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ABSTRACT

Quantum dots are gaining increasing interest in the last three decades, due to their unique
optical and electronic properties intermediate between the bulk materials and single molecules.
They have a long list of potential applications including but not limited to solar cells and
photovoltaics, LEDs, quantum computation, laser medium and medical imaging, because of their
highly tunable properties.

In this dissertation, I prepared a series of monodispersed CdSe, CdSe/ZnS, CdSe/ZnS/CdSe
quantum dots. Using the all-reflective dispersion-free broadband two dimensional electronic
spectroscopy that we previously developed, I am able to probe the electronic dynamics of the
first two excitons in these quantum dots at very early time. The ZnS shell influences the surface

profile, and presents different relaxation dynamics in these core-shell quantum dots.
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1 Introduction

Spectroscopy is the study of the interactions between electromagnetic fields and matter. It
can be used to understand the microscopic interactions and dynamics. In the past two decades,
two-dimensional electronic spectroscopy (2DES) has been developed, to probes photo-initiated
electronic dynamics on ultrafast timescales [1-4]. It has been applied to study systems including
spectral diffusion [1,5,6], photosynthetic light-harvesting [7-14], semiconducting nanocrystals
[15-18] and atomic vapors [19-22]. 2DES improves resolution compared to pump-probe
spectroscopies by separating homogenous and inhomogeneous broadening along distinct spectral
axes [23]. The resulting 2D maps correlate excitation at a specific energy with the fate of that
excitation across the entire excitation window. This approach decouples the pulse bandwidth
from the frequency resolution of the experiment, which is ultimately determined by the
molecular response. Thus, 2DES can exploit spectrally broad, sub-10fs, ultrafast pulses for pump
and probe, while monitoring electronic and vibrational couplings and coherences across diverse
chromophores and environments. 2DES accesses detailed dynamical information without the use
of multiple spectrally distinct laser pulses.

Since first discovered by Alexey Ekimov in 1980, nanocrystal quantum dots (NC QDs) have
gained considerable attention over the last three decades. QDs are only several nanometers in
size and exhibit physical and chemical properties that are intermediate between those of bulk
semiconductors and those of free molecular systems. The optical and electronic properties of

QDs can be controlled by changing the chemical composition, size, and shape; this gives rise to



many potential applications for QDs in quantum computation [24-26], photovoltaic devices [27-
29], light emitting devices [30-32], biological labels and medical devices [33-35].

In this chapter, I will discuss theories of non-linear spectroscopy and 2DES first, and then
introduce quantum dots and quantum confinement effects briefly. In this dissertation, we
developed a dispersion-free broadband two dimensional electronic spectroscopy, and used it to

probe the electronic dynamics within the quantum dot systems.

1.1 Coherent spectroscopy

Spectroscopy is a measurement from the interaction between the light and matter. The

propagation of light can be derived from Maxwell equation:

=0 (1.1)

where E is the electric field, v is the phase velocity. One solution of equation (1.1) is

E(F,t) = Ae'* ™" + c.c. (1.2)

where A is the amplitude of the electromagnetic field, k is the wave vector, 7is the position,
is the angular velocity and ¢ is the time. When the light interacts with the matter, an induced
dipole moment will be created:

P=qd (1.3)

where g is the electronic charge per unit volume, and dis the displacement vector pointing from
the negative charge to the positive charge. This dipole moment (polarization density) is related to

the electric field:

P=P,+Px =50;((”-Ed{eo;g(”-E-E+gog‘3)-E-E-E+---] (1.4)



where &, is the electric permittivity, ' is an n+l rank tensor representing the n-th order

electric susceptibility. The terms in brackets is non-linear polarization, while P, = e E is
the linear polarization. The wave equation in the polarized material is:

o’D

VZE_/UO

where the electric displacement D = gof +P,and M, 1s the permeability of vacuum. Comparing
to the equation (1.1), the solution can be expressed as:

P(7,t) = ?’(t)eiu;”g‘?_w”g‘t) +c.c. (1.6)
This polarization acts as a source of radiation, which was detected in our experiments.

For coherent spectroscopy, dipoles are driven coherently by one or more input electronic

fields, and the signal is detected in a well-defined direction:

e =Tk th, th 1k, (1.7)
Also the signal frequency depends on the individual incident pulses:
0, =toto,*0,*o, (1.8)

where l?, and o, are the wave vector and frequency of the i-th electronic field interacts with the

material system [36].

1.2 Principles in Two Dimensional Electronic Spectroscopy

When the electric filed is very intense, the nonlinear terms in the equation (1.4) cannot be
neglected. For material systems with inversion symmetry, the even orders of electric

susceptibilities are zero, thus the lowest-order nonlinearity is the third-order response.



We calculate the third-order polarization from the density operator:

PO(t) =Tr(up™ (1)) (1.9)
where u is the dipole operator, p is the density operator of the system. The time evolution of a
density operator can be derived using the schrodinger equation and finally yields the quantum

Liouville equation (also known as the Liouville Von Neumann equation) [36]:

op O|Y(@®) o(Y)| —i
L= o)+ | ve)) ——2 = —H, 1.10
Py Py (FPO)|+P@) Py h[ P] (1.10)
Using perturbation theory, the Hamiltonian can be written as
H=H,+V(t) (1.11)

where H is the unperturbed Hamiltonian of no time-dependence, and F(t) is the time-dependent
perturbation term. When the electronic field interacts with the system, it can be written as the
product of dipole operator and electric field:

V(t)=-u-E (1.12)
Substituting the solution of (1.10) for the density operator, into equation (1.9), the expression for

the third-order polarization at time ¢ and a specific point in space is obtained:
PO =[] 8P (2,7t VEG)E(r L) EG,1)dz dr,dT, (1.13)
where ¢ (t-1,-p-7c), 12 (t-1-Tc), 13 (2-7.) are the times that three electric fields interacts with the

system, and 7,, T, 7. are the time delay between three pulses and the signal. The definition of

these time variables is shown in the figure 1.1.



Pulse 1 Pulse 2 Pulse 3

time

Figure 1.1 Three pulses interact with the matter to generate the third order polarization. The time
variables are defined in the diagram, corresponding to the equation (1.13).

5% is the third order time dependent response function, and requires z,, 7, 7. larger than zero
to ensure causality, since light-matter interaction only happens after the corresponding radiation

field. It contains both the density and dipole operators, as shown in equation (1.14)

S(S)(Ta’rbﬂrc) = (%j Tr{[[[,u(ra +7,+7,), u(z, +Tb)],,u(ra)],,u(O)Jp} (1.14)

We can tell that this third order response function is the sum of eight terms, and these terms
differ by whether dipole operators actor on the bra or ket side of p in the order. The first term can

be expended as:

Triu(r, + 7, +T)u(r, +7,)u(r,) p(0)p}
= {Ug(ra +r,+7)uU, (7, +7, +7,)U. (r, +7,)uU,(z, +rb)Ug(ra),uU0(ra),up} (1.15)

Tr
Tr{ [ U a[ Uy Uy (20U ) JUL ) U3 ) )

where Uj is the time evolution operator. In this term, dipole operator acts on the ket of density
matrix first, then the system evolves under H, during 7,; after dipole acts on the ket again, the
system evolves under Hy, during p; then the dipole acts on the ket for the third time and the
system evolves during z.; later the density matrix is multiplied by dipole operator and the trace is

5



calculated. This process can be illustrated using Feynman diagrams as shown in figure 1.2. In
order to emphasize that the electronic field interacts on the ke, some details in a Feynman

diagram are now drawn here.

Esig . p>< o

= |l )<l
v o> p
E: (| p><p

Figure 1.2 A representative Feynman diagram shows that three electronic fields interact with the
system, and the dipole operator works on the ket three times, corresponding to the term in
equation (1.15). The arrows represent that the system interactions with electronic fields. The
double-sided column represents the upward time evolution of the density operator.

pprad hrnd R
~ c)-:I ~

Feynman diagram is an easy way of tracking these interactions in various pathways (terms in
equation (1.14)). As shown in the figure 1.3, for a Feynman diagram, the density operator is
represented by two columns: the ket is on the left side, and the bra is on the right side. The time
evolves upward in this diagram. In two dimensional electronic spectroscopy (2DES) experiment,
we can control the time delay 7, 7, 7., Which is named as coherent time (7), waiting time (7) and
rephrasing time (¢), indicating the time delay between these three incident electronic fields and
the signal. An interaction with the electronic field on the density matrix is represented by an
arrow: Inward pointing arrows represent absorption while outward pointing arrows indicate

emission. Arrows on the left side act on the ket, and arrows on the right side act on the bra. Each



diagram has an sign of (-1)" where n is the number of interactions on the bra, because each time
an interaction acts from the right in a commutator will change the sign.

In conventional Feynman diagram, the material system starts from ground state, and ends
with a population state. The last arrow pointing outwards, corresponding to the signal emitted
due to the third order polarization induced by the first three interactions with the electronic fields.
The arrow pointing to the left associates with a negative wave vector, and the arrow pointing to
the right represents interaction with an electronic field of positive wave vector. The wave vector
of the signal is the sum of three wave vectors with appropriate signs. The terms in equation (1.14)
will lead to different signals with different wave vectors. In 2DES experiment, we collect the
signal in the phase-matched direction, ks=-k +ky+k;, and most terms in the equation (1.14) will
vanish, only 6 pathways will survive and are shown in the figure 1.3. We assume that there are
only three states in the system: ground state (g), the first excited state (e), and the second excited
state (f). These 6 pathways can be differentiated as rephasing (the left three diagrams) and
nonrephasing (the right three diagrams), for different time ordering of pulse 1 and pulse 2. So we
can selectively detect rephasing signals via enforcing that the pulse 1 arrives earlier than pulse 2.
In addition, we separate these pathways into ground state bleaching (GSB), stimulated emission
(SE) and excited state absorption (ESA). Ground state bleaching refers to depletion of the charge
carriers in the ground state to an excited state. The system is on the ground state during waiting
time. If the system is on the first excited state after interacted with the first two pulses, it can
either absorb another photon and excited to a higher excited state (ESA) or emit a photon (SE)
when interacts with the third pulse. In a two-dimensional spectrum or pump-probe spectrum
recording transmitted light, ground state bleaching and stimulated emission signals will create

positive spectral features, while excited state absorption will create negative features.
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Figure 1.3 Feynman diagrams represent six different pathways generating signal in the direction
k=-k\tkytks. The left three diagrams correspond to rephasing pathways, and the right three
diagrams represent nonrephasing response pathways. The ground state bleaching (GSB) and
stimulated emission (SE) show a positive signal, while excited state absorption (ESA) shows a
negative signal.

Feynman diagram can be used to analyzing spectral features in two-dimensional electronic

spectrum, and explain the waiting time dynamics in 2DES. For example, we are able to monitor



the population transfer during waiting time from state b to state a, as shown in the figure 1.4.
More applications of Feynman diagram in 2DES to help understanding spectral features will be

discussed in the next chapters
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Figure 1.4 The Feynman diagram shows population transfer during waiting time T, from the
excited state b to another excited state a.

1.3 Quantum dots and quantum confinement effect

In bulk semiconductor materials, the number of atoms or orbitals is very large and the energy
levels are very close. The occupied electronic orbitals (valence band) and unoccupied orbitals
(conduction band) can be considered as a continuum energy bands. The energy gap between the
conduction band and valence band (bandgap) is a fixed parameter for a specific identity (figure
1.4, (a)). However, this situation changes when the size of the semiconductor material reduces to

be less than ten nanometers. The bandgap increases compared to bulk with quantization of the



energy levels to be discrete, and the manifold of the energy levels in these nanoscale particles

(quantum dots) is shown in figure 1.5 (b).

(a) Bulk semiconductor (b) Quantum Dots

1P
A Conduction ‘ A 'ISEe;
band / ry e
%)
E Bandgap
LL
Valence T ——— 15(h)
band e s | P (1)

B 25(h)

Figure 1.5 (a) A bulk semiconductor has continuous conduction band and valence band,
separated by a fixed energy gap. (b) Quantum dots are characterized by discrete atomic-like
energy levels.

In QDs whose size is reduced to a few nanometers, which is the same magnitude as the de
Broglie wavelength of the electron wave function, the band gap increases compared to bulk with
quantization of the energy levels to be discrete. This effect is known as quantum confinement
effect [37]. The de Broglie wavelength of electron is given by

h h
Z= (1.16)
P mhk,T

e

/’t —

deB

where 4 is the planck constant, m,. is the mass of an electron, kg is the Boltzmann constant, and T’
is the temperature. At room temperature (7 = 298 K), the wavelength equals to 10 nm. So for

semiconductor particles with spatial dimensions on the order of ten nanometers, quantum

10



confinement effect will be prominent. The motion of electron is restricted and can “feel” the
presence of the particle boundaries.

The color of light emitted by the semiconductor material is determined by the width of the
energy gap separating the conduction band and balance band. In a simple picture, the band gap in
quantum dots (separation between the lowest electron and hole states) can be predicted using the

particle in a box model [38]. Using a spherical quantum well, it can be expressed as [39]:

h2

confinement = E bulk + 2
8uR

E

oo =E

bulk +E

(1.17)

where h is the planck constant, = memh/(me+mh) (with me and mh as the electron and hole
effective masses) is the reduced mass, R is the radius of the quantum dot. This equation (1.17)
implies that the electronic transition in the quantum dots highly depends on the size. Typically
the energy gap increases as the particle size decreases, and this relationship in CdSe quantum

dots was measured by Yu et.al [40], and re-printed with permission here in figure 1.6.

A O o

Size (nm)

N

300 500 700
First absorption peak positon (nm)

Figure 1.6 The curve shows the relationship between the energy of the first excited state and
particle size for CdSe quantum dots [40].
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1.4 Core-shell quantum dots

The quantum dots yield a very high surface-to-volume ratio when the size is reduced to a few
nanometers. A high proportion of atoms are on the surface and coordinated with the stabilizing
organic ligands. Nevertheless, surface trap states are present in these organically passivated
quantum dots, providing a fast non-radiative de-excitation channel for exciton relaxations. The
fluorescence quantum yield (the probability of the excited state being deactivated by
fluorescence rather than by non-radiative mechanism) will diminish in these quantum dots,
which challenges the applicability in future technologies [41].

One strategy to improve the surface structure and reduce surface effects is to grow a shell of
a different semiconductor material, producing a core-shell structure. The shell growth reduces
the surface trap states for charge carriers, via eliminating surface dangling bonds. In addition, the
shell can isolate the core from the organic ligands, to reduce low-lying (near band edge) hole
relaxation, which is dominated by the ligand-involved non-radiative pathway [42-44]. The shell
can also be selected to enhance the stability of quantum dots and protect it against photo-
oxidation. In addition, it is possible to tune the emission wavelength of the quantum dots via
tuning the chemical composition and thickness of the shell layers [45].

In a special case when the bandgap of the core is within that of the shell, or in other words,
the HOMO of the core is higher, and the LUMO of the core is lower, compared to those of the
shell, both electrons and holes are confined in the core. Then the shell is basically used to tune
the surface profile of the core, and improve the optical properties. A typical sample for this type
of core-shell structure is CdSe/ZnS (the band gap is 3.61 eV for ZnS compared to 1.74 eV of
CdSe). The growth of ZnS leads to a small red shift of both the absorption peak positions in UV-

Vis spectrum and the emission wavelength in photoluminescence spectrum.
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Furthermore, quantum dots containing multiple shells were developed to optimize electronic
and structural parameters. For example, CdSe/ZnSe/ZnS and CdSe/CdS/ZnS were obtained by
Talapin in 2004 [46]. By introducing the ZnSe or CdS, the strain within the quantum dots,
especially at the interface, will be significantly reduced, since the lattice mismatch between ZnS
and CdSe is mediated by the middle layers. In 2005, Battaglia et.al synthesized a series of
CdSe/ZnS/CdSe core-shell-shell quantum dots, and successfully realized tuning the electronic
coupling between the core and the outside CdSe shell, by alteration of the thickness of the ZnS

barrier layer [47].

1.5 Ultrafast electronic dynamics of Quantum dots

The electronic dynamics, such as relaxation processes of high energy photo-excitations (hot
exciton) have been studied using ultrafast nonlinear spectroscopies. Using transient absorption
(TA) [48-50], photon echo peak shift [51, 52] or two-dimensional electronic spectroscopy (2DES)
[17, 18, 53, 54], the quantum dots will first be initiated to high energy excitonic states and then
the underlying physical process will be probed. In CdSe quantum dots, the hot exciton relaxes
rapidly after excitation on femto-second time scale [17]. A few mechanisms have been proposed
to explain the fast energy relaxation in QDs: (1) an Auger-like mechanism, when the excited
electron transits to a lower energy level, with a hot hole relaxation through its manifold towards
the band edge or to a trap state [55, 56]; (2) surface process, including surface defects or
passivating ligands leads to intermediate states with coupling between electron and molecular

vibrations or lattice phonon [42, 57].
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2. Quantum Dots Preparation and Characterizations

We synthesized two different types of CdSe quantum dots for different purpose. Dr.
Dolzhnikov prepared a large Zinc-blende CdSe (6.0 nm in diameter), which was used as the test
sample for the dispersion-free all-reflective two-dimensional electronic spectroscopy. Haibin
Zheng prepared a series of CdSe (5.1 nm) core, CdSe/ZnS (5.8 nm) core-shell, CdSe/ZnS/CdSe
(7.5 nm) core-shell-shell and CdSe (6.0 nm) core, CdSe/ZnS (6.6 nm) core-shell quantum dots,

to probe the early time electronic dynamics, and explore the surface effects in these samples.

2.1 Chemicals

Cadmium oxide (CdO), oleic acid (OA), l-octadecene (ODE), selenium powder (Se),
trioctylphosphine (TOP), zinc oxide (ZnO), sulfur powder (S), oleylamine (OAm), selenium

dioxide (SeO,), cadmium myristate (Cd(myr),),

2.2 CdSe, CdSe/ZnS, and CdSe/ZnS/CdSe nanocrystals

Two groups of QDs were synthesized in Prof. Talapin’s lab. The series of CdSe (5.1 nm)
core, CdSe/ZnS (5.8 nm) core-shell, CdSe/ZnS/CdSe (7.5 nm) were prepared first. However,
when using the larger CdSe core (6.0 nm), we did not get the core-shell-shell structure

successfully, due to the lattice mismatch among CdSe and ZnS, and the large surface strain.
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2.2.1 Synthesis of CdSe, CdSe/ZnS, and CdSe/ZnS/CdSe

Cadmium oleate (Cd(OAc),) stock solution was prepared by mixing 0.4 mmol of CdO with
2.4 ml of OA and 20 ml of ODE in a 50-ml three-neck flask. The mixture was heated to 150 °C
under vacuum and stirred by magnetic stir bar for 1 hour to eliminate the trace amount of water
and O,. After refilling with N,, the reddish mixture was then heated to 250 °C, where the
suspension became a colorless solution. Subsequently, the flask was cooled to room temperature,
and the resulting Cd(OAc), was stocked as a colorless solution for further usage.

Zinc oleate (Zn(OAc);) stock solution was prepared under the same general conditions as
those used in the Cd(OAc), synthesis, except for the zinc precursor. In a typical procedure, 2.0
mmol of ZnO, 5 ml of OA and 20 ml of ODE was loaded into a 50ml round-bottom flask and
vacuum-dried at 100 °C to remove any trace oxygen. The flask was then heated to 250 °C under
N, atmosphere till the white mixture turned to a colorless solution, indicating a completed
reaction and the formation of Zn(OA),. The resulting Zn(OAc), was later stocked as a waxy
solid after the colorless solution cooling to room temperature.

Sulfur precursor (S-ODE) was obtained by dissolving 1.0 mmol of S powder in 25 ml ODE
at 100 °C in N,. Selenium precursor (TOP-Se) was prepared by dissolving 0.4 mmol Se powder
in 5 ml ODE and 0.4 mL TOP. Both S-ODE and TOP-Se precursors were stocked in the glove
box.

The wurtzite structure of CdSe nanocrystal (NC) core was synthesized following a classic
procedure [1, 2] via successive ion layer adsorption and reaction (SILAR) method. Cd(OAc),
(0.2 mmol) stock solution was loaded into a three-neck flask and dried at 100 °C under vacuum
for 1 hour. Then the colorless solution was heated to 280 °C in N,, where 2.0 ml of OAm and

TOP-Se (0.2 mmol) solution were quickly injected successively. After 10 minutes, 0.06 mmol of
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Cd(OAc); and 0.06 mmol of TOP-Se were loaded into separate syringes and injected to the flask
successively. This procedure was repeated several times until CdSe NCs core reached the desired
size [3], which was monitored via measuring the UV-Vis absorption spectrum of aliquots taken
from the reaction solution. The size of the CdSe QDs was inferred using the curve shown in
figure 1.6. A portion of the resulting Wz-CdSe NCs was washed using ethanol, and dissolved in
toluene.

The CdSe/ZnS NCs and CdSe/ZnS/CdSe NCs were synthesized using this small-core as
seeds, using a modified seeded-growth [4, 5] method originally described by Battaglia [6]. In a
typical reaction, the as-synthesized Wz-CdSe NCs (0.04 mmol) solution was cooled to room
temperature and transferred to another flask without purification. The solution was first
vacuumed under 100 °C, and then refilled with N, and heated to 220 °C. For growth of ZnS shell,
a calculated amount (based on the quantity and size of QDs [1]) of Zn(OAc), was injected first
followed by the ODE-S precursor 5 minutes later. The concentration of QDs was calculated
based on the extinction coefficient (€), which is estimated using empirical function in equation
2.1[7]:

£=5857-D*% 2.1)
where D is the diameter of the nanocrystal. Aliquots were taken from the original solution with a
certain time interval for absorption measurements to monitor the reaction. After 20 minutes, the
reaction stopped and the flask was allowed to cool to the room temperature. The resulting
CdSe/Zns NCs were purified using anhydrous ethanol and toluene for several precipitation-
redispersion cycles, and the purified NCs were dissolved in toluene, To synthesize
CdSe/ZnS/CdSe NCs, the aforementioned CdSe/ZnS NCs were kept in original reaction solution

at 200 °C in N2, into which a calculated amount of Cd(OAc)2 and TOP-Se precursors were
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added in the same manner as that of ZnS layers growth. After 20 minutes, the reaction was
stopped and cooled to room temperature. Toluene and ethanol were added to precipitate NCs and
the final CdSe/ZnS/CdSe NCs were dissolved in toluene for future usage. The actual sizes of
these NCs were measured using a transmission electron microscope.

A relatively small CdSe quantum dots (5.1 nm in diameter) was prepared initially. Based on
this core structure, a CdSe/ZnS core-shell structure (5.8 nm) and CdSe/ZnS/CdSe core-shell-
shell structure (7.5 nm) were synthesized. Another larger CdSe core (6.0 nm) and CdSe/ZnS

core-shell (6.6 nm) were prepared separately.

2.2.2 Characterizations of CdSe, CdSe/ZnS, and CdSe/ZnS/CdSe

Transmission electron microscopy (TEM) images were obtained using a FEI Tecnai F30
microscope operated at 300 kV. UV-Vis absorption and photoluminescence (PL) spectra of QD
dispersions were recorded using a Cary 5000 UV-Vis-NIR spectrophotometer and FluoroMax-4
spectrofluorometer (HORIBA Jobin Yvon), respectively.

The TEM images are shown in the figure 2.1. The size increases after the growth of shell
layers with a narrow distribution (~3% Std). The UV-Vis spectra of the smaller quantum dots are
plotted in the figure 2.2. I fit each spectrum using three Gaussian components and a cubic back
ground curve [3]:

5 -(/1—»’2@)2

3
A(A)=Yae * +3b A (2.2)
Jj=0

i=1

where x; is the center position for the first three excitations, a; is the amplitude of each Gaussian
component, o;is the standard deviation, b;is the coefficient in polynomial expression. The fitting
parameters are listed in the table 2.1 and the results are plotted in the figure 2.2 as black dashed
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lines. These monodispersed quantum dots provided a clear energy assignment for these lower
laying excitons. The more detailed UV-Vis absorption spectra and PL spectra of all five quantum
dots are displayed in figure 2.3. The Raman spectrum of each sample was shown in figure 2.4,

showing a strong phonon mode at 210 cm™.

(a)

(b) (©) prmm

Figure 2.1 TEM images for five quantum dots. (a) CdSe (5.1 nm), (b) CdSe/ZnS (5.8 nm) and (c)
CdSe/ZnS/CdSe (7.5 nm); (d) CdSe (6.0 nm) and (e) CdSe/ZnS (6.6 nm). The scale bar indicates
10 nm for all pictures.
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Table 2.1 Fitting parameters for linear absorption spectra

Sample a; a a3 X1 Xp X3 S 02 G3 bo b (x10%) | (x10")

CdSe 0.179 | 0.075 | 0.058 | 612.9 | 5823 | 534.1 | 114 10.8 13.0 24.1 -0.110 1.69 -8.63

CdSe/ZnS | 0.168 | 0.064 | 0.053 | 614.5 | 582.4 | 536.3 | 11.8 | 9.88 14.2 14.7 | -0.063 | 0.895 | -4.22

CdSe/ZnS/

CdSe 0.097 | 0.055 | 0.080 | 623.7 | 592.5 | 556.0 | 11.8 109 | 222 20.2 | -0.090 1.34 -6.58

—5,1nm CdSe (613 nm)
613 nm

Absorption (a.u.)

520 540 560 580 600 620 640 660

= 5.8nm CdSe/ZnS (614 hm)

Absorption (a.u.)

520 540 560 580 600 620 640 660

—7.5nm CdSe/ZnS/CdSe (624 nm) J

Absorption (a.u.)

520 540 560 580 600 620 640 660
Wavelength (nm)

Figure 2.2 Fitting UV-Vis spectrum to three Gaussian components and a cubic back ground
curve. The black dashed lines are the fitting results for these three QDs. The peak positions of
three Gaussian distribution reveal the excitation energies of three lowest-energy excitons.
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Figure 2.3 (a) UV-Vis and PL spectra of CdSe (5.1 nm) core, CdSe/ZnS (5.8 nm) core-shell, and

CdSe/ZnS/CdSe (7.5 nm) core-shell-shell quantum dots. (b) UV-Vis and PL spectra of CdSe (6.0
nm) core, CdSe/ZnS (6.6 nm) core-shell quantum dots.
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CdSe/ZnS/CdSe (7.5 n

CdSe/ZnS (6.6 nm)
CdSe (6.0 nm)

Intensity (a.u.)

CdSe (5.1 nm)
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Figure 2.4 Raman spectra of all five QDs: CdSe (5.1 nm, blue), CdSe/ZnS (5.8 nm, brown) and
CdSe/ZnS/CdSe (7.5 nm, orange); CdSe (6.0 nm, purple) and (e) CdSe/ZnS (6.6 nm, green). A
strong phonon mode at 210 cm-1 was observed for all samples.

2.3 Synthesis of larger CdSe quantum dots and its characterizations

Larger zinc-blende CdSe quantum dots were used as a reference sample to illustrate the
utility of the ultra-broadband electronic spectroscopy. It was synthesized using a different
method. 0.2 mmol of Cd(myr),, 0.2 mmol of SeO; and 0.04 mmol of Cd(OAc), were mixed in
12.6 mL of ODE according to a literature procedure [8]. The mixture was stirred and heated to
240 °C (heat rate ca. 20 °C /min). When the temperature reached 230 °C, 0.2 mL of oleic acid
was added to ensure stable growth of nanocrystals. After an hour the solution was cooled to
room temperature. Quantum dots were precipitated with ethanol and re-dispersed in toluene.

Washing was repeated 2 times.
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The TEM image of this CdSe shows the size of 6.0£0.6 nm (figure 2.5). The absorption
spectrum and PL spectrum are shown in the figure 2.6. The first four excitation peaks were
acquired based on previous reports [3] and the aforementioned Gaussian components fitting.
Powder X-ray diffraction (XRD) patterns were collected using a Bruker D8 diffractometer with

CuKoa X-ray source, and shown in figure 2.7.
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Figure 2.5 (a) TEM image of the larger zinc-blende CdSe quantum dots. (b) Size distribution
derived from TEM image.
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Figure 2.6 UV-Vis and PL spectrum of the zinc-blende CdSe quantum dots. The UV-Vis
absorption spectrum was fit to four Gaussian components, and the center positions are indicated
in orange, yellow, green, and blue vertical lines.
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Figure 2.7 X-ray diffraction data showing zinc-blende crystallinity.
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3 Nonlinear Spectroscopies and Data Analysis

This chapter reviews the nonlinear spectroscopies that used for the experiments introduced in
the next chapters, including two-dimensional -electronic spectroscopy and pump-probe
spectroscopy. The basic principles and optical setups are discussed. The data acquisition and

analysis methods are also demonstrated.

3.1 The generation of laser pulses

A laser (light amplification by simulated emission of radiation) is a device that emits light
through light amplification based on the stimulated emission of electronic radiation [1]. The
scheme is shown in the figure 3.1. For stimulated emission to be the dominant process, the
excited state population N, must be larger than the lower state population N;. This phenomena of

population inversion is accessed by pumping the gain medium.

-1 E2: N2

hv

hv /\/\——r
VAV SR N, > N,

— El’ N]. Ez _El = hv

Figure 3.1 The diagram shows the population inversion. Stimulated emission dominates over
absorption when light interacts with this gain medium.
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In our setup, a diode-pumped Nd:YAG continuous wave (CW) laser is used to pump the
Ti:Sapphire oscillator. After mode locked in the cavity, a pulse centered near 800 nm with a
bandwidth of ~60 nm (FWHM) is generated. We used the commercial device (Micra, Coherent),
to produce this ultrashort broadband laser pulse of about 500 mW power. Then the laser pulse is
steered into the regenerative amplifier (Legend Elite, Coherent). First the pulse is stretched
temporally to hundreds of picoseconds; then it is directed to seed the cavity in the regenerative
amplifier. The Ti:Sapphire crystal in this cavity is pumped with a Nd:YLF laser at a power of 30
watts. After bouncing about 15 trips within the cavity, the seed pulse is amplified to ~3.6 watts.
By controlling the voltage applied on two Pockels cells set in the cavity to either trap or eject the
laser pulse, a 5 kHz pulse train is generated. These pulses are compressed by a grating before
leaving the regen box, and we can get laser pulses (regen pulses) with a power of 2.8-3.3 W, 38
femtosecond duration, and 35 nm (FWHM) centered near 800 nm. The power stability of the

laser pulses at this point is less than 0.2%.

3.2 Self-phase modulation and the white light generation

Self-phase modulation is a nonlinear optical effect during electronic field and matter
interaction. In general, when apply an electric field (laser pulses in our experiment) onto a
material, its refractive index changes, and is proportional to the square of the electric field. This

induced refractive index will lead to a frequency shift of the spectrum.
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Figure 3.2 A Gasussian shape pulse of a pulse duration 7 = 30fs.
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Figure 3.3 Instantaneous frequency changes of an initially unchirped pulse, due to self-phase
modulation.

In a simple picture as shown in the figure 3.2, for a Gaussian shape pulse, the intensity is
given by:

1) =1,e""" (3.1)
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where [ is the amplitude of the pulse, and 7 indicates the pulse duration. The induced refractive

index is proportional to the square of the electric field:
n=n,+An=n,+kE* =n, +kl (3.2)

where ng is the linear refractive index, and k is the second order nonlinearity. Combining

equation (3.1) and (3.2), we will get

dn dl d(e” " ) =2t _p)p
——k——k] =kl et 3.3
dt  dt dt ol r? ) (3-3)

The phase of the pulse then will change due to the induced refractive index:

()= —k-r= z—z—”nL (3.4)

0
where wy is the carrier frequency of the pulse, 4¢ is the wavelength, and L is the distance that the
pulse traveled. Then the time dependent instantaneous frequency can be deduced:

d¢(l) 2z . dn 2 e
w(t) = =0 L =@, L-kl,(-2t-e"") (3.5)
“a, “ A

Using equation (3.3) and (3.5),

472' Lk[ o /,2) (36)

a(t) = w, +

0
The equation (3.6) is plotted in the figure 3.3. We can tell that when ¢ is positive (the pulse tail),
the frequency will increase and lead to a blue shift; while when 7 is negative, the frequency will
decrease and the wavelength will red shift. The frequency shift is also sensitive to length of the
medium, the intensity of the pulse and the second order nonlinearity £.

In our experiment, we focused the aforementioned 800nm regen pulses into a pipe filled with
argon gas. The length of 2.0 meters and pressure of 15 psi was selected to get desired wavelength.

In addition, the power of the regen pulse (2.8 — 3.3 W) is also critical to generate white light.
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Light redder than 700 nm is filtered by a hot mirror, producing a spectrum with FWHM from

480 to 680 nm, as shown in the figure 3.4 [2-6].

Intensity (a.u.)

480 520 560 600 640 680
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Figure 3.4 The broadband continuum white-light pulse measured after the hot mirror filter.

3.3 Two dimensional spectrometer and pump-probe spectrometer

The white light (power fluctuation is less than 1%) is then compressed using the Multiphoton
Intrapulse Interference Phase Scan (MIIPS) method [7-9] and a spatial light modulator
(Biophotonic Solutions, Inc.) is used to correct for dispersion. We compensated the white light
pulses by optimizing the second harmonic generation (SHG) signal FWHM at the sample
position using the MIIPS. The pulse duration was measured to be ~6 fs with the MIIPS and ~8-
10 fs with the Transient Grating Frequency Resolved Optical Grating (TG-FROG), at the sample
position. In the spectrometer, the pulse split into two beams by a beam splitter, and the time
delay between them (waiting time 7) is introduced using a retroreflector mounted on a translation

stage (Aerotech). Then these two pulses are split again into four pulses, the time delay between
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pulse 1 and pulse 2 (coherence time 7) is then controlled by a four mirror system with two
translation stages. Then these four pulses are focused by a 15 degree off-axis silver parabolic
mirror into a 100 um spot at the sample position. The first three pulses interact with the sample,
and generating a third-order response signal, which is emitted at the direction of the fourth pulse
(local oscillator, LO). More details about the spectrometer will be discussed in the next chapter.
The signal and LO are re-collimated by another 15 degree off-axis silver parabolic mirror, and
focused into the camera (Newton, Andor) where it is frequency-resolved and heterodyne-
detected.

In pump-probe experiment, the output pulse from MIIPS was guided into the pump-probe
setup and compressed separately for the pump-probe measurement. The 5.0 kHz pump beam was
chopped at 2.5 kHz, so that the pump-probe and probe-only spectra were collected alternatively
on a high-speed line scan camera (Horiba). Time delay between the pump and probe pulses is
controlled by a translational stage that adjusts the path-length of the pump pulse to the sample
position. The pump-probe data was acquired for all time delays matching the waiting times of the
2DES measurement. The third-order signal then emits at the direction of the probe pulse, and

heterodyned with the probe pulse.

3.4 Data acquisition and analysis in 2DES

The camera was calibrated using Neon or Argon lamps. Via fitting the peak positions to their
atomic spectra, it becomes possible to link pixels numbers to wavelengths. Then all three
translation stages were calibrated using spectral interferometry [10]: we typically place a thin

glass slide with finger prints on, to increase the scatter signal, and get a nice interferogram of two
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pulses. By scanning one pulse relative to another one, we can build a plot of time-delay versus
the distance that translation stage moved. Fitting this plot gives the calibration constant for the
translation stage that moved. The timing zero (pulse 1, 2, 3 are temporally overlapped) was
reached using TG-FROG [11]. The LO was set about 1200 fs from the beam 3, and attenuated of
4-5 orders to match the intensity of the third-order signal. For each waiting time 7, we either
scan the pulse 1 ahead of pulse 2, or scan the pulse 2 ahead. The pulse sequence is shown in the
figure 3.5. For each specific 7 and 7, we control the shutter to block and unblock the pulse 3 to
record both the signal with all four pulses /234 and that without pulse 3, /i24. After finishing scan
7, the signal with only pulse 3 and LO in, /34 is recorded by the camera, for each specific waiting

time 7. Finally, the spectrum of LO, /4 is also recorded.

! Tt T "t
Lo ts

Figure 3.5 Pulse sequence in 2DES. The LO signal arrives first. Then either pulse 1 comes early
(rephasing), or the pulse 2 comes early (nonrephasing). The time delay between the first and
second pulses is the coherence time 1. The time delay between the second and third pulses is the
waiting time T. The third-order signal is emitted after pulse 3, in a delay of the rephasing time t.

The scatter subtraction was illustrated by Brixner [10].

2

Iy =|E,+E,+E,+E ,+E

sig

(3.7)

40



Ly =|E+E,+E, [ (3.8)
L, =|E,+E, | (3.9)
L=|E,[ (3.10)

Combining equation (3.7)-(3.10), we will get

Ly =1y =L+ 1, =EE+EES+(E, +E,+E,+E ) E, +E E +cc. (3.11)
The 11234 1s shown in the figure 3.6(a), and the subtracted signal in equation (3.11) is shown in
the figure 3.6(b). However, since the rephasing axis is linearly spaced in wavelength, Fourier
interpolation along this axis is processed to make the signal linearly dispersed with frequency (A;
to w¢). The 2D plot after this Fourier interpolation is shown in the figure 3.6(c). We then Fourier
transfer along the rephasing axis (wx to ¢) (figure 3.6(d)), and apply a window function to apodize
the signal and eliminate both residual scatter and the homodyne signals. For equation (3.11),
only terms at the selected delay time ¢ - 1.0 (figure 3.5) will be kept, so the data is simplified to

[=E;-E, (3.12)

which is shown in in the figure 3.6(e). Finally, Fourier transfer over both dimensions ((z,f) to

(w,my¢)), the 2D spectrum in frequency-frequency domain, as shown in figure 3.6(f)
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Figure 3.6 Data analysis for 2DES. (a) Raw signal with all four beams in, for a specific waiting
time T. The coherence time was scanned from 90 to -90 fs, in steps of 1.5 fs. (b) The signal after
scatter subtraction. (c) The signal after interpolation, linearly spaced in frequency domain for the
rephasing axis. (d) Time-Time plot. (e) Time-Time plot after applied the window function. (f)
2DES Spectrum in frequency-frequency domain.
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3.5 Data acquisition and analysis for pump-probe experiment

In pump-probe experiment, the pump-probe and probe-only spectra were collected
alternatively for each waiting time 7. We average these signals of 3-10 shots to minimize the

fluctuation. Similar to 2DES data analysis:

2

=|E +E

pump + Eprobe

" e (3.13)

2

1= \ E, .. (3.14)

Where Epump 1s the scatter from the pump pulse, and Eprobc 1S the electronic field of probe pulse

By doing subtraction, we will get

1,,-1,=|E BB+ E o By + E i E, +C.C.] (3.15)

2
pump ' sig probe ' sig pump”~ probe

E sig

pump
which is shown in the figure 3.7(a). After interpolated to be linearly spaced in frequency domain,
we Fourier transform over camera frequency and get figure 3.7(b). We can get the peak positions
of each individual interferogram of EpumpEprobe* at different waiting times. Fitting this movement
of peak position, we can get the correct waiting time axis (inset of figure 3.7 (b)). Applying a

window centered at time zero gives

‘E pump

A[E, . E, tec) (3.16)

2
‘ + probe”~'sig

E sig

The first term can be removed by subtraction of the background at negative waiting time, where
only the first term exists in equation (3.16). The second term can be neglected since it is much
weaker than the heterodyne. After apply another window in ®; domain to remove optical

frequency, and divided by Epobe, the pump-probe spectrum is shown in the figure 3.7(c).
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Figure 3.7 Data process for pump-probe experiment. (a) The raw data after subtraction. (b)
Interpolated the wavelength to frequency domain, and Fourier transform to get the scatter. By
fitting the peak position of the scatter, we can get the actual time delay between pump and probe
(waiting time). (c) Final pump-probe spectrum after windowing and subtraction.
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3.6 Phasing 2D spectrum

After get the 2D and pump-probe spectra, the final step is to determine the absolute phase of
the 2DES spectrum, which can be recovered by fitting the 2D spectrum to pump-probe signal.

We used the projection slice theorem as shown here:
PP(T,w,)= Re{AJ-_w S,p (@,.T,0,)exp(ip+i(o, - o,)t, +i(@, - o,) 2 +i(o, —wo)rc)dwr} (3.16)

where ¢ is an overall constant phase correction, ¢, and 7, correct for timing between beam 3 and
LO and errors in timing between beams 1 and 2 respectively, and ¢y corrects the quadratic
nonlinear dispersion arising from neutral density filter in the local oscillator beam. A example of

the fitting result is shown in the figure 3.8.

C 3.6F
— Pump Probe 0.8
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3-!—'
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Figure 3.8 The fitting result when phasing 2D spectrum using pump-probe data.

After phasing, the real (absorptive) and imaginary (dispersive) components of 2DES
spectrum are separated. Figure 3.8 shows one example of real value of 2DES spectrum. An

identical set of phase correction constant is applied on all 2DES spectra at different waiting times.
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All phased 2DES spectra are stacked into a cube, to provide more information of quantum

coherence, relaxations or spectral lineshape.
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4 Dispersion-Free Two Dimensional Electronic Spectrometer

Electronic dynamics span broad energy scales with ultrafast time constants in the condensed
phase. Two-dimensional electronic spectroscopy permits the study of these dynamics with
simultaneous resolution in both frequency and time. In practice, this technique is sensitive to
changes in nonlinear dispersion in the laser pulses as time delays are varied during the
experiment. In this chapter, we developed a two-dimensional spectrometer which uses broadband
continuum generated in argon as the light source. We demonstrated all-reflective interferometric
delays using angled stages, in the phase-sensitive optical experiments. Upon selecting a ~180 nm
window of the available bandwidth at ~10 fs compression, we probed the nonlinear response of

broadly absorbing CdSe quantum dots and electronic transitions of Chlorophyll a.

4.1 The timing control in 2DES

We exploit a simple method of obtaining precision time delays using reflective optics and
angled translational stages here. This method allows us to probe materials with ground-state and
transient spectral features spanning several hundred nanometers, while limiting nonlinear
dispersion.

The details of 2DES have been discussed extensively previously [1-5], and introduced in the
chapter 3. Briefly, a sequence of three ultrafast laser pulses interact with the sample with
precisely controlled time delays. The first and second pulses interact with a time separation
(coherence time), during which the system evolves in an optical coherence between the ground
and excited states. After the second interaction, the system undergoes evolution in the excited or

ground state manifolds for a waiting time 7, then a third pulse puts the system into a second
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optical coherence. We then heterodyne the signal emitted in the phase-matched direction (-
ki+kytk;), with an attenuated local oscillator (LO) pulse and collect data in the frequency
domain using a CCD spectrometer. Interchange between pulses 1 and 2 allows collection of
rephasing and non-rephasing spectra which, taken together, can be phased to generate absorptive
or dispersive 2D spectra. Generation of phased 2DES spectra requires optical phase stability
between the first two interactions and minimal temporal dispersion among the pulses [6, 7].
Several methods have been used to implement the requisite interferometric time delays in
2DES. Timings can be controlled using retroreflectors mounted on sinusoidal encoded or
piezoelectric motor stages which move parallel to the direction of beam propagation with control
of approximately 6673 fs/mm [8-10]. The accuracy can be further improved using active phase
stabilization [11]. Delays can also be implemented with more precise control (<50 fs/mm) using
paired, angled glass wedges, effectively “gearing” the delay [3, 4]. The delay between pulses 1
and 2 can also be encoded along a spatial dimension, where multiple time delays are directly
imaged on a camera in a single experiment [12, 13]. Moreover, delays can be set using spatial
light or acousto-optic modulators [14-17]. Finally, the Soleil-Babinet compensator has recently
been used for generating a time delay between two pulses [18]. In this chapter, we seek fine
temporal resolution across a wide bandwidth without changes in temporal dispersion, therefore
we avoid transmissive optics. As a result, we have designed a simple system to control the time
delay with high resolution, while using all reflective optics. Using this method, we can utilize
continuum broadband laser without nonlinear dispersion introduced by differential amounts of
glass. Incorporating supercontinuum light sources in 2DES is now allowing access to broader

spectral regions and even ultraviolet 2DES [19-24].
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4.2 Experimental design

The experimental apparatus is shown in figure 4.1. The regen pulse and white light
generation were discussed in the last chapter. Briefly, The 800 nm output of a Coherent Micra
Ti:Sapphire oscillator was amplified in a Coherent Legend Elite regenerative amplifier to
produce a 5 kHz, 4 W, 38 fs FWHM pulse train centered at 800 nm. By focusing the pulse into a
2 m tube filled with 2 atm of argon gas, ultra-broadband pulses spanning from 450 to 900 nm
were generated [25-29]. Using a dichroic mirror (replaced with hot mirror later), light redder
than 700 nm is attenuated and the portion spanning 525 nm to 700 nm (shown in figure 4.2) is
shaped and then compressed using the Multiphoton Intrapulse Interference Phase Scan (MIIPS;
Biophotonic Solutions, Inc.) method [30-32]. We compensated for dispersion by optimizing the
second harmonic generation (SHG) signal FWHM at the sample position using the MIIPS. To
further validate the instrument, we performed Transient Grating Frequency-Resolved Optical
Grating (TG-FROG) in neat methanol to characterize the temporal behavior (shown in figure 4.3)
[33-35]. The pulse duration was measured with MIIPS at the sample position to be ~8 fs (as
shown in the inset of figure 4.3(c)), with <5% deviation from the transform limit.

Continuum pulses were split using a set of two beam splitters. The first beamsplitter
separates beams 1 and 2 from beams 3 and LO, and then beams 1 and 2 are delayed using a
retroreflector mounted to a motorized linear stage (Aerotech) to set the waiting time. These
vertically separated beams are split again using a second beam splitter to generate four equal
pulses in a boxcar geometry with 12 mm separation. Each beam propagates through identical
amounts of optical glass, including neutral density and corresponding compensation plates. The
coherence time was controlled by the purely reflective delay system. Our approach translates a

flat mirror aligned to reflect the level incoming beam upwards at a small angle. The mirror is
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translated nearly perpendicular (~0.3 degrees horizontally from the plane normal to beam
propagation) to the incident beam path. This implementation of a purely reflective delay stage
differs from the four quadrant mirror introduced by Zhang et.al [10]. In our implementation, as
the position of the incident beam moves along the translating mirror, the optical path length

changes slightly resulting in controllable delay and negligible translation of the outgoing beam.

............................
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Figure 4.1 Experimental Implementation for Continuum Two-Dimensional Electronic
Spectroscopy (C-2DES): An ultrafast pulse is split into four pulses using beamsplitters (BS);
compensating windows (CW) are introduced in each beam to ensure all beams pass through the
same amount of glass. A retro-reflector (RR) mounted on a translation stage (TS) introduces the
waiting time delay, T. The all reflective interferometric delay system (ARID) controls the
coherence time t by translating mirrors nearly perpendicular to the incoming beams. An off-axis
parabolic mirror (PM) focuses the four beams on the sample cell (SC). The signal field and LO
pass through a beam block (BB) and are imaged on a CCD detector. In the accompanying pump-
probe experiment, we introduce an optical chopper (OC) to modulate the pump beam.
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Figure 4.2 Stability of supercontinuum source: The white light spectrum from the
supercontinuum source before spectral shaping in the Biophotonics MIIPS system is shown
above (blue, solid). To obtain this spectrum, the supercontinuum is filtered by a dichroic mirror
which removes light above 700 nm. The wavelength-dependent fluctuations (red, dashed, +10)
measured every 5 seconds over a 24 min period are ~0.5% across the entire spectrum.
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Figure 4.3 (a) Representative Transient Grating Frequency-Resolved Optical Gating (TG-FROG)
measurements. (b) The TG signal and the wavelength-dependent standard deviation (1) when
all three pulses are overlapped indicate approximately 0.5% third-order signal stability. The inset
shows flat, wavelength-dependent fluctuations. (c) Shown is the sum the TG trace and the fit to a
Gaussian function, from which we derive an autocorrelative width of 12 fs. The inset shows the
corresponding MIIPS trace with 8 fs width (FWHM). (d) Two autocorrelation traces taken at
different delay configurations show that intensity does not change (less than 1% change) when
all stages are translated 100 fs (data not individually normalized).
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The pulses are then focused to a 100 um diameter spot on the sample with a 15° off-axis
parabolic gold mirror (replaced with silver mirror later) of 45 cm effective focal length. After
recollimation by another parabolic mirror and selection of the phase-matched signal (-k1+kxtks3)
using a mask, we focus the signal and LO into a 0.3 m spectrometer (Shamrock, Andor) and
camera (Newton, Andor) where it is frequency-resolved and heterodyne-detected. The bandwidth
and focal properties satisfy constraints for spatial conditions laid out in previous theoretical
studies [36]. Spatial beam translation caused from this delay strategy is measured and
characterized below.

We use separately collected transient absorption spectra to phase each two-dimensional
spectrum [4, 37-39]. The power is attenuated to achieve a pump pulse of 40-70 nJ/pulse and a
probe pulse power of 0.44 nJ. Results are qualitatively consistent with previous broadband
pump-probe work performed on these systems [40-42]. A standard delay stage (Aerotech) alters
the path length of the pump pulse relative to the probe to generate the temporal delay. An
MC2000 optical chopper (Thorlabs, Inc.) synchronized to the regenerative amplifier output
modulates the pump pulse at half the laser repetition rate, resulting in every other shot generating
a probe or pump-probe spectrum. The pump and probe beams are focused to an approximately
100 um spot in the sample. The probe and pump-probe signals are then focused into a MicroHR
spectrometer (Horiba Scientific). The spectrally resolved probe/pump-probe signals are recorded
using a high-speed, line scan Spyder3 camera (Teledyne Dalsa) at 5 kHz synchronized to the
output of the regenerative amplifier. The pump-probe experimental setup is also shown in the

figure 4.1.
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4.3 Characterizations of the spectrometer

In figure 4.2, we show power stability of our white light spectrum acquired over 25 minutes,
demonstrating fluctuations of less than 0.5% across the visible range. The phase stability of the
instrument was measured by recording a series of interferograms between beams 3 and LO.
Using the method described by Prokhorenko[43], we measure phase stability between each of the
beams of A/75 at 800 nm over 2.5 hours (figure 4.4), compared with A/100 which was taken
using the third-order signal and local oscillator[8] in a passively phase-stabilized
configuration[4]. One representative interferogram is shown in figure 4.5(a), illustrating the
broadband interferogram and relative phase consistency between each beam. We use this
interferogram to measure the frequency-dependent dispersion profiles at the sample. To verify
that each beam propagates through identical glass, we apply a moving window function Fourier
transform across the wavelength dimension, which apodizes the interferogram. In the time-
domain, we map the time delay for each wavelength component (figure 4.5(b)). A flat profile
indicates that all frequencies have identical phase profiles at the sample position. We repeated
this method for all pulse pairs to ensure compensating windows and neutral density filters are

precisely matched.
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Figure 4.4 The optical phase stability between beams 3 and 4, measured every 45 seconds over
150 minutes, using the 800 nm pulse from the regenerative amplifier. This data illustrates the
mechanical phase stability of the apparatus.

—_—
o
—_—

4
'5 3

)

g

=

=0

g

g' 3

-2 o

3t 5

4 610 618

540 560 580 600 620 640 660 680 700
Wavelength (nm)
(b)

1500 a_
z ]
=14 T
E\ 00 3%
o}

=1

%1300 2=
£ [= 5
E £
1<

1200

540 560 580 600 620 640 660 680 °
Wavelength (nm)

Figure 4.5 Characterization of compensating glass. (a) The interferogram of pulse 3 and LO after
spectral filtering through the MIIPS compression system. The red box indicates the moving
window function over which the Fourier transform is applied to generate the spectrogram below;
(b) To illustrate relative dispersive characteristics between pulses, we move the window function
shown in (a), to show the time domain signal across different wavelengths. This measure
illustrates the relative spectral coherence of the pulse, indicating propagation through similar
amounts of glass.
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We have designed our reflective delay method to delay each beam while maintaining relative
nonlinear dispersive profiles. Each beam reflects off an independent mirror which sets its time
delay. Instead of moving mirrors along direction of beam propagation (as with a retroreflector),
we mount the mirrors that set the coherence time on two identical translation stages which move
at a small, horizontal angle 8 relative to the plane normal to beam propagation. By setting the
angle, we improve the resolution of the coherence time delay relative to retroreflectors by a
factor of 1/sin(#), from 6673 fs/mm to ~35 fs/mm (6~0.3°). Furthermore, by increasing 6, we
may lower the precision of time control, but be able to access a larger temporal range, which is
necessary to scan long lived coherences (such as those accessed by systems with narrow
lineshapes, like quantum wells and gas vapors). In figure 4.6, we show that this delay can be
reliably scanned to generate time delays with 0.25 fs precision using a continuum source. Surface
flatness of our optics is specified as A/10 at 633nm, which yields a small error in calibration
(~0.2 fs). We have extended Prokhorenko et al’s method to extract phase stability using the
timing extracted in figure 4.5, and shows that the stability during scan (including contributions
from vibrations, mirror flatness, stage dither etc) of better than A/35 (figure 4.7). We believe that
the precision of our current system is sensitive to surface flatness. Nonetheless, this apparatus
yields delays and precision similar to previous passively phase-stabilized techniques, wherein a
pair of parallel glass wedges was used to control time delays [12, 44]. Each beam travels through
different amount of glass to generate a temporal delay (< 50 fs/mm for 1 degree glass wedges)
which provides excellent phase-stability but induces nonlinear, wavelength-dependent delays,

leading to distinct chirp for each beam, which can lead to distorted lineshapes and false cross
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peaks in two-dimensional spectra [45]. The distortion is even more significant when using ultra-
broadband white light. For instance, when setting a 200 fs pulse delay using the wedge method,
the red edge (700nm) would be 2.4 fs ahead of blue edge (520nm). Therefore, all reflective delay
methods provide an avenue to explore longer coherence times, without introducing this nonlinear
dispersion. We perform an autocorrelation with a pulse width of typically 10-12 fs, similar to the
8 fs measured by MIIPS. The slight discrepancy may relate to the three pulse nature of the TG
measurement and coherent nuclear response of the blank solvent [46]. All colors appear well

compressed and the TG shows a flat, nearly symmetric profile.
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Figure 4.6 The interferogram between pulse 2 and LO when scanning pulse 2. The magnified
portion indicates the interferometric detail of a representative smaller region. (b) Plot of the
measured time delay between pulse 2 and LO at each step as measured by spectral interferometry
from the data shown above (blue line). The red line shows the fit to a linear function. We plot the
residual below. The standard deviation is ~0.30 fs/step which is approximately the Fourier
limited resolution given the bandwidth of our laser pulse.
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Figure 4.7 Phase stability characterization using the interferogram between pulse 2 and LO when
scanning pulse 2. It shows that the phase stability is ~0.03 (A/30) from 600 to 690 nm. We
borrowed the method from Prokhorenko [43], and used the timing extracted in figure 4.5
(linearly chanced during scan) to obtain the actual phase. We calculated the standard deviation of
the monitored actual phase for each different wavelength across the whole scan and plotted it in
this figure.

This reflective delay method relies on angled stages and optical flats to generate precise time
delays. To separate incoming and outgoing beams, we angle each optic upward approximately
3.5 degree with respect to the table top (see figure 4.8(a)), which results in a small vertical
displacement during delay. In our implementation, a 100 fs delay yields a positional deviation of
~lum at the sample position. In figure 4.3(d), we show a comparison between the original TG
signal, and one in which beams 1 and 2 are delayed by 100 fs using all reflective delay system,
while beam 3 is delayed using a mounted retroreflector that travels parallel to beam propagation.
They show nearly identical response, illustrating minimal undesired side effects from adjusting

the time delay.
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Figure 4.8 (a) Three-dimensional representation of the apparatus. The coherence time is
introduced and changed using reflective optics. (b) A detail of the coherence time control with
angled stages. This design shows that for a parallel input, fine control can be achieved by
propagating the stage at a very small angle (typically 0.3°).

4.4 Fundamental applications of Dispersion-free continuum 2DES

We probe two different broadly absorbing systems, CdSe QDs in toluene and Chla in
methanol at 21 °C. QD electronic structure and charge-carrier dynamics have been
comprehensively reviewed in chapter 1. Briefly, quantum dots have discrete electronic states at
and near the band-edge, which contribute to their optical nonlinear response. This electronic
structure results in positive (stimulated emission/ground state bleaching) and negative (excited
state absorption) signatures which can be probed to follow the electronic dynamics and the
binding energy of biexcitons [47-51]. Previous two-dimensional spectroscopy on QDs primarily
focused on the band-edge exciton or the first two excitons, which are primarily associated with
the lowest lying excited electronic state [52-54]. Recent work, however, has shown that the
nonlinear response varies depending on which state is initially excited, with the largest difference

occurring upon initial excitation into the 1P(e) higher lying electron manifold [40, 55]. In figure
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4.9(a), we show a two-dimensional spectrum (combined non-rephasing and rephasing) of a
relatively polydisperse sample of quantum dots (10% radial inhomogeneity). We observe
significant differences in the nonlinear response depending on excitation energy, both in the
position and sign of peaks. The ability to resolve frequencies of responses domains enables us to
probe detailed electronic dynamics despite the inhomogeneity of the ensemble.

To illustrate how C-2DES can be used to probe energy transfer in biological chromophores, we
also generate phased 2D-spectra of Chla, as shown in figure 4.9(b). Here, we show distinct Qy
vibrational signals. The peak at 665 nm is assigned to the 0-0 transition of Q, band, based on the
linear absorption spectrum and other reports in similar polar organic solutions [56-58]. The peaks
at 610, 565, and 525 nm may arise from other vibrational Qy transitions, i.e., 0-0, 0-1 and even 0-
2 transitions. These four peaks are almost evenly spaced in energy domain and consistent with
previous reports [57, 59]. The assignment of Qx band has not been straightforward [60, 61]. Qx
bands have been observed at ~570 nm [56, 59] as well as at ~620 nm [57, 60, 62]. Recent work
to unify these assignments suggests that vibronic coupling can simultaneously explain all signals
[61]. Similar to recent work on chlorophyll contained in the Photosystem I complex, we show
little signal on the diagonal from the Qx bands, but rather we see rapid growth of a crosspeak
between Qy and Qy at very early times [42]. The 2D spectra also show significant excited state

absorption in this system, likely arising from excitation to higher lying electronic states [63].
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Figure 4.9 The phased two-dimensional spectrum of a) CdSe quantum dots at T=600 fs and b)
Chla at T=50 fs. We plot the pump-probe spectra and the projected 2D spectra on the left. Below
each spectrum, we plot the laser pulse and the linear absorption spectrum of each system.
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4.5 Conclusion

In this chapter, white light pulses are used to generate 2DES of CdSe QDs and Chla. Using
an all-reflective delay mechanism, we finely control the time delays without introducing phase
nonlinearities. This method permits the use of broadband white light pulses for all interactions.
By fitting the 2D spectra using pump-probe data taken with the same laser pulse, we extract
phased 2D spectra for both CdSe QDs and Chla, showing highly complex two-dimensional

lineshapes, which will be explored more fully in future experiments.
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S Probing Early Time Electronic Relaxation Dynamics in CdSe,

CdSe/ZnS, CdSe/ZnS/CdSe Quantum Dots

In the chapter 2, a series of CdSe core, CdSe/ZnS core-shell, and CdSe/ZnS/CdSe core-shell-
shell quantum dots were synthesized. We are now probing the early time electronic dynamics of
all these samples, using a combination of an all-reflective ultrafast broadband two-dimensional
electronic spectroscopy and a pump-probe spectroscopy. Clean features related to the first two
lowest-energy excitons were obtained on phased 2D spectra, and used to explore the influence of

surface environment on the electronic relaxation in very early time.

5.1 Background introduction

Quantum dots (QDs) are crystals of a semiconductor material, made up of hundreds to many
thousands of atoms [1-3] and passivated with an organic outer layer of surfactant molecules
(ligands) [4, 5]. In QDs whose size is reduced to a few nanometers, which is the same magnitude
as the de Broglie wavelength of the electron wave function, the band gap is increased compared
with that of the bulk and the electron energy levels are quantized and discrete. This effect is
known as the quantum confinement effect [6] and was elaborately discussed in the chapter 1. In
quantum physics, this effect can be modeled as a small sphere confined in three dimensions.
Thus, for a specific QDs chemical composition, the electronic and optical properties are affected
by size and shape, which determine the potential energy of the well.

The electronic structure of CdSe QDs near the band edge has been described previously [7-9].

Generally, when light is absorbed by a semiconductor sample, the electron will be excited from
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the valence band to the conduction band, creating an electron-hole pair (exciton). These discrete
states in the valance and conduction bands are assigned a principal quantum number, an angular
momentum state, and a total angular momentum term [8]: 1S3, 1P35, and 2S;,; to the three
highest hole states, and 1S, 1P to the two lowest electronic states. The two lowest-energy
excitons labeled as |X;> and |X,>, correspond to 1S3,(h)—1S(e) and 2S;,(h) —1S(e) electron-
hole pairs. In this study, we probe these two excitonic states in different composites of wurtzite
CdSe core-based QDs.

When the size of the QDs is reduced to a few nanometers, the surface-to-volume ratio is
extremely high. The highly populated sphere of surface atoms is coordinated via interactions
with stabilizing ligands. However, these organically passivated QDs exhibit a significant degree
of surface trap states (energetically localized within the energy gap), which challenges their
applicability in future technologies [10]. Surface trap states act as channels for fast non-radiative
de-excitation of high energy photo-excitatons (hot excitons) [11-13], reducing both the mobility
and the diffusion length of charge carriers across QDs [13]. Thereby, these surface defects result
in quenching of the QD photoluminescence and reduction of the fluorescence quantum yield
(QY).

Recent work has shown that that the low-lying (near band edge) hole relaxation is dominated
by the ligand-involved non-radiative pathway [14-16]. In order to tune the hot exciton relaxation
in the current study, we apply a layer of ZnS, another semiconductor material with a much larger
bandgap (3.61 eV compared with 1.74 eV of CdSe in bulk), as a shell over the CdSe QDs to
protect them from the surface environment. Since the first three excitons of CdSe (those
observable within our spectrum range) lay in the bandgap of ZnS, the shell is merely used to

passivate the surface of the CdSe core and isolate it from the organic ligands. Moreover, we then
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apply another CdSe layer to cover the CdSe/ZnS core shell QDs to interact with these
coordinated ligands, to see if the excitonic relaxation in the core can be mediated via the
coupling between the two CdSe heterostructures.

CdSe quantum dots have been extensively studied using various linear spectroscopic
methods such as linear absorption and photoluminescence [17-19]. Since the linear absorption or
emission signal comes from a weak light-matter interaction with one incident radiation field,
these spectra are plotted on a single frequency axis. In a complex system with many interactions
or in highly inhomogeneous ensembles, these linear spectra will be congested and poorly
resolved. In addition, linear spectroscopies are very limited in terms of probing fast dynamics,
especially the fast relaxations that exist in CdSe QDs.

Nonlinear spectroscopy provides a way to resolve this dilemma by using multiple light-
matter interactions and controlling frequency or time-delay, to correlate different spectral
features [20-22]. Specifically, four-wave mixing methods, such as transient absorption [23-25]
(TA), photon echo peak shift [26, 27] and two-dimensional electronic spectroscopy (2DES) [3,
28-30] have been performed to measure both electronic structure and dynamics in QDs. In this
the current, we apply broadband 2DES to probe ultrafast relaxation dynamics and nonlinear
response of the two lowest-lying excited states in CdSe, CdSe/ZnS core-shell, and
CdSe/ZnS/CdSe core-shell-shell QDs. We investigate the early time electronic relaxation of
these samples using ultra short pulses (8 fs), and illustrate how surrounding ligands mediate the

fast electronic behaviors.
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5.2 Experimental Section

The 2DES setup was adapted from our previous reports [8, 31, 32], and described in the
chapter 4. We focused the 2.9 W, 5.0 kHz, 35 fs FWHM output laser of a Ti:sapphire
regenerative amplifier (Legend Elite, Coherent) into 2 atm argon gas to generate broadband
white light. A hot mirror was used to filter the white light, producing a spectrum with FWHM
from 480 to 700 nm (figure 5.1). We then temporally compressed it using the Multiphoton
Intrapulse Interference Phase Scan (MIIPS) method [33] with a spatial light modulator (SLM,
from Biophotonic Solutions Inc). The beam split into four pulses and the timings were controlled
by an all-reflective 2DES system [31]. All four well collimated pulses (incident power of 1.5
nJ/pulse for the first three pulses) were focused onto a 100 pm diameter spot at the sample
position using a silver parabolic mirror. We measured the pulse durations of ~8-10 fs at the
sample position, using transient-grating frequency resolved optical gating (TG-FROG) (figure
5.2). Three laser pulses interact with the sample, generating a third-order signal in the phase-
matched direction (ky=-k1+k,+k3): The time delay between the first two pulses is coherence time,
7, and the time separation between pulse 2 and 3 is known as waiting time, 7, which is similar to
the time delay in TA spectroscopy. After a rephasing time ¢ (the time delay between pulse 3 and
the signal), the signal is emitted in a phase-matched direction and heterodyne detected with the
fourth pulse (local oscillator, LO) which is attenuated five orders of magnitude and recorded

using a commercial Shamrock spectrometer and Newton camera (Andor Technology, Inc).
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Figure 5.1 UV-Vis absorption spectra (solid line) and photoluminescence (PL) (dashed line,
excited at 400 nm) of CdSe core-only (top), CdSe/ZnS (middle), and CdSe/ZnS/CdSe (bottom)
quantum dots are plotted. The grey shadow shows the ultrafast broadband spectrum applied to
interrogate the system (taken at the sample position using spectrometer from Ocean optics). The
TEM image of each nanocrystal is displayed on the upper-right corner.
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Figure 5.2 (a) Second harmonic generation from beta barium borate (BBO); (b) Transient-grating
frequency resolved optical gating (TG-FROG) in toluene solvent.

In the 2DES measurement, waiting times T were scanned from -20 to 200 fs with a step of 5
fs, to capture the early time dynamics. We scanned the coherence time 7 from -90 to 90 fs with a
step of 1.5 fs. At each 7, we collect an interferogram on the camera in ¢, as well as several
reference signals for scatter subtraction [34]. We first Fourier transformed over camera
frequency wy to create a time-time plot and then applied a window function in the rephasing time
t domain to eliminate scatter and homodyne components. Finally, Fourier transforms over both 7
and ¢ domains yielded 2D electronic spectra in the frequency-frequency domain. All 2DES

measurements were run at room temperature. At least three sets of parallel data were collected
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for each sample. All QDs solutions were contained in a 200 um path length sample cell (Starna
Cell, fused quartz), with a concentration about 0.3 OD.

The output pulse from MIIPS was guided into the pump-probe setup and compressed
separately for the pump-probe measurement. The 5.0 kHz pump beam was chopped at 2.5 kHz,
so that the pump-probe and probe-only spectra were collected alternatively on a high-speed line
scan camera (Horiba). The pump-probe data was acquired for all time delays matching the
waiting times of the 2DES measurement. Each individual 2D spectrum at different waiting time
is phased to corresponding pump-probe data via applying the projection-slice theorem illustrated
elsewhere [8, 34]. Through fitting the projection of the real part of each 2D spectrum onto the e
axis to the TA spectrum, we acquired the real 2D spectrum that enables the assignment of the
sign of peaks in 2D spectra to excited state absorption (ESA, negative feature), ground state

bleach (GSB positive), or stimulated emission (SE, positive) pathways.

5.3 Spectral features and early time dynamics

Starting with the CdSe nanocrystal core (5.1 nm), CdSe/ZnS core-shell (5.8 nm) and
CdSe/ZnS/CdSe core-shell-shell (7.5 nm) structures were synthesized by applying a ZnS shell to
the CdSe nanocrystal core, and then applying another two CdSe layers around the ZnS shell. In
figure 5.1, we show the linear spectra of the series of CdSe core, CdSe/ZnS core-shell, and
CdSe/ZnS/CdSe core-shell-shell structures. We focus on these three QD structures in this paper
to explore the shell influence on the early time electronic dynamics. We first fit these absorption
spectra using multi-Gaussian components as shown in the chapter 2, figure 2.2, convincingly

assigning the peak locations of these exciton energies. The first excitation peak (1S;,(h)—1S(e),
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|X>) red shifts, from 613 nm to 614 nm, after the application of the ZnS shell, in agreement with
previous reports [35, 36]. The addition of the ZnS layer to the CdSe core makes the wave
function more delocalized and the band gap closer, resulting in this red shift (figure 5.1, middle
panel). After the application of the CdSe shell, the electron orbital of the CdSe core is even less
bounded and it can partially leak into the outside CdSe layer due to the coupling between the
core and the outside CdSe shell. Therefore, the first excitation peak further shifts to 624 nm
(figure 5.1, bottom panel). Both the absorption spectra and photoluminescence exhibit the same
trend for the second/third excitons and the band gap. The two lowest-energy excitons are well
resolved in the absorption spectrum for all three QDs, indicating a very narrow size distribution.
The state- and size- dependent inhomogeneous lineshape was deduced in the study by Caram et
al [8]. TEM images reveal that the diameter measurements of these monodispersed QDs are 5.1
nm, 5.8 nm, and 7.5 nm, respectively (figure 5.1), corresponding to the consecutive application
of one layer of ZnS and two layers of CdSe shell. In their 2005 publication, Battaglia et al [37]
describe how one layer of ZnS shell is not thick enough to completely isolate the CdSe shell
from the core, leading to the significant red shift that were observed in the current experiment
(figure 5.1). Here, we used a broadband laser spectrum (480 - 700 nm; grey shadow in figure
5.1), which is capable of covering the first three excitons for all three QDs.

Ultrafast TA, or pump-probe, spectroscopy is a commonly used non-linear spectroscopy
method that measures changes in the absorbance/transmittance in the sample of interest. The
pump-probe spectrum can be interpreted as a four-wave mixing method in the language of time-
dependent perturbation theory. The method is related to 2DES: the pump pulse (similar to the
first two pulses in 2DES, 7 = 0) interacts with the sample twice to initiate dynamics for a specific

state; after a delay of 7T (waiting time), the probe pulse interrogates the sample and the third order

79



response signal emits in the same direction as the probe pulse; this signal is then heterodyned
with the probe pulse and detected by a spectrometer, generating a one-dimensional frequency
resolved spectrum for each waiting time 7. The pump-probe spectrum reflects different pathways
such as the GSB, SE, and ESA processes. Thus, both pump-probe spectroscopy and 2DES

explore the same nonlinear processes.
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Figure 5.3 The fitting result when phasing 2D spectrum using pump-probe data. Three features
were observed for pump-probe spectrum: 613nm (3.07 rad-fs-1) peak, 582nm (3.24 rad-fs-1)
shoulder, and 558nm (3.38 rad-fs-1) negative peak. The blue line shows
the summed 2D spectrum towards left.

In our experiment, the transmittance of the sample was recorded as a function of time delay
T between the pulse for excitation (pump) and the pulse for measuring the transmittance (probe).
We illustrate the high degree of overlap between the 2DES and pump-probe spectra in figure 5.3.
The features of the pump-probe spectrum of the CdSe QDs are similar to those in previous
reports [8, 9, 24, 29, 38, 39]. The two well resolved positive features at 613 nm and 582 nm
exactly match the first two excitations read from the absorption spectrum in figure 5.1. The
features represent the emission of the first and second excitons, respectively, coming from the

GSB and SE pathways. These two features in the TA spectrum (figure 5.3, left panel) were
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discussed in detail in the report by Zhang et al [9]. In addition, the negative feature at 558 nm
reflects an ESA pathway. In the case of CdSe QDs, the ESA corresponds to the transition from a
single excitonic state (|X;> or |X,>) to a bi-excitonic (|X;, X3> or |X,, X3>) state. Due to the
coupling between these two single excitons, the bi-excitonic energy is lower than the total energy
of two individual excitons; this leads to a red shift (from 534 nm to 558 nm, 0.1 eV) representing

the bi-exciton binding energy. This shift is in agreement with a previous report [40].
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Figure 5.4 Phased 2DES of CdSe (left), CdSe/ZnS (middle), CdSe/ZnS/CdSe (right) quantum
dots sampled over a range of waiting times. The color scale in each spectrum is individually
normalized to maximum intensity at that waiting time.
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We then phased the individual 2DES spectra to their corresponding pump-probe spectra
using the projection-slice theorem. Phasing enables assignment of the sign of each peak in 2DES
to GSB, SE or ESA pathways. In figure 5.4, we show a sequence of phased two-dimensional
spectra taken at 7 = 0, 10, 20, 100 and 200 fs (top to bottom), for CdSe, CdSe/ZnS and
CdSe/ZnS/CdSe QDs (left to right). Each 2DES spectrum can be interpreted using a simple
“energy-in/energy-out” picture: the coherent frequency axis (w,) represents the energy that goes
into the system upon excitation, and the rephasing frequency axis (wy) represents the energy of
the signal that comes out of the system after a specific waiting time 7. In these two-dimensional
electronic spectra, two significant features appear along the diagonal, corresponding to the two
lowest-energy excitations in the linear absorption spectra. In CdSe core-only QDs (figure 5.4;
left column), an intense positive peak centered near 16,300 cm™ (613 nm) on the rephasing axis
indicates the GSB/SE pathways associated with the first exciton. The peak position is slightly
left of the diagonal, with a deviation of approximately 200 cm™, close to the frequency of
phonon mode (210 cm™). This phonon mode was detected clearly both in the long waiting time
beating frequency plot and Raman spectra (figure 2.4). This peak position offset and the phonon
mode frequency are the same as those observed in previous studies [3, 28, 41]. Since these off-
diagonal phenomena do not exist in the blank experiment or reference sample (PM 650), we
assume that they are not due to miscalibration, but to the phonon-exciton coupling states. This
diagonal peak becomes more round in shape at 7 = 200 fs due to homogenous broadening
processes. The signal related to the second exciton elongates along the diagonal, centered near
17,100 cm™. A similar pattern for these two diagonal features is observed for CdSe/ZnS (16,300
cm” and 17,100 cm™; figure 5.4, middle column) and CdSe/ZnS/CdSe (16,000 cm™ and 16,800

cm’'; figure 5.4, right column) QDs. The peak positions of these two features also follow the red-
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shift trend that is seen in the linear absorption spectrum. A substantially positive cross peak
below the diagonal, matching the energy of these two excitons, is consistent across all three
sample types. In addition, we observe a number of negative features above and below the
diagonal that are the results of bi-exciton processes. These features were discussed by Turner et
al [3].

In this work, we focus on the first two lowest-energy excitons in our series of CdSe-based
QDs because: (1) both excited states are well resolved in the absorption spectrum, making it
possible to correctly assign them in the 2DES spectrum; (2) the laser spectrum used in the 2DES
is well compressed from 560 to 680 nm (the second harmonic generation from beta barium
borate and TG-FROG are shown in the figure 5.2), making it ideal to probe the first two excitons;
and (3) the features shown in 2DES associated with the first two excitons are clear and in line

with our expectations.

83



5.1 nm CdSe QDs

= 1.9 08 F =4
£ T=120fs ' E
-q‘; 1.8 04 n:J
>
% 1.7 4 00 L g
@i 16 04 L ?:
315 08 } 2
516 17 18 19 0o 40 8 120 160 200
w /2mc (x10* cm™) Waiting Time (fs)
5.1 nm CdSe core/1 ML ZnS shell
—~ 19 " »
= T=120fs [ S
o 1.8 Q.
5 i 1l =
- 1.7 - —
2 — /""‘/\‘V\MN :
U ¥ w
e 16 Z.
g I 1=
31 T B -
15 16 1.7 1.8 1.9 0 40 80 120 160 200
w /2mc (x10*ecm™) Waiting Time (fs)
5.1 nm CdSe core/1 ML ZnS shell/2 ML CdSe
~ 19 Ny — @
£ T=120fs ‘ g
v 1.8 Q.
© =
< 17 z
o P 2
§1.6 F
318 1 E
15 16 1.7 18 19 0 40 80 120 160 200
w/2nc (x10%cm™) Waiting Time (fs)

Figure 5.5 Intensity of the exciton 1-2 cross peak below the diagonal in phased 2DES of CdSe
(top), CdSe/ZnS (middle), and CdSe/ZnS/CdSe (bottom) QDs plotted against waiting time, from
0 to 200 fs. The intensity signals over a square centered at the cross peak position with a size of
100 cm-1 were summed to minimize the signal fluctuation. For each diagram, left shows the
2DES at T = 120 fs, and right shows the trace of the cross peak intensity over waiting time. Light
colors indicate other two parallel experimental results.
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Figure 5.6 Intensity of the exciton 1-2 cross peak below the diagonal in phased 2DES of the

larger CdSe (top), and larger CdSe/ZnS (bottom) QDs plotted against waiting time, from 0 to
200 fs.

Relaxation dynamics are measured by assigning changes in the observed intensity of
spectroscopic features over time. The most interesting result of this study is the time dependence
of the cross peak below the diagonal as a function of waiting time 7. This cross peak is assigned
to the coupling between the two lowest-energy excitons. The evolution of the amplitude over
time of the 2DES spectra at this cross peak position is shown in figure 5.5. The top panels in
figure 5.5 display the trace of the cross peak extracted from 2DES of the CdSe-core only QDs
(diameter = 5.1 nm). We combined the signal intensities from a small area (grey square shown at
the peak position) to represent the intensity on the trace. The cross peak signal is most intense at
zero waiting time, decreasing sharply to a local minimum at 7 = 20 fs, after which it rises again

slowly. Two parallel experimental results are shown in a light color. This cross peak feature at
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zero waiting time has been reported in previous studies [3, 28]. A study by Griffin et al.
attributed this feature to artifacts derived from Fourier windowing, scatter subtraction, or
contributions from solvent [28]. However, this cross peak feature does not exist in the separate,
solvent-only experiment or in the reference sample (PM650, laser dye). Our results are in
agreement with the results from Turner et al [3], for the early time traces of this cross peak from
both the small CdSe (5.1 nm; figure 5.5, top panel) and the larger one (6.0 nm; figure 5.6 top
panel). We could even catch a similar beating pattern of coherence for the first 50 fs for the
larger CdSe QDs (the size is more close to that used by Turner), with a close coherent frequency
(half period of 20 fs, 103 meV), matching the coherent energy (582nm-613nm, 108 meV).

When the ZnS shell is applied around the CdSe core, we no longer see this strong cross peak
at zero waiting time (figure 5.5, middle panel). Instead, the signal increases to its maximum
during the first 70 fs, and then decreases slowly. After applying another two layers of CdSe as
the second shell, we see early time dynamics at the cross peak similar to those seen with the
CdSe core-only QDs: the signal intensity maximizes at zero, decays quickly during the first 20 fs,
and then increases (figure 5.5, bottom panel).

Following the “energy-in/energy-out” interpretation of 2DES described above, we expect to
observe energy transfer from the |X,> state into the |X;> state as an exponential increase in
signal at the cross coordinates. Indeed, we do observe this trend for both CdSe/ZnS core-shell

samples (5.8 nm and 6.6 nm) across all experiments.
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Figure 5.7 The relaxation of diagonal peaks during early waiting times from 0 to 200 fs, for
(a)CdSe (5.1 nm) (b)CdSe/ZnS (5.1 nm core) and (c)CdSe/ZnS/CdSe (5.1 nm core)

To explain the different relaxation dynamics between the different QD samples at very early
times, we propose that there are two pathways for the relaxation from |X,> to |X;>. The Auger-

like mechanism, mentioned above, exists in all three samples, while a ligand-assisted surface
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process only occurs in ligand-surrounded CdSe core or in the CdSe/ZnS/CdSe core-shell-shell
nanocrystals. One layer alone of ZnS is not enough to isolate the core from the outside shell, but
we can consider that the CdSe/ZnS/CdSe sample acts like another CdSe core-only QDs. The
Auger-like and surface process mechanisms compete in CdSe core-only QDs, while the Auger-
like mechanism is the dominant mechanism in CdSe/ZnS core-shell structures. According to
previous reports, the surface process takes about 15 fs [3], while the Auger-like process lasts
more than 100 fs [8]. We propose that for CdSe cores, after excitation to the second exciton |X,>,
the exciton will relax to the lower exciton |X;> almost instantly. In the figure 5.7, we plot the
trace of the diagonal peak of the exciton |X,> and it relaxes dramatically within 5-10 fs. Then the
exciton |X;> further decays to band edge or trap states, assisted by interaction with the ligands.
However, this mechanism happens only at the surface of the QD. At the same time, the Auger-
like mechanism facilitates the relaxation, and spectrally we can see the increase in intensity after
20 fs. This early time feature, in which the signal intensity decreases and increases, was observed
in both the 5.1 nm and 6.0 nm CdSe core-only QDs, and in the CdSe/ZnS/CdSe core-shell-shell
sample (figure 5.5, top panel; figure 5.6, top panel; and figure 5.5, bottom panel, respectively).
However, we can only detect a single exponential decay for this relaxation in both CdSe/ZnS
core-shell samples (5.8 nm and 6.6 nm), which suggests that the surface process is not permitted

after introduced the ZnS shell on the surface.

5.4 Conclusion

In this work, we synthesized five quantum dots: a series of CdSe, CdSe/ZnS, and

CdSe/ZnS/CdSe based on a small CdSe core (5.1 nm in diameter); and another CdSe and
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CdSe/ZnS using a larger core (6.0 nm). Both TEM and linear absorption spectrum suggest a
narrow size distribution for all samples. We then performed pump-probe and two-dimensional
electronic spectroscopy using broadband ultrafast laser pulses. All two-dimensional spectra were
phased, revealing clearly resolved features for the two lowest-energy excitons. For CdSe core-
only QDs, the static characteristics or dynamics of these features in our results are in agreement
with results in previous reports. After the application of the ZnS shell, the relaxation dynamics
for these two excitons varies because the shell layer will isolate the core from ligands, which can
act as efficient moderators for the exciton relaxation. The application of the second CdSe shell
yields a relaxation trace similar to that of the simple CdSe core, due to the coupling between the
core and the outside shell. The results show that in the core-shell or even core-shell-shell QDs,

the relaxation processes are affected by the surface defects or ligands.
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6 Conclusions

Colloidal semiconductor quantum dots (QDs), or known as semiconductor nanocrystals, have
attracted tremendous attention over the last three decades since first discovered in 1980.
Quantum dots are composed of hundreds to thousands of II-VI, III-V, or IV-VI atoms. They are
constrained in three dimensions to a spherical shape with diameters in the range of 2-10
nanometers, and display unique optical and electronic properties intermediate between those of
bulk material and individual molecules.

In Chapter 1, the quantum confinement effect was discussed using the "particle in a box"
model. When the size of the semiconductor nanocrystal is smaller than the exciton Bohr radius,
the energy levels in valence band and conduction band are split. The discrete and quantized
energy levels in quantum dots are a function of their size, chemical compositions and structures.
We can change these parameters to tune the photoelectric properties of quantum dots.

Among all 1I-VI semiconductor quantum dots, cadmium selenide (CdSe) is found to be of
great interest and extensively investigated in the recent years, due to its broad bandgap
distribution, familiar physical properties and reliable synthetic procedures. Therefore, CdSe QDs
are considered to be the ideal candidates for various potential applications, such as quantum
computation, photovoltaic devices, light emitting devices, biological imaging and medical
devices. However, many atoms in QDs are present on the surface as a result of the high surface
to volume ratio. These surface atoms coordinated with surrounding organic ligands, can "feel"
the environment. They can also create surface trap states which facilitate non-radiative exciton
decay and thereby lead to luminescence quenching. One of the methods for passivate the surface

of QDs is growing shells of another semiconducting material with a larger band gap. In Chapter
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2, 1 synthesized monodispersed CdSe core, CdSe/ZnS core-shell, and CdSe/ZnS/CdSe core-
shell-shell quantum dots, via successive ion layer adsorption and reaction method, to explore the
surface influence on early time electronic dynamics of QDs.

CdSe QDs has been studied using both linear and non-linear spectroscopies. Specifically, the
early time electronic dynamics in CdSe QDs have been measured using two-dimensional
electronic spectroscopy (2DES) or transient absorption spectroscopy. The basic theories of non-
linear spectroscopy were introduced in Chapter 1. In Chapter 3, I explained the fundamental
principles of laser pulse and white light generations, and presented the data acquisition and
analysis methods for both 2DES and pump-probe experiment. The projection slice theorem was
demonstrated to phase the 2DES.

In Chapter 4, we designed a dispersion-free all-reflective two dimensional electronic
spectrometer. Since we used a continuum broadband laser spectrum for the 2DES, it is extremely
critical to minimize the non-linear dispersion. We implemented a four mirror system to reflect
four pulses separately and control the coherence time precisely without bringing in any color-
dependent temporal dispersion. The good optical phase stability and precise coherence time
control allow accessing to broader spectral regions. In this chapter, we used this broadband
2DES to probe two different broadly absorbing systems: a large CdSe QDs and Chlorophyll a
(Chla). The spectral features corresponding to the first three excitons in the CdSe QDs are
clearly resolved. Similarly, the Qx and Qy bands in Chla can be detected simultaneously. In short,
we proved that this broadband 2DES gives us a way to probe highly complex system in the
future.

In Chapter 5, the dispersion-free broadband two-dimensional electronic spectroscopy

introduced in Chapter 4 was improved and used to probe early time electronic relaxation
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dynamics in CdSe core, CdSe/ZnS core-shell, and CdSe/ZnS/CdSe core-shell-shell structures. A
white light spectrum with FWHM from 480 to 700 nm was applied to probe these low energy
excitons near the band edge. Phasing the two dimensional spectra using pump-probe
spectroscopy, I am able to resolve the spectral features of the first two lowest excitons clearly.
After plot the cross peak signal intensity against waiting time, I got different relaxation dynamics
for these samples. In CdSe core, there is a very strong cross peak at zero waiting time. Then this
cross peak decrease dramatically within the first 20 fs, and after that increase slowly. The same
feature was observed previously by Griffin and Turner. The CdSe/ZnS/CdSe core-shell-shell
structure shows the same trend since the ZnS shell is not thick enough to decouple the CdSe shell
from the core. However, CdSe/ZnS core-shell structure shows a different relaxation trace. The
signal increases slowly during the early time from 0 to 80 fs, but not decreases at very early time.
This difference is reproduced using another pair of CdSe core and CdSe/ZnS core shell QDs with
a larger size. I proposed that the surface will influence the two relaxation mechanism, i.e. the
Auger-like mechanism and the surface process, leading to different relaxation dynamics at early
time between core and core-shell QDs. In other words, the relaxation processes in QDs are

affected by the surface environment, such as surface defects or organic ligands.
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