of the periods in the bipyramid sample with a mean period T.
187 The approximation T/or=L/o, where L and o, are the mean and standard deviation in particle
length, is often applied to directly utilize distributions from TEM measurements.”® By using this
methodology, the accuracy of fitting 71 was improved, the remaining so-called homogenous decay
processes which are due to energy loss. To compare decay constants between materials with
drastically different oscillation periods, quality factor, Q==71/T, was used which is the decay
lifetime normalized by oscillation period. The model developed by Pelton et al.”®’® was used to
separate 71 into fluid damping (caused by solvent-phonon coupling) and intrinsic damping
(caused by mechanisms within the nanoparticle). Briefly, based on particle size and geometry, the
rate of damping caused by solvent interactions, Quig, can be calculated. Once that coupling rate is

determined, the intrinsic quality factor, Qint, can be determined by the equation:

1/Q1=1/Qtuig+1/Qint (D.3)
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We consider this intrinsic quality factor as it removes effects caused by differences in solvent-
phonon coupling and offers comprehension of processes that occur within the various

nanoparticles.

In Figures D.2 and D.3 (which display the same data but different scale bars) the
dependence of Qint and Q1 on pump intensity is shown. Since the data comprises two decay terms
(inhomogeneous and homogenous) it is possible for one of those decay terms to dominate the
dynamics. Because the inhomogeneous damping term is determined by TEM images, it is constant
throughout the fitting process. However, for several powers in samples A and C, the homogeneous
lifetime was significantly higher than the inhomogeneous lifetime preventing effective parameter
fitting. For these instances, only a lower error bars is plotted since this indicates the lower bound
of that quality factor. However, the upper bound of this parameter or even its precise value cannot
be accurately estimated. Therefore, while sample A might appear to exhibit relatively low quality
factors, that is more a result of the sample inhomogeneity rather than actual low quality factors.
To make this clearer, inhomogeneous lifetime normalized by oscillation period (Qinn=nz2/T) are

included. Additionally, Qsuid is included in these Figures to offer a sense of its relative effect.

Prior reports pointed to a linear relationship between excitation power and Qi. "*7®
However, it is experimentally observed that quality factors plateau at higher excitation fluxes. It is
unlikely that particle melting causes this trend as careful efforts was taken to minimize degradation
as discussed in Figure D.5. The origin of this relationship is unclear, but may potentially be caused
by heating changing the solvent viscosity. 7° It is worth noting that the quality factors observed

here are higher than have been previously observed for bipyramids in water.”%"576 This trend could
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be explained by the fact that the prior effort calculated a quality factor via linear extrapolating to
zero power. Since quality factors increase with excitation power, it follows that the values reported

here are larger.

Additionally, there seems to be a weak correlation between sample size and Qint with larger
particles exhibiting smaller quality factors. The exception is sample A, which is explained above.
Examining the TEMs it seems that larger bipyramids exhibit rougher surfaces than smaller
bipyramids, which could indicate lower crystalline quality leading to faster damping. This trend is
demonstrated in the TEM images in Figure D.4. The smaller bipyramids have boundaries that are
clearly defined by straight lines and correspondingly have very high quality factors. However, the
outline of the larger particles are distorted and as a result they have lower quality factors. If larger
particles present lower crystallinity, rather than having larger size directly cause the lower quality
factors this would explain why the trend is so weak. This dependence on crystallinity is consistent
with what has been proposed regarding quality factors of nanorods; higher crystallinity
corresponds to larger quality factors.?!® These results suggest that it may be possible to increase
phonon coherence lifetime by manipulating bipyramid crystallinity. It is worth noting, that

additional analysis on less complete data sets yielded very similar results.
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Figure D.2. Various quality factors of samples A-E.
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Figure D.4. Larger view of TEM images of the bipyramid samples discussed in Chapter 5. White
scale bars represent 100 nm. Arrows point to notable surface irregularities.
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D.4. Sample Damage
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Figure D.5. Extinction spectra of sample E before and after several transient absorption scans
where 1 kHz pump fluence is indicated. Probe fluence was negligible.

Solutions were rapidly stirred during transient optical experiments. To ensure properties of
the bipyramids were measured rather than effects related to irreversible sample damage, extinction
spectra before and after each scan were examined and only reproducible scans are examined.

Figure D.5 shows the spectra of sample E before and after several scans.
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D.5. Details of Sample Dimensions, Total Expansion, and Calculated Cross-Sections

L

F 3
A\ J

F 3
v

L!

Figure D.6. Bipyramid with relevant dimensions labeled.

In addition to the particle length (L), width (W), and radius (r), an important parameter is

projected length which is calculated geometrically for each particle using the formula:

(' — (L—2r))/(2r) = L'/JW (D.4)
L (1 - ZW) =L—2r (D.5)
L= (D.6)

The volume of the bipyramid is then calculated from the ensemble average using the formula:

ol W 4mr3 nr? (L' L
V=2 + T2 (51 +7) (D.7)

3 2
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From there, by using the density of gold, and the assumption of four atoms per unit cell, the number

of unit cells is estimated.

Sample Length Width Radius of Asp(_ect Estimateq Number
(nm) (nm) Curvature (nm) Ratio of Unit Cells

45.6+2.7 18.7+0.9 5.2+0.3 2.45+0.14 9.67x10*
B 94.0+3.4 33.1+1.5 6.8+0.4 2.85%+0.16 5.57x10°
C 122.9+4.5 | 38.3+2.9 6.1+0.4 3.23+0.28 9.03x10°
D 146.4+3.6 | 41.9+2.2 6.3£0.5 3.51+0.21 1.28x10°
E 168.6+4.8 | 46.6+3.5 6.8+0.6 3.64+0.29 1.81x10°
F 139.9+59 | 29.3+1.0 7.5+0.6 4.77+£0.27 7.70x10°
G 198.1+4.7 | 33.0+1.3 8.71+1.5 6.01+0.30 1.46x10°

Table D.1. Bipyramid and nanojavelin sizes measured via TEM images.
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Figure D-7. Total expansions of the particles from the lowest-order coherent acoustic phonon.

Sample | Absorption Cross Section (m?) | Scattering Cross Section (m?)
A 3.86x101° 5.62x1071°
B 1.78x104 2.01x101
C 2.37x101 4.36x101
D 2.63x10™1 6.00x10%
E 2.73x10™1 8.87x10

Table D.2. Bipyramid Absorption and Scattering Cross Sections at Amax from FDTD calculations
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APPENDIX E:SUPPORTING INFORMATION FOR PHONON-DRIVEN
OSCILLATORY PLASMONIC EXCITONIC NANOMATERIALS

E.1. Finite Difference Time Domain Calculations

The calculated extinction spectra of the TCC-AuBPs are shown in Figure E.1. Particle

expansions took place in increments of 0.02% from -0.1% up to 0.1%.
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Figure E.1. Extinction spectra of TCC-AuBPs from FDTD calculations.

E.2. Time Resolved Photoluminescence

The AuBP-TCC complexes have short lived, fluorescent states. Figure E.2 shows how the

photoluminescence intensity evolves with time as observed with a streak camera. Notably, the



241
photoluminescence decay is almost instrument limited and has decayed away within a few ps,

consistent with the short electronic lifetimes of TCC and AuBPs.
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Figure E.2. Time Resolved Photoluminescence of a representative TCC-AuBP spectra along with
an instrument response function convoluted single exponential fit.
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APPENDIX F:SUPPORTING INFORMATION FOR OSCILLATION ASSOCIATED
SPECTRA ELUCIDATE PHONON-INDUCED CHANGES IN PLASMON-
EXCITON COUPLING

F.1. Additional Bipyramid Oscillation Associated Spectra Compared to Static Extinction
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Figure F.1. Static extinction spectra (solid black), its derivative (dashed black), and oscillation
associated spectra at the maximum Fourier transform magnitude (red) for two additional
bipyramid ensembles.
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F.2. Phase Behavior of an Oscillatory Plasmonic Excitonic Nanomaterial
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Figure F.2. Relative phase behavior of gold bipyramids functionalized with TCC as described
in Chapter 8. Notably, there is some noise from 650-700 nm owing to the low oscillation
magnitude at those wavelengths. Here Amax =726 and Aend =738 nm.

F.3. Other Parameters Derived While Calculating Oscillation Associated Spectra

Starting with the spectra in Figure 8.1b, it is trivial to calculate the magnitude and phase of
the Fourier transform. Specifically discrete Fourier transformations were performed at every
frequency of interest, although it is equivalent to performing a Fast Fourier transformation after
zero padding the data. Figure F.3 shows the Fourier transform magnitude, averaged across all
wavelengths. Figure F.4 shows the Fourier transform magnitude averaged across all frequencies.
The region of high Fourier transform magnitude on the redder edge of the spectra was used to
calculate the reference phase and is highlighted with a gray box. The cos of the reference phase
(6,) versus oscillation period is displayed in Figure F5 and the resulting phase map (cos(8')) is

shown in Figure F.6.
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Figure F.3. The Fourier Transform magnitude averaged across all wavelengths versus
oscillation period.
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Figure F.4. The Fourier Transform magnitude averaged across all calculated frequencies versus
wavelength. The region in gray was defined as Amax to Aend for the OAS.
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Figure F.5.The cosine of reference phase (6,) versus oscillation period.
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Figure F.6.The relative phase of the data, or cos(8'(4, f)).
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