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Colloidal semiconductor nanocrystals exhibit unique properties not seen in their bulk
counterparts. Quantum confinement of carriers causes a size-tunable bandgap, making them
attractive candidates for solar cells. Fundamental understanding of their spectra and carrier
dynamics is obscured by inhomogeneous broadening arising from the size distribution. Because
quantum dots have long excited state lifetimes and are sensitive to both air and moisture, there
are many potential artifacts in femtosecond experiments. Two-dimensional electronic
spectroscopy promises insight into the photo-physics, but required key instrumental advances.
Optics that can process a broad bandwidth without distortion are required for a two-dimensional
optical spectrometer. To control pathlength differences for femtosecond time delays, hollow
retro-reflectors are used on actively stabilized delay lines in interferometers. The fabrication of
rigid, lightweight, precision hollow rooftop retroreflectors that allow beams to be stacked while
preserving polarization is described. The rigidity and low mass enable active stabilization of an
interferometer to within 0.6 nm rms displacement, while the return beam deviation is sufficient
for Fourier transform spectroscopy with a frequency precision of better than 1 cm™. Keeping
samples oxygen and moisture free while providing fresh sample between laser shots is
challenging in an interferometer. A low-vibration spinning sample cell was designed and built to
keep samples oxygen free for days while allowing active stabilization of interferometer
displacement to ~1 nm. Combining these technologies has enabled 2D short-wave infrared
spectroscopy on colloidal PbSe nanocrystals. 2D spectra demonstrate the advantages of this key
instrumentation while providing valuable insight into the low-lying electronic states of colloidal

quantum dots.
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CHAPTER 1:
INTRODUCTION

1.1 QUANTUM DOT OVERVIEW
1.1.1 Quantum dots

Quantum dots are nanometer-scale semiconductor crystals that have their surfaces
passivated so that charge carriers are spatially confined in three dimensions; quantum dots are
synthetic realizations of the quantum mechanical particle-in-a-box. Nanocrystal quantum
confinement effects were first understood for quantum dots embedded in a glass-matrix by
Ekimov and colleagues in 1980(1) and in colloidal solution a few years later by Brus.(2) An
increasing interest in semiconductor nanocrystals within the solar energy research community
started in 2004, when Schaller and Klimov, while investigating PbSe quantum dots as a laser
gain medium,(3, 4) reported that singly excited dots whose carriers were excited with photons
having energy of three times the bandgap had a transient absorption decay time commensurate
with doubly excited quantum dots.(5) Before discussing Schaller and Klimov’s interpretation of
their data, it is worth discussing what an exciton is and how it is formed.
1.1.2 Excitons

In bulk semiconductor materials, if a valence band electron has sufficient energy to be
removed from a site in the crystal lattice, but not enough energy to escape the Coulomb
attraction to the positively charged hole created at that former site, a Wannier exciton is formed.
Under the effective mass approximation, charge carriers (electrons and holes) possess an
effective mass set by the inverse curvature (second derivative) of the band energy as a function
of the carrier wave-vector at the excitation wavelength. The exciton has hydrogenic

wavefunctions and energy levels in which the electron and hole orbit each other in a reduced



center-of-effective-mass frame. Because the high dielectric constant reduces the Coulomb
attraction, Wannier excitons sample a relatively large path through a semiconductor crystal at
their Bohr radius, averaging electro-optical properties over several unit cells.

In molecular crystals, the dielectric constant is smaller, so the Coloumb attraction is
stronger, resulting in carriers confined to the same molecule (Frenkel excitons). The exciton is
still mobile, and the coupling between molecules in the crystal can still delocalize a Frenkel
exciton if the crystal is sufficiently ordered. A quantum dot is a semiconductor nanocrystal
smaller than the Bohr exciton radius. Quantum dot excitons do not fit cleanly into either the
Wannier or Frenkel exciton category. All excitons are overall charge neutral. Like a Frenkel
exciton, quantum dot excitons have overlapping electron and hole wavefunctions and are thus
charge neutral on a finer scale. Confinement energy in a quantum dot is marked by a blue shift
relative to bulk exciton absorption energy; this confinement energy is usually much greater than
Coulombic coupling. As a consequence, the main contribution to electron-hole correlation may
not come from Coulombic coupling. Therefore confinement is closer to a “particle in a spherical
box” than a “modified hydrogenic model” (using effective masses and bulk-property dielectric
constants) used for the Wannier and Frenkel excitons. Unlike a Frenkel exciton, the electron-hole
pair center of mass is not confined to a unit cell in quantum dots. A second aspect to quantum
dots making them uniquely different from the Frenkel exciton is the high dielectric coefficients

(&, =204 for PbSe and 169 for PbS while &, =23 and 17, for PbSe and PbS respectively)(6)

that make the quantum dot exciton binding energy much less than that of a Frenkel exciton so
that quantum dot excitons can easily dissociate at an interface.
A bi-exciton is a state in which two electron-hole pairs are excited, for example by a

bandgap photo-excitation of a quantum dot that already has an exciton. Bi-excitons can yield hot



excitons through a process known as Auger recombination, when an electron recombines with a
hole and transfers the recombination energy to another electron or hole. Measurement of the bi-
exciton lifetime requires consideration of absorption statistics in low fluence experiments. If the
absorption events in materials are independent of each other, the excitation probability is
assumed to follow Poisson statistics. As independent events, there is a possibility of two-photon
absorption by the same quantum dot. Such multi-photon absorption becomes more pronounced at
higher photon fluences. The absorption of two photons produces two excitons, or a bi-exciton. At
low fluence and high photon energy, one would not expect a significant fraction of bi-excitons
due to Poisson statistics.

Bi-excitons possess a faster decay rate than a single exciton. Schaller and Klimov reported
that absorption of a single photon with energy more than three times the bandgap produced the
Auger lifetime decay signature of bi-excitons(5) as measured after two photon excitation at the
bandgap. Thus, Schaller and Klimov interpreted their results as evidence for carrier
multiplication, in which absorption of a single high energy photon excites one high energy
(hotter) exciton and the high energy exciton generates another exciton. This bi-exciton state then
decays via Auger recombination (see states in Fig 1.1). This process is often termed multiple
exciton generation (MEG) due to the confined carriers at bandgap in the final product, but this
name may give a possibly wrong impression of correlated motion between electron and hole high
above the bandgap. With energy greater than exciton ionization energy in bulk, the hot electron
and hole may be spatially overlapped by virtue of the finite size of the nanocrystal, but possess
enough kinetic energy with little Coulombic potential energy to correlate them, so they may be

essentially uncorrelated.
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Fig 1.1 Channels between states, where kagr represents an Auger recombination rate, Kyec
represents an multiple exciton generation, k. represents a hot biexciton cooling rate and k;
represents a bi-exciton recombination rate. How long these states remain and their coupling
strengths remain an active area of research in quantum dots. A set of figures may be generated
for the hole that is the horizontally symmetric in population about the band gap.

Over ten years prior to Schaller and Klimov’s experiment, Kolodinski and Queisser
reported generating higher than unity quantum efficiency in bulk silicon and attributed it to
impact ionization.(7) Neither the bulk silicon result nor Schaller and Klimov’s result can be
directly useful for solar cells due to the UV light required and the low solar output at UV
frequencies. However, they provided materials for investigatinging carrier multiplication as a
means to increase photocurrent in quantum dot photovoltaics.(8) The mechanism of carrier
multiplication in quantum dots is not yet known.

There is a possibility that two artifacts may account for the initial reports which cited
higher MEG vyields than later reports: higher excitation probability at the front of the sample
cell(9) and/or photo-excitation of the charged dots (previously thought to be relaxed).(10)
Nonetheless, reports of excess photocurrent(11) and a solar cell with a certified external quantum
efficiency greater than 100% for near-ultraviolet light(12) provide motivation for carefully
eliminating artifacts, probing the dynamics of electron-hole pairs excited by photons well above

the bandgap, and improving our understanding of quantum dot structure.



1.2 RESEARCH
1.2.1 A Case for Lead Chalcogenide Quantum Dots

PbS and PbSe have a number of interesting features that make them a desirable system
for study. MEG was reported to exist in these systems with a higher efficiency than other binary
semiconductor nanocrystals.(13, 14) Furthermore, since MEG was claimed to occur at two to
three times bandgap,(5) and since PbS and PbSe both have low energy bandgaps, there is a
greater domain over which the size can be tuned while also keeping the bandgap near optimal for
a “third generation” photovoltaic exploiting carrier multiplication. For example, PbS quantum
dots with a radius of 8 nm have a confined bandgap of 0.67 eV (1838 nm)(15) compared to a
0.286 eV bandgap in bulk (4335 nm).(6)

In contrast to 11-VI and I11-1V semiconductors, which have heavy holes, the effective
mass of electrons and holes in PbS and PbSe are approximately the same near the bulk bandgap.
PbS has electron and hole effective masses of 0.08 m. and 0.075 m, respectively, for a
transverse direction and 0.105 m, and .0105 m, for the longitudinal direction, where me is the
mass of the electron in vacuum. PbSe has electron and hole effective masses of 0.040 m. and
0.034 m, respectively, for a transverse direction and 0.070 m, and .068 m, for the longitudinal
direction.(16) After photoexcitation, based on effective mass approximation, the excess kinetic
energy and momentum are shared equally between electron and hole in the bulk material and
were initially expected to be shared equally in PbS and PbSe quantum dots.(17, 18) More
microscopic calculations have questioned this prediction,(19) which arises not only in the
effective mass approximation but also in the kep theory, as shown by Kang and Wise.(20) The
strong confinement arising from the small effective mass in PbS and PbSe is evident in the large

blue shift of the band edge in an absorption spectrum and causes the energy levels arising from



the valence and conduction bands to spread much farther apart than in quantum dots made for
carriers with larger effective masses.(17) For this reason, some researchers expected a reduced
phonon-carrier coupling.(17) Lead chalcogenides such as PbS and PbSe have a face-centered
cubic lattice (the rock salt structure), belonging to the same symmetry class as NaCl.(16)
Another interesting and unique feature of lead chalcogenide quantum dots is that the
confinement at the bandgap occurs at the L-point in the first Brillouin zone,(20) unlike
prototypical quantum dot semiconductors with bandgap at the I" point (see Figure 1.2 below).
Also, intervalley coupling has been predicted to occur in quantum dots, through the four

degenerate valleys of the bulk semiconductor.(20)

[001]

Fig 1.2. Brillouin zone of lead chalcogenides showing only a few key high points of symmetry.
The axes represent the crystal momentum of the carriers along direction in the crystal with the
Miller indices shown. The bandgap occurs at the L point here on the k =[1 1 1] crystal axis
coordinates. There appear to be eight L points, but opposite points are equivalent in the first
Brillouin zone, so there are four L valleys.

1.2.2 Brief Introduction to Transient Absorption, Pump-Probe Spectroscopy
Femtosecond transient absorption spectroscopy is a type of femtosecond pump-probe

spectroscopy, where the pump modulates optical transmission of the probe. The probe is time-



delayed with respect to the pump by a delay stage that changes time of arrival to the sample. See

Figure 1.3.
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Fig. 1.3. Transient absorption experiment. The pump excites the sample, followed by a time-
delayed probe pulse. By starting with coincident pump and probe pulses and sampling
progressively larger time delays, the probe can measure the population in the excited state as a
function of time delay. The chopper serves to create a high-frequency difference in detected
probe transmission between pump on and pump off states. This difference is the pump-probe
signal and can be detected with a lock-in amplifier referenced to the chopper.

In a typical transient absorption experiment, the pump excites the absorbing sample to the
excited state, and change in probe-transmission is detected on a photodiode. If the signal is small,
the sample is nearly transparent, there is no coherence, relaxation within each state is complete,
and the signal is normalized against transmission, it measures nonequilibrium population decay
as a function of time. The decay curve may look like a time-dependent single exponential decay
and often reveals quantum coherences on top of this decay. | have used this technique for

exploring the dynamics of photoexcitation in quantum dots.(21)



1.2.3 Early Research

Since MEG was reported to occur at three times the bandgap energy, | started research by
collaborating on experiments probing hot carrier dynamics in PbS quantum dots at three times
the bandgap energy.(21, 22) In addition to being a strong absorber, DQOCI is a known saturable
absorber, an electronic two-level system where the ground state recovers population no faster
than the excited state loses population. DQOCI has been used as a saturable absorber in mode-
locked dye lasers.(23, 24) These pump-probe measurements showed a surprisingly small signal
strength for quantum dots when compared with DQOCI (see Figure 1.4 below) at the same

optical density.

Et—N+ CH=CH— CH{'
N\ 7/

" |
Et

Fig. 1.4. The structure of DQOCI (C23H23N20lI) is shown. The saturable absorber, DQOCI, has
a peak absorption of 592 nm in ethanol.(25) The Chemical Abstract Service CAS registry
number for DQOCI is 32151-96-5.

The quantum dot signal strength was 20 times weaker than that of the dye, despite the
fact that the quantum dot, if acting as a single absorbing unit, was predicted to produce 30 times
more signal because the molar extinction coefficient was 30 times larger.(21) Putting these
together, the quantum dots had 1/600™ the expected signal strength. The absence of a bleach at T
= 0 for pump-probe measurements with 20 fs pulses indicated a dephasing time-scale faster than
10 fs, suggesting that one could rule out MEG theories based on longer-lived coherent

oscillations between states. Many absorption spectra show that quantum-confined spectral



absorption peaks are blue-shifted by the presence of oxygen,(26-28) but sample oxygen exposure
did not impact the early pump-probe decay lifetimes.

In 1983, Brus suggested that if a carrier scattered inelastically before reaching the edge of
the dot, the carrier would be unable to distinguish between a nanocrystal and a bulk
semiconductor(29) environment except for the collisions with the surface. Bulk semiconductors
are not perfect crystals; defects and phonons that scatter carriers can destroy coherence.
Consequently light is not absorbed over the whole volume of the semiconductor, but within the
confines of a coherence volume. Some researchers have estimated the magnitude of the
nonlinear optical response by considering the size of the absorbing unit in bulk semiconductors
to be on the order of a unit cell.(30) Since an 8 nm diameter PbS quantum dot contains ~1200
unit cells, it appears that hot carriers are more like hot carriers in the bulk than band edge
quantum dot excitons.

1.2.4 Absolute Signal Strength

Weaker-than-expected pump-probe signal strength at photon energies higher than three
times the bandgap, wide variation in the reported MEG yields,(14) and reports about possible
MEG artifacts,(10) showed where there was an increasing need for absolute pump-probe signal
strength measurements with well-characterized experimental parameters like sample refresh rate,
spatial beam profile, pulse energies, etc. Such measurements could act as an experimental
benchmark for a systematic study of the effects of sample preparation and handling on MEG. |
collaborated in using the fluorescein molecule to test experimental signal strength measurements
against the absolute pump-probe signal expected from theory for a system with two electronic
states. Fluorescein produces the symmetric absorption and emission spectra expected from the

Frank—Condon principle for a small change in molecular geometry. Calculations of absolute
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pump-probe signal strength were based on experimentally determined parameters: sample
pathlength accounting for attenuation of the propagating pulses; spatial beam profile and laser
pulse spectrum; the anisotropic transition probability for polarized light; and measured time-
dependent electronic population relaxation (in fluorescein, this was first measured via
spontaneous emission and not pump-probe). The ability to measure pump-probe signals
absolutely should allow quantum dot experiments to be cross-compared among research groups.
It may enable absolute determination of the MEG quantum yield, and can certainly reduce the

number of assumptions involved.

1.3 SAMPLE EXCHANGE UNDER OXYGEN-FREE CONDITIONS

Investigation of colloidal quantum dots comes with a unique set of experimental
challenges. Air-free sample preparation and protection of the nanocrystal surface from water and
oxygen are critical. Each laser pulse, for fixed time delay, represents a repeated measurement.
Exchanging the sample between laser shots ensures that the sample volume does not buildup
photoproducts from prior measurements.

The first consideration comes down to understanding that surface treatments usually
serve at least two functions: to create and define an energy level boundary for a confinement
potential and to keep the surface free from undesirable energy levels that could act as surface
traps and bonding sites. Without surface protection, nanocrystals can undergo size changes such
as irreversible aggregation, whereby dots coalesce to form larger ones, and in extreme cases the
solution can no longer support a colloidal suspension of the larger crystals, causing them to drop
out of solution. Greasy ligands, like oleic acid or oleylamine, are a type of capping agent that is
used for surface passivation and to protect against aggregation. Even still, surface ligands are

insufficient and to protect the surface against oxygen or water that will compromise the
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electronic structure of lead chalcogenide nanocrystals.(31) Reaction with water or oxygen
replaces sulfur or selenium with oxygen, which effectively results in size reduction of the
quantum dots and can be identified by a blue-shifted exciton absorption peak.(32) To avoid
sample degradation, quantum dots should be synthesized in environments with oxygen and
moisture levels less than 0.1 ppm. These requirements come not only from sensitivity to oxygen
and water of the quantum dots, but also from the fact that many of the chemical precursors such
as TOP and (TMS), S will become contaminated with unknown oxidation products leading to
unknowns in the synthesis. Furthermore, some of the precursors are volatile. The second
consideration involves protecting the sample over the course of the experiment by exchanging a
clean sample between pulses in order to avoid buildup up of photoproducts,(33)
photodegradation, (34, 35) increases in temperature,(36) or burning sample material onto the cell
windows. Due to closely packed matter that affords rapid energy redistribution and better
passivated surfaces, this effect is virtually nonexistent for many solid-state systems at
sufficiently low intensities. In liquid samples, where interaction with the bath (solvent) takes
time to redistribute energy, these effects have been appreciated for decades but were not
considered properly in some studies of quantum dots. After recognizing these artifacts, a number
of groups reported markedly lower MEG yields.(9, 37) Quantum dot thin films, like their
colloidal counterparts, are also sensitive to oxygen, moisture, and repeated photoexcitation.
Currently, there are no reports in which film samples have been exchanged between laser shots.
Thus, experiments with a sample exchange are critical for elimination of repetitive
photoexcitation effects.

Our group has used sealed spinning sample cells to keep samples oxygen and water free.

The colloidal solution of quantum dots was trapped between two O-ring compression fittings
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while a Teflon ring between windows set a calibrated optical path length of about 200 um. This
entire sample cell was screwed into a housing that was axially concentric with a set of ball
bearings. The first quantum dot experiments were completed with a first generation spinner
design by the JILA machine shop (see Figure 1.5 (a) below). Mechanical bearings were a
dominant source of vibrational and acoustic noise. In spite of the loud noise at a few thousand
RPM, this was sufficient for many colloidal quantum dot pump-probe experiments.

Two-dimensional optical spectroscopy, which will be discussed later, relies on accurate
time delayed steps in an interferometer. The interferometer displacement must be known, and
can be determined through active stabilization using a reference laser and an out-of-loop laser to
verify stabilization and measure displacement. In a test-bed Mach—Zehnder interferometer that |
actively stabilized, noises such as voices in the room could be seen on the photodiodes through
the oscilloscope. As this interferometer would set critical time delay in a 2D spectrometer,
acoustic and vibrational coupling to mirrors makes the spinning sample cell approach daunting.
Furthermore, DC motors used to spin the cell-generated heat that could be transferred to the
sample, or in prolonged usage, shut down the motor. Therefore the assembly required water
cooling. Finally, for practical considerations, the assembly was inconveniently large. | eventually
solved DC motor heating problems by using a DC brushless design powered and driven by radio
controlled aircraft electronics. This solution has been borrowed for implementation in Ralph
Jimenez’s lab.

Several iterations of spinning sample cells were constructed to reduce acoustic and
vibrational effects. Common mechanical bearings appeared to be a dominant source of acoustic
noise, while more precise bearings (such as Timken Fafnir Super Precision Bearings,

2MM9308WICRDUL) proved to be challenging due to “pre-load”; too much pre-load would
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reduce the noise at the expense of overloading the motor. Hard disk motors, known to be
acoustically quiet, contained proprietary bearings not easily sourced, and attempts to replicate the
duplex bearing design using single housed versions of the same make and model bearings were
unsuccessful. I tried a design in which a sample cell was positioned between three hard disk
drive spindles (one master, driven by a motor, and two slaves, see Fig. 1.5 (b) and (c) below). O-
ring “gears” pinned the optical cell’s grooved track in an equilateral triangle at the center. The
slave drive spindle’s positions could be adjusted to pin the sample in place. After experimenting
with different groove designs, offsets, and elastomer O-rings, this design turned out to be about
25 dB quieter than our other mechanical designs.(38) However, it suffered similar preload
problems, and demanded far more experimental finesse to position the cell between the three
points of pressure.

The second approach used a compact laptop hard disk drive assembly where the
acoustically and vibrationally quiet bearings could be used directly. A new design that directly
uses the glass hard disk substrates was appealing but presented a new set of challenges: bonding,
solvent compatibility, filling, sealing, and keeping the cell under vacuum and moisture-free
conditions. That it would refresh the sample under interferometrically stable conditions was
uncertain at the time. Before uncoated hard disk substrates could be procured, |
electrochemically etched the coating off hard drive disks, but unfortunately this was a low-yield
process (1 in 16).

The latest design, Figure 1.5 (d) and (e) has been demonstrated to keep quantum dot
samples water and oxygen free, while allowing active stabilization of interferometer
displacement to within £1 nm (details discussed in Chapter 3). While the fluid sample cell can

ensure a fresh sample for each laser shot at repetition rates over 100 kHz, its greater achievement
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is demonstrated in Chapter 4, where it was used to record 2D Fourier transform spectra on PbSe
quantum dots. It is believed that this device will prove useful for moving the last excited sample
out of the beam between laser shots in thin film experiments, and we have provided a similar
device to National Renewable Energy Laboratory (NREL) for collaboration. For pump-probe
experiments, the device, with 23 cm? of fluid sample area, may be combined with a beam
scanning technique that | helped to develop(39) to achieve refresh times on the order of 10
seconds, which should increase the number of experiments that can be conducted with sufficient

sample exchange.

Fig. 1.5. The evolution of spinner sample cell design. On the left is the JILA spinner design (a)
that uses ball bearings and a DC-bushed motor. The second design [(b) and (c)] uses hard drive
bearings, a hard drive DC brushless motor, and the same sample cell holder as (a). The design
was more challenging to load, but was acoustically quieter. Different in many respects, the third
design [(d) and ()] used hard drive bearings, and a sealed fluid cell made using hard disk
substrates, a hard drive DC brushless motor, a smaller power supply, and a chamber to
hermetically seal the environment surrounding the spinning fluid cell. This design enabled 2D
spectroscopy and thin film pump-probe measurements (Chapter 4). The last spinning sample cell
and chamber (e) was an improvement over (d) in reducing the rate of oxygen leakage into the
sample chamber.

1.4 RETROREFLECTORS AND CONTRIBUTIONS TO 2D SPECTROMETER
Retroreflectors have found many precision metrology uses, from early measurements of
earth-moon distances,(40) machining,(41) stabilized interferometers, (42, 43) and simple uses on
bicycles, street signs, road paint, and clothing.(44, 45) The main advantage of using a
retroreflector over a mirror is that it returns the light to its source without great sensitivity to

alignment. While the number of retroreflector designs are many, hollow retroreflectors serve an
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important role in Fourier transform spectroscopy, (46, 47) laser stabilization,(48) and other
interference-based ultrafast techniques.(49) Hollow retroreflectors are preferred over other
designs because they have lower masses than solid retroreflectors. For ultrafast spectroscopy,
stabilization is often accomplished by 90° reflection from a single displacement stabilized mirror,
but this leads to phase shifts that are readily detectable with Fourier transform spectral
interferometry.(50) These phase shifts can be eliminated by mounting retroreflectors on
piezoelectric transducers.(43)

| contributed to construction of a broadband stabilized 2D spectrometer by designing and
fabricating small dihedral hollow “rooftop” retroreflectors (Chapter 2) designed for low mass
(~3 g compared with 150 g commercial) so that a wider stabilization bandwidth could be
achieved. When the retroreflector was attached to a piezoelectric transducer used to actively
stabilize our Mach—Zehnder interferometer, the rms displacement could be stabilized to 0.8 nm
rms.

Building a broadband Mach—Zehnder interferometer that ranges from 1100 to 1600 nm
has a unique set of challenges. Dielectric beamsplitters that can separate HeNe beams at 594.1
and 632.8 nm from the femtosecond beam that ranges from 1100 to 1600 nm are too dispersive
to be useful in femtosecond 2D short-wave infrared (IR) spectroscopy. The hollow roof top
retroreflector design solves this problem by allowing us to stack beam paths and spatially
separate the short-wave IR femtosecond probe beam path (used for 2D spectroscopy), from the
632.8 nm continuous wave laser (used for active stabilization and delay scanning) and the second
594.1 nm continuous wave laser (used for displacement and stability characterization). The silver
mirrors afford a broad bandwidth with low dispersion, and the dihedral geometry preserves the

short-wave IR polarization.
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The feedback loop uses a ceramic piezoelectric transducer (often abbreviated PZT, for
Plumbum (lead) Zirconium Titanate) to apply displacement feedback to the system. The
piezoelectric transducer in the feedback loop is effectively a mass on a spring. The unipolar
operated piezo electric transducer, Piezomechanik catalog #PCh150/10x10/2, has a spring
constant of 1900 N/um. The retroreflector mass attached is approximately 3.1 g (including the
attachment base), yielding a resonance frequency of 124.6 kHz, compared with a 500 kHz

unloaded piezo electric transducer, based on the simple harmonic oscillator:

fo L |k
~2z\m> 1)
where fis cyclic frequency, m is mass, and k is the spring constant. Since the mass is the

limitation on feedback with this controller,(51) achieving a mass 50 times lighter than

commercial affords a larger bandwidth by a factor of 7.

1.5 FIRST OXYGEN-FREE AND SAMPLE EXCHANGED 2D SPECTROSCOPY ON
QUANTUM DOTS

The strength in the 2D spectroscopy technique is an ability to measure what one-
dimensional nonlinear spectroscopies cannot. The information contained in a 2D spectrum
reveals inter- and intra-molecular or atomic coupling on an ultrafast timescale. For example,
electronic, vibrational, and rotational coupling strengths can be resolved, and homogeneous
broadening effects can be separated from inhomogeneous broadening effects, separating the
spectra of molecular systems in instantaneously different environments. The problem is that if
the 2D technique is incorrectly implemented, artifacts can easily be mistaken for features, and
these features will be mistaken for physics. A discussion of the basic technique follows to

provide background for Chapter 4.
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Two-dimensional optical spectroscopy makes use of the nonlinear interaction of three
electric fields with a sample material. The signal is generated though a four-wave mixing process
by way of the sample’s third order nonlinear polarization vector, which radiates a fourth electric

field. The time domain response of the nonlinear polarization generally appears as:

PP =e, T dtj dt, T d,R™ (1,4, 1) E(t—t)E(t—t,)E(t-t,), ©)

where R” (t,,t,,t;) is the microscopic third-order polarization impulse response for the sample,

a fourth rank tensor.(52) Eq. (2) is local, holding at a single point in space. In Eq. (2), E is the
total electric field coming from all incident pulses at that point in space. The nonlinear
polarization is excited throughout the sample and radiates fields that emerge in several distinct

directions. In the context of two-dimensional spectroscopy, the radiated field in the phase

matched direction, k; = -k, +k, +K, E—a+b+c(t t,,t.) is:

IR E

® - .
Ea+b+c(t,ta,tb,t)=gojdraj .[dTS“bN(, 7,.7,,7,) Ea(t—t,—7,)E, (t—t, -7, )E.(t-t. 7).  (3)

—00

where t_,t,,t. are the experimentally controlled time delays of the incident pulses, with fields

Ea,Et;, and E. distinguished by their wave vectors, k,,k,, and k. respectively, and s” is

—a,+b,+c

a macroscopic response function for the particular radiated signal detected, which includes the

microscopic impulse response R® , bulk phase-matching, and directional filtering effects.(53)

The total electric field in Eq. (2) is:

E=E.+E, +E.. (4)
If the sample is “stationary” in the sense that the signal has the same time delay relative

to the sequence of three excitation pulses no matter when the pulse sequence arrives at the
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sample, then the four times in Eq. (3) can be replaced by three time differences.(54)
Furthermore, with the stationary assumption, the frequencies from each electric field are
summed:

O, =—0, +0, +,. (5)

This stationary assumption underlies the 3D Fourier transform relationship between the
third-order nonlinear susceptibility and the third-order nonlinear impulse response. This
stationary assumption is not valid for repetitive photoexcitation (laser repetition rates) lacking
sufficient time between pulse sequences to allow for complete thermal equilibration with the
surroundings. This is particularly worth mentioning since none of the reported 2D experiments
on quantum dots(55-57) have exchanged samples between laser shots, and this has the potential
to undermine experiments since “photocharging” is thought to persist for seconds in quantum

dots.(58)

Pulse a, with electric field E(t —t,) need not precede pulse b with field E;(t —t,) in time.
The difference in time between the pulses constitutes a time delay, 7 = (t, —t,), which may be
either positive (a first) or negative (b first). In this experiment, both pulses a and b arrive before

pulse ¢, E_(t—t.), as shown in Figure 1.6.
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Fig. 1.6.(59) 2D Spectroscopy electric field sample interaction time sequence. E:(t —t,) puts the
sample in a superposition of eigenstates, oscillating at their own frequencies during evolution.
Field Es (t—t,) enhances or suppresses those oscillations. After a variable waiting period, T,

field Ec (t—t,) excites the sample to radiate a signal for detection with the reference pulse. The
time delays t,,t,, and t_ are created through pathlength differences using retro-reflectors on a

translation stage for displacement. The positive time intervals z,,z,, and z, represent the

intervals between signal radiation and interaction with each pulse appearing in the response
function, Eq (3).

The fourth signal field, generated with angular frequency «, , interferes with a reference

field derived from an input field using a beam splitter. The signal-reference pulse pair is sent
though a grating spectrometer where it is resolved into frequency components and sampled with

a CCD. The interference pattern in this spectrum (or spectral interferogram) is given by:
2
1 () =[Ex () + E+(0)] . (6)
= 1,(@)+1,(0) +{1,(0)], (o) cos(Ag()), ()

where 1 (®) is the signal spectrum, |, () is the reference spectrum, and Ag(w) is the spectral

phase difference between signal and reference. The spectral phase difference may be written as:
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M) =0g, +at, + 2 AH' L, (0-0,) ®
where Ag, is the constant phase shift, t, is the delay, and Ag" is difference in chirp. For a pure

time delay, the frequency spectrum has a cosinusoidal intensity modulation with period Aw = t_ﬁ
d

. A constant phase shift uniformly shifts the frequencies of the interference fringe maxima while

changes in chirp cause a frequency dependent fringe spacing. If the reference pulse is transform

limited, then A¢(w)and | (w) completely characterize the signal field, mapping out one

dimension of the two-dimensional spectrum. Equally stepped time delays between pulses a and
b, (i.e., 7), each with a spectrally signal-reference resolved interferogram, are fast Fourier
transformed to construct the other axis of the two-dimensional spectrum. The 2D spectrum
produced shows how excitation of a sample at one frequency changes the absorption of that
sample across a spectrum of frequencies. One can consider sweeping a frequency w; along the
frequency domain w, axis to look at coupling between states (Figure 1.7), whose information is
usually buried under the lineshape (as in one-dimensional spectroscopies like spectrally resolved
pump-probe). Our lab’s convention is to represent positive peaks in 2D spectra as more light on
the detector, corresponding to ground state bleach (GSB) and excited state emission (ESE).
Meanwhile, negative peaks in 2D spectra represent less light hitting the detector, corresponding
to excited state absorption (ESA). The dimensional feature along the diagonal is total line
broadening, shown in Figure 1.8. Cross-diagonal features in Figure 1.8 roughly represent
homogenous broadening. This will be discussed for the 3 nm quantum dot PbSe system in

Chapter 4.
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Fig 1.7. Three-level coupling. Coupling between frequencies m, and o, shown by cross-peaks
off the main diagonal. The two circles illustrate that the diagonal signal is comprised of both

excited state emission and ground state bleach.(49) The y-axis may be considered excitation and
the x-axis detection. Excitation of w, affects the absorption of w through their common ground

state.
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Fig. 1.8. Real part of simulated 2D Fourier transform spectrum. The dashed lines (negative)
show excited state absorption, while the solid lines (positive) show ground state bleach and
excited state emission.(49) The wider diagonal reflects total line broadening, both homogenous
and inhomogenous, while the narrower cross diagonal represents homogenous broadening,
whose lineshapes have been explored with analytic models.(60)

All third order nonlinear ultrafast spectroscopies can be cast as some limiting case of a

2D optical Fourier transform experiment by changing the geometry, timing, and number of fields
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included. As a consequence, the 2D spectrum should be expected to contain all of the
information and more than the dimensionally reduced experiments. For example, a limit where
the first two excitation pulses are collinear, and temporally coincident, and cross the third pulse
at the sample, which may be delayed with respect to the other two generates as signal field that
overlaps the third pulse. If the third pulse is spectrally integrated, this is a pump-probe
experiment. Another case exists when the first two fields are spatially and temporally overlapped
with sufficient crossing angle to create a population grating. This grating contains excited states
in constructive fringes and ground states in the destructive fringes. The third pulse ¢ will diffract
off of the grating to be collected in a CCD. Taken as a function of time delay between a/b and c,
this describes the transient grating experiment.

The 2D Sagnac interferometer (Figure 1.9) used for the experiments in Chapter 4 is a
non-collinear pump-probe geometry 2D combining the homotime absorption response detection
(HARD) geometry(61) with the pump-probe geometry of a Sagnac.(62) The difficulty of using a
pump-probe geometry in 2D is that the third order signal created from the four wave mixing of
pulses a, b, and c is small compared to a the local oscillator pulse ¢ (whose noise may be
comparable with the interference). In the Sagnac, however, a reference pulse is sent through a
pristine sample, and in some sense balances out against pulse ¢. A Sagnac can be optimized to
amplify any imbalance between counter-propagating pulses. In this case, that imbalance comes
from the 2D generated signal. See Ref. (63) for a more complete description. The spinning
sample cell (Chapter 3), was filled with 3 nm PbSe quantum dots and was placed in the stabilized
2D spectrometer. Two-dimensional data were taken. The measurements are the first of their kind
with exchanged sample, oxygen- and water-free quantum dots, and precisely locked and equally

stepped 2D Fourier transform data.
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Fig. 1.9. 2D Sagnac interferometer for optimized interference detection of 2D spectra in the
pump-probe geometry. The Sagnac beam splitter (BS) splits the input pulse into counter-
propagating probe and reference pulses. The reference passes through the pristine sample before
all other pulses. In contrast, the probe absorption will be reduced by the pump pulse pair (from a
Mach—Zehnder interferometer). The spectrum of this disturbance of destructive interference
between probe and reference at the “dark™ output arm is detected.

1.6 ORGANIZATION OF THESIS

Chapter 2 discusses a miniature hollow rooftop retroreflector that weighs ~3g and is ~50
times lighter than commercial products. It covers the technique and materials that are not
covered in the optical fabrication books,(64-66) or with any level of detail in the literature.(67,
68) Testing of the surface is covered in Appendix A. This allowed us to attach it to a piezo-
electric transducer and actively stabilize our 2D interferometer to ~0.6 nm.(69)

Chapter 3 of this thesis introduces a compact spinning sample cell that affords a number
of important new experimental capabilities, namely: i) An ability to renew samples in an oxygen-
and water-free environment; ii) Remaining interferometrically stable to ~1 nm.; and iii) a
possible ability to renew sample on quantum dot thin films. The first capability, for reasons

explained in Chapter 2, allows us to do actively-stabilized 2D spectroscopy on quantum dots,
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while the work in Chapter 3 provides a new experimental capability to researchers working on
quantum dots and quantum dot thin films.

The results of this endeavor are the subject of Chapter 4, a comparative study of the first
colloidal quantum dot 2D spectra with the sample exchanged between laser shots under oxygen-
and moisture-free conditions. Two-dimensional spectra are compared for static and sample-
exchanged colloidal PbSe quantum dots that are measured in the short-wave IR under
displacement-locked conditions. The results suggest that quantum dot 2D spectra are
deleteriously affected by repetitive excitation and show the critical-need for sample exchange

under excitation.
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CHAPTER 2:
LIGHTWEIGHT HOLLOW ROOFTOP MIRRORS
FOR STABILIZED INTERFEROMETRY
2.1 INTRODUCTION

Retroreflectors have found many precision metrology uses, from measurements of
distances(1) and machining(2) to stabilized interferometers.(3, 4) The main advantage of using a
retroreflector over a mirror is that it returns the light to its source without great sensitivity to
alignment.(5) While there are many retroreflector designs, hollow retroreflectors serve an
important role in Fourier transform spectroscopy,(6) laser stabilization,(7) and interference-based
ultrafast techniques.(3, 4) Hollow retroreflectors are preferred over other designs because they
have lower masses than solid retroreflectors. They also minimize the chromatic dispersion that
lengthens ultrafast pulses. For ultrafast spectroscopy, stabilization is often accomplished by 90°
reflection from a single displacement stabilized mirror, but this leads to phase shifts that are
readily detectable with Fourier transform spectral interferometry.(8) These phase shifts can be
eliminated by mounting retroreflectors on piezoelectric transducers.(4)

Hollow rooftop mirrors have advantages because they allow beams to be stacked and
because they preserve polarization (unlike trihedral retroreflectors). For a 90° angle between
plane mirror surfaces, hollow rooftop mirrors have retroreflecting properties for light incident in
planes perpendicular to the mirror joint (dihedral retroreflection). The drawbacks to hollow
rooftop mirrors are that dihedral retroreflection is sensitive to the inclination angle of the incident
beam to the mirror joint,(6) that the polarization and stacking advantages are sensitive to rotation
of the rooftop mirror in the plane of the aperture, and that preservation of s or p polarization is

sensitive to the inclination angle.
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A reflector’s mass limits the achievable bandwidth governing displacement-stability in
interferometers,(9) providing motivation to reduce retroreflector mass in order to achieve greater
displacement-stability. The primary difficulty in constructing hollow rooftop(10) and
trihedral(11) retroreflectors can be traced to the mechanical design joining the mirrors. This
challenge becomes amplified when scaling down to smaller and lighter retroreflectors that can
have reduced contact area between mirrors, in contrast to difficulties encountered when scaling
up the size of prisms.(12) References that discuss solid prism fabrication(13) mention solid
retroreflectors as master cubes for hollow retroreflectors, but a detailed description of hollow
trihedral (corner cube) retroreflector fabrication(11, 14) is rare; in particular, critical bonding
materials are usually omitted as proprietary.(10, 15-17) One route involves assembly of coated
mirrors in a permanent support structure followed by measurement and adjustment while
bonding and curing;(16, 17) the other involves assembly and direct bonding of uncoated mirrors
on a master prism, followed by coating.(10, 11) The method presented here bonds coated
mirrors directly while measuring and adjusting the dihedral angle, allowing fabrication of hollow
rooftop mirrors that are lighter and have a greater surface area to mass ratio than those

commercially available.(17)

2.2 EXPERIMENTAL

Two hollow rooftop mirrors (HRMs) were each constructed from a rectangular enhanced
silver broadband visible and infrared metal and dielectric mirror with a A/10 front surface (JML
MPS 14407309), mirror dimensions of 17.8 mm x 13.8 mm, and a 3.2 mm substrate thickness.
The mirror was cut into two pieces with a low speed diamond wheel saw (South Bay

Technology® Model 650, typically used for cutting semi-conductor wafers), using a 3”
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diameter, 0.006” thick blade. Letting a represent the thickness of the glass substrate, the total
length (17.8 mm here) is cut into two pieces with lengths L and L+a, making L = 7.3 mm. This
gives each hollow rooftop mirror a total projected area of 10.3 mm x 13.8 mm.

A jig was constructed by bolting two kinematic mirror mounts (New Focus, 9809 Classic
Corner Mirror Mounts) to the plane of a free standing aluminum block wall. The mirror mounts
formed a 90° ‘V’ angle with each mirror at 45° angle with respect to the base of the block wall
(see Appendix A, Figure A.3). The two mirror halves were placed in the “V’ groove with their
mirrored-surface facing up, as shown in Figure 2.1.

A Fizeau interferometer, (Zygo, GPI-XP) characterizes the two dimensional phase profile
by sending out a 632.8 nm Helium Neon laser plane wave to reflect off the hollow rooftop
mirrors and interfere with a reference plane wave. With respect to a reference, bright fringes
represent phase differences of 2nz (integers n), while alternating dark fringes represent phase
differences (2n+1) =. Counting fringes across a retroreflector determines the phase profile across
that surface. For a retroreflector, the phase difference between two points measured with a
Fizeau interferometer is exactly twice the optical pathlength difference (in 632.8 nm waves)
between those points.

To achieve the final result, mirror angles were aligned in the jig three times while
monitoring the interference fringes. The first alignment sets the jig up correctly with the mirrors
simply resting on it; this alignment step is necessary because the mirror of length L+a makes
contact with both mirror mounts of the jig (see Figure 2.1). A single fringe across the entire
surface rendered the two mirrors nearly indistinguishable from a flat mirror and was indicative of
an ideal 90° angle whose continuity was broken by a thin line where the two halves were joined

(see Appendix A, Figure A.6, marker 3). To set the approximate bonding angle and position, the
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mirror of length L+a was then affixed to one mirror mount with a layer of molten optical wax
less than 0.25 mm thick. The shorter mirror was then slid into position using the mirror mount as
a guide ramp until the side cut with the diamond saw rested on the reflective surface of the
longer mirror (Figure 2.1). In preparation for bonding, a second alignment restored a single
fringe across both mirrors. Then, a thin (~1 mm) bead of glue (Torr Seal®, Kurt J. Lesker Co.)
was applied to the cut side of the shorter mirror and it was slid back into position, bonding the
two mirrors. The third alignment took place immediately after this application of glue to the

joint between mirrors.



direction mirror
was slid

optical
wax

Torr Seal

Fig. 2.1. The longer mirror was firmly affixed to the optics mount (on the right) by pressing it
into a thin layer of molten optical wax (yellow). To prevent smearing Torr Seal on the longer
mirror, the shorter mirror was slid in the direction of the arrow along the optic mount into its
bonding position to form a 90° contact-angle with the longer mirror; the mirror edges cut with
the diamond saw are shown in orange.
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While the glue cured during the first two hours, small and incremental adjustments were
made to the dihedral angle. As the glue dried completely, smaller drifts, typically much less than
A120 occurred over the following ~24 hrs. Heating the underside of the optical mount allowed
removal of the hollow rooftop mirror from the wax without softening the glue at the hollow
rooftop mirror joint.

Using Torr Seal® as the glue was crucial. A number of bonding agents were attempted
without success, including two part epoxy (Hardman Double/Bubble Extra Fast Setting Epoxy),
UV curable epoxy adhesive (Epo-Tek OG116), two component thermally cured epoxy (Epo-Tek
353ND), cyanoacrylate (Duro Super Glue), and white glue (Elmer’s Glue-All). The common
problem was that large changes in the angle between mirrors occurred while curing. Two glues
and a tongue and groove assembly for minimizing such changes have been discussed.(11)
Exploration of the variety of specialized bonding cements and additives was inhibited by costs in
the hundreds of dollars for a few ounces. Torr Seal®, on the other hand, has long been used for
bonding windows(18) and end mirrors in stabilized laser cavities, suggesting a mechanically
stable bond compatible with an actively stabilized interferometer element.

To reduce bending modes in the hollow rooftop mirror during active interferometer
stabilization with the piezoelectric transducer, side supports were added. These reinforcements
were constructed of glass microscope cover slips (VWR Micro Cover Glasses, #48366-205, 18
mm x 18 mm x 0.18 mm) cut into a shape resembling a Superman® shield (see Figure 2.2) and
attached with Torr Seal®. After pressing the support into place, the hollow rooftop mirror was
positioned so that the support was on top of the hollow rooftop mirror as the glue cured (Figure
2.2). The glue for the first support was allowed to cure for 24 hrs before the second was attached

in the same manner and allowed to cure for 24 hours.
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Fig. 2.2. (Left) The side supports were attached with a thin (~1 mm) bead of Torr Seal®. (Right)

After the side support was pressed firmly into place, the assembly was set with the new side
support facing up so as to dry under uniform, minimal pressure from its own weight.
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Finally, the hollow rooftop mirror was glued into a “V’ groove in a %" diameter
cylindrical aluminum base with a flat back surface (for attachment to the piezo-electric
transducer). The flat back surface of the base was mounted to the jig with double-sided tape so
that one face of the base’s “V’ groove would remain horizontal while the other remained vertical,
see Figure 2.3. A thin piece of paper set an air gap between the vertical side of the ‘V’ groove
and the smaller mirror. The largest mirror was pressed into Torr Seal® on the horizontal surface
of the ‘V’ groove so that only gravity applied pressure across the resting surface while it cured.
When bonding the hollow rooftop mirror to the aluminum base, the vertical air gap was
necessary in order to prevent mechanical interference from misaligning the precision of the bond
angle as the Torr Seal® cured. While cutting the aluminum base at the reflective point of
symmetry could reduce the mass further, this was not done to minimize undue torques on the
piezoelectric transducer. After the Torr Seal had cured for 24 hrs, the hollow rooftop mirrors

were placed inside the Fizeau interferometer for final analysis.
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double-sided tape

Fig. 2.3. Mounting the hollow rooftop mirror in the aluminum base. The hollow rooftop mirror
was positioned in the base so that gravity exerted uniform pressure on the bond while it dried.
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2.3 RESULTS

Like an ideal plane mirror, an ideal hollow rooftop with a 90° mirror joining angle
returns a wavefront with a flat phase, so the quality of the hollow rooftop mirror can be measured
with the same surface figures using the Fizeau interferometer. The first standard surface figure is
the peak-to-valley wavefront distortion, which measures the maximum retroreflected wavefront
difference with respect a planar surface in units of the measuring wavelength. The second
standard surface figure is the rms wavefront distortion, which measures the root mean square
deviation (in waves) of the retroreflected wavefront from a linear fit (the linear fit will remove
any retroreflected beam deviation). The first hollow rooftop retroreflector (mass 3.4 g) had
retroreflected wavefront distortions of ~0.07 waves rms and 0.24 waves peak-to-valley over 90%
of its 9.5 mm x 13.8 mm aperture. The second hollow rooftop mirror (mass 3.2 g) had ~0.03
waves rms and 0.17 waves peak-to-valley wavefront distortions over 90% of a 9 mm x 13.8 mm
aperture.

Independent of the angle of incidence within planes perpendicular to the mirror joint, a

retroreflector mirror joining angle of (z/2)+ « will return the incident beam at 7 + 2« , so that

the retroreflector beam deviation is 2«. The maximum ratio of wavefront difference f to lateral

distance d determines the worst-case retroreflector beam deviation, 2« =arctan(f A/d). Fora

simple error in joining angle, the peak to valley wavefront difference occurs over a distance of
half the clear aperture.(5) With f,., = 0.17 wave (0.24 wave) and using half the clear aperture for
the distance, dy., =4 mm (4.3 mm), the retroreflected beam deviation is 5 seconds of arc (7 arc
seconds). For the two hollow rooftop mirrors, the actual peak-to-valley distance is in one case
greater than (and in the other case equal to) half the clear aperture, so these estimates of

retroreflected beam deviation are conservative.
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These low mass hollow rooftop mirrors were used in both arms of a small Mach-Zehnder
interferometer mounted on a breadboard on top of a vibration isolated table; the interferometer
was open to air. The beams enter the hollow rooftop mirrors on one side and leave on the
other,(6) enclosing an area of about 10 cm® A piezo-electric transducer was attached to the back
of one hollow rooftop mirror to actively stabilize the interferometer displacement using feedback
from a polarized continuous wave 632.8 nm wavelength HeNe laser.(4, 19) Interferometer
displacement was independently monitored outside of the feedback loop using a polarized
continuous wave 594.1 nm wavelength HeNe laser.(4) The yellow and red beams were co-
propagating; the hollow rooftop mirrors allowed femtosecond laser beams to be stacked above
them inside the interferometer. A displacement stability of £0.8 nm rms was measured over
0.1Hz to 10kHz, demonstrating the structural rigidity of the hollow rooftop mirror required for
use in actively stabilizing an interferometer.

The retroreflected beam deviation determines the maximum lateral movement of the
beam center as the retroreflector is translated. For a 25 mm translation with 6 arc sec
retroreflected beam deviation, the beam would have a lateral walk off of 0.8 um. This beam
deviation has a minimal effect on use of the interferometer for Fourier transform spectroscopy.
By fitting the peak of the Fourier transform (resolution ~0.0005 waves), a scan using steps of one
red HeNe wave and a displacement range of 2047 waves measured the number of additional
yellow waves per red wave in air as 1.06546 + 0.00002. Using a red HeNe wavenumber(20) [in
dry air at local atmospheric pressure (~620 Torr)] of 15801.6 cm™, this leads directly to a yellow
HeNe wavenumber of 16836.0 + 0.3 cm™ in dry air at local atmospheric pressure (16832.2 cm™

in vaccum); this compares well to the yellow HeNe wavenumber of 18632.3 cm™ in vacuum
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calculated from the energy difference between the Ne 2s%2p>(*P%;,)5s ?[1/2]° J=1 and

25°2p°(*P%12)3p ?[5/2] J=2 levels.(21, 22)

2.4 CONCLUSIONS

Two 3.3g hollow rooftop mirrors with clear apertures of 9 mm x 13.8 mm, return beam
deviations of 6 arc seconds, and wavefront distortions of ~A/20 rms at 632 nm were fabricated
and tested in actively stabilizing an interferometer. Compared to the lightest commercially
available hollow roof mirrors™ (PLX model RM-10-05, 25 mm x 63 mm clear aperture, 150 g
mass), these hollow rooftop mirrors provide 8% of the surface area with only 2% of the mass.
Typically, rms wavefront distortion increases with retroreflector clear aperture, while the return
beam deviation decreases with retroreflector clear aperture. Compared to trihedral retroreflectors
with clear apertures larger by a factor of five(11) or ten, (14) the rms wavefront distortion here
is 5 or 20 times smaller, and the return beam deviation here is comparable(11) or 2 times
larger.(14) For hollow penta-prisms that are a factor of 10 larger, beam deviations smaller by a
factor of 6 have been reported with wavefront distortions larger by a factor of 5.(15) The beam
deviation is comparable to that of commercially available trihedral retroreflectors with similar
clear apertures, larger wavefront distortions, and twice the mass (PLX model OW-05-5, 5 second
beam deviation, 12 mm clear aperture, 0.3 wave p-v wavefront distortion, 7 g mass).(17) We did
not investigate whether a tongue and groove joint design for the bonded mirror surfaces(11) or
alternative cements(11) would lead to improvements because the reported use of the tongue and
groove approach yielded the same retroreflected beam deviation found here (but with greater
wavefront distortion). It may be possible to hollow out the aluminum base to reduce its mass(15)

without reducing torsional stability. A merit of the fabrication process is that it does not require
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a master optical corner cube for reference, but can be constructed using standard optics mounts
and a Fizeau interferometer.

The small size of these hollow rooftop mirrors allows a smaller and intrinsically more
stable interferometer. Assuming the motions required for stabilization are the same, the factor of
50 reduction in mass compared to commercial hollow rooftop mirrors reduces the power
required to stabilize the interferometer by a factor of 50. Further, a stabilized interferometer’s
active-feedback bandwidth is often limited by the actuator’s mechanical resonant frequencies(9).
Since the resonance frequency is inversely proportional to the square root of the mass, the factor
of 50 mass reduction suggests a factor of seven increase in active feedback bandwidth.

Together, these gains have enabled active stabilization of a Mach-Zehnder interferometer so that

the displacement was maintained to within £0.8 nm.
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CHAPTER 3:
INTERFEROMETRICALLY STABLE, HIGH-SPEED ROTATING SAMPLE CELL
FOR AIR-FREE SOLUTIONS AND FILMS

3.1 INTRODUCTION

For spectroscopy on samples with long recovery times after excitation (such as molecular
and nanomaterial pump-probe experiments), it is essential to refresh the sample volume between
measurements to prevent buildup of photoproducts,(1) an increase in temperature,(2)
photodegradation,(3, 4) or burning sample material onto the windows. Similar concerns apply to
laser gain media.(5-9). For pulsed spectroscopy, the product of the beam diameter and the laser
repetition rate gives the minimum velocity needed so that the next laser shot excites a fresh
sample. Approaches to exchanging liquid samples between shots include flow through a
cuvette,(10-15) stirring(16, 17), microfluidics,(18) nanofluidics,(19) liquid jets,(20, 21) and wire-
guided flowing liquid jets.(22) Flow cells use less volume than jets, but laminar flow has zero
velocity next to a window, so stirring or flowing samples inside a cell always subjects a portion
of sample to repetitive excitation. Liquid jets can completely exchange a fluid sample between
laser shots but require large reservoir volumes.(23, 24) Approaches applicable to liquids or solids
include moving the beam with a spinning lens,(25) spinning the sample cell,(26-33) translating
the sample cell,(21) or spinning and translating the sample cell.(34) Spinning lenses and spinning
fluid sample cells typically use acoustically audible bearings that also couple to interferometer
displacement.

A spinning fluid sample cell can completely exchange the sample between shots, requires
small sample volumes, can be used for liquids and solids, and allows a number of shots up to the
ratio of the annular area of the fluid sample cell to the spot size of the laser before a given sample

volume is re-excited. Probed at a fixed radius, a spinning cell must probe sample volumes again
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after a number of shots equal to the circumference divided by the beam diameter. Hard disk
drives are acoustically and vibrationally quiet, suggesting compatibility with interferometric
techniques, such as 2D optical spectroscopy, where errors in interferometer displacement due to

vibration will lead to spectral artifacts when Fourier transformed.

3.2 CONSTRUCTION

The spinning disk uses parts sourced from a laptop 20 GB storage capacity hard disk
drive that spins at 4200 rpm (Hitachi, Travelstar, part number 92P6327). All components but the
motor were removed from the hard disk drive chassis. The longer side of the chassis, not under
the hard drive disk, was cut off, leaving a nearly square portion with sides approximately equal
to the width of the original chassis. Four springs used as DC brushless motor contacts were
removed from the motor and four magnet wires, which have a thin insulating coating, soldered in
their place. These magnet wires run behind the hard disk chassis, and were soldered to a vacuum
feed-through connector. The original electronic driver board, which spins the motor, was
relocated outside the sample chamber and soldered to wires connected to the sample chamber
feedthrough, where it received power by connecting its IDE (Integrated Drive Electronics) pins
to a computer Serial Advanced Technologies Attachment (SATA)/IDE to Universal Serial Bus
(USB) 2.0 Adapter drive (Vantec, model CB-ISATAU?2), utilizing a wall plug or a USB power
supply. Clearance holes drilled in the hard disk drive chassis are used to bolt the size-reduced
chassis into the 4.8 mm deep sample chamber cavity.

The drive motor assembly can be used with fluid sample cells or thin-film coated hard
disk glass substrates. To provide an oxygen-free environment for thin films on substrates, the

casing has a lid with a viewport window for hermetically sealing the rotating substrate sample



disk using 2-046 Viton O-rings for a high vacuum seal. Fused silica windows are used as

viewports.
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Fig. 3.1. Sample spinner assembly. The hard disk drive chassis (dark gray) has been cut down to
approximately a square shape (the left hand side was cut off, removing the hard drive readout)
and bolted down to the sample chamber (light gray) with bolts (B) running through the chassis
into tapped holes in the sample chamber. Parts of the chassis that do not show up in the
horizontal cross section establish the spacing between the chassis and the bottom of the sample
chamber cavity. A 29/32 in. viewport (pink) was cut in the chassis to let the optical beams pass
through the fluid sample cell (red). In the front view, the center of the viewport was roughly
horizontally aligned with the spindle center (S) and vertically about 23 mm below. The fluid
sample was held in place by 200 um thick and 0.1 in. width titanium sample spacer rings
(orange), which were glued between the glass substrates. The sample cell was filled through the
two 1 mm diameter holes cut in the substrate glass shown at (G). A square sealing cover slip at
(G) covered these holes and optical glue formed a seal around the cover slip. The entire fluid
sample cell was slipped over the spindle (green) on top of a 2.28 mm thick hard drive spacer ring
(purple), of ID 20 mm and OD 23.65 mm, which is part of the original hard disk drive assembly
and was found to be the same dimension for several different hard drives. The fluid sample cell
is bolted in place with a spindle retaining plate (S), shown in black. Taking power from a wall
plug, SATA/IDE power supply was connected to the hard disk drive circuit board. Four wires
were soldered to the board and to the exterior of the electrical feed-through. The inner electrical
feed through was soldered to four magnet wires that ran in the space behind the hard disk
chassis, where they were soldered to the four DC brushless motor connections. The entire
enclosure is 117 mm tall x 101.8 mm wide x 19.7 mm thick, not including the base plate.
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Fig. 3.2. Hard disk glass substrate transmission spectra. Spectra were sampled with a Cary 500
UV-VIS-IR spectrophotometer from 300-1800 nm. The slight discontinuity near 800 nm is the
detection optics changeover point from visible to IR.

Hard disk technology requires a high degree of surface flatness(35) and a tight fit. A
substrate can be directly coated for thin film studies. Proprietary-blend substrate glass with the
transmission spectrum shown in Figure 3.2 was obtained from Konica Minolta (0.632 mm
+0.003 mm thickness, 64.979 £0.003 mm outer diameter, 19.998 +£0.025 mm inner diameter,
measured with micrometers and calipers, respectively). The surface flatness measured with a
Fizeau interferometer (Zygo, GPI-GXP model) showed the largest gradient in the radial
direction, with 2.5 pm height change over 22 mm. Fluid samples used two substrates for each
cell. Titanium spacer rings, 200 um high and ~0.1 in. annular radial width, set the optical path
length. The inner ring’s inner diameter matches (or is slightly larger than) that of the glass
substrate. The outer ring has an exterior diameter that matches the glass substrate.

The titanium rings were glued to the glass substrate sequentially, starting from the inner
ring. This assembly process worked best with two people and began with bonding titanium rings
as inner and outer path-length spacers for the optical cell. First, the rings were fixed to an

aluminum base with double-sided tape (Scotch®) in order to prevent bowing. Then, a small
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amount of UV curable adhesive, Loctite® 352, was spread on the inner ring, and the glass
substrate was lowered onto it with an aluminum slug (20 mm diameter) in the center, ensuring
the concentric position of the glass with respect to the ring (Appendix B, Figure B.3). With the
glass aligned and the slug removed, one person applied pressure to the substrate with four
contact points, while the other cured the glue with a UV light. (It was difficult for one person to
both hold the substrate down and use the curing lamp without the substrate slipping, hence the
two-person assembly.) Next, the glass with the attached ring was taken off the aluminum base
and visually inspected to ensure that no air bubble tracks had formed in the bond between the
ring and the substrate. Initial misalignment may leave a small track of glue on the interior glass;
this glue residue may be cleaned up after the UV cure. The curing process described for the inner
ring was repeated for the outer ring. The bond cured in less than 5 min. After both rings had been
attached, the cell was removed from the aluminum base, flipped over, and inspected for optical
cleanliness. Any extra strands of glue may be cleaned off with acetone or methanol. With the
inner surface of the cell clean, the base substrate with titanium rings facing up was lowered and
fixed back onto the aluminum base with double-sided tape. A thin layer of glue was applied to
the top of the titanium rings for bonding the top glass substrate. A thin ring of glue was applied
with a 21-gauge hypodermic needle on the interior side of both titanium rings.

The top glass substrate had two diametrically opposite 1 mm diameter holes drilled
3.9 mm from the inner diameter with a diamond bit. The top substrate was lowered into place
using a hard disk drive spindle to mechanically guide the alignment; the spindle was removed
before the UV curing procedure. Hand pressure was applied to the top substrate while
sequentially curing the glue (Appendix B, Figure B.5), sealing first the inner ring and then the

outer ring. For a final cure of the glue, the cell was baked in an oven at 120 °C for 30 min. The
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total thickness of the fluid sample cell was measured at the inner diameter as 1.52 mm and at the
outer diameter as 1.47 mm, with no significant angular variation in either thickness (less than
+0.01 mm). This radial thickness variation is likely caused by different glue thicknesses sealing
the inner and outer spacers, which implies that optical path lengths vary between 197 and 246
um across the accessible radii of the sample; this is consistent with measurements of the optical
density of the sample as a function of radius. The fluid sample cell was placed in an argon-filled
glovebox (MBRAUN UNIlab, 2.1 mbar of positive argon pressure, UHP grade argon, AirGas)
with sub-0.1 ppm levels of O, and H,0. The fluid sample cell was filled through the 1 mm fluid
sample cell holes (marked as [G] in Figure 3.1) using a syringe. A microscope cover slip, cut
small enough to just cover the holes, was wiped with light-curable adhesive (Loctite®, 352) and
then pressed against the fluid sample cell. A small bead of the light-curable adhesive was placed
around the slide to ensure against any possible leaks between the cover slip and the fluid sample
cell. A pre-fashioned mask was placed over the cell so as to minimize UV exposure while curing
the seal to the cover slips.

The sample cell chamber was machined of aluminum to house the hard disk drive motor
and designed to keep moisture and air out of the chamber. The nearly planar symmetric clam-
shell design had an O-ring grooved track for a 3/16 in. O-ring on one mating surface, and a flat
mating surface on the other. Both sides were bored out to accommodate the disk drive chassis
and attached fluid spinning disk. The hard disk drive chassis is bolted to the O-ring grooved side,
which was in turn bolted to a %% in. baseplate with two equally-spaced %-20 bolts. Each half had
small inset lip (~0.1 in.), to which 1 in. diameter viewport windows were internally bonded with
Torr Seal. The two halves were sealed by tightening twelve equally spaced 9/64 Allen head bolts

around the exterior perimeter (not shown in Figure 3.1). A hole was drilled in the lid above the
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viewport and tapped with normal pipe thread (NPT). A Swagelok valve fitted to the NPT for
pressure testing. The rough test involved applying 80 psi to the chamber and submerging it in
water to look for small visible leaks, followed by a soapy leak-test at the aforementioned
pressure. The sample cell chamber was filled with helium at a pressure of 10-20 psi. Sampling
the seals, a helium leak detector (Varian Auto Test®, Model 948) found nothing above
background levels at 8.5 x 10 cm®/s. The NPT Swagelok valve and the NPT port was capped

off, and sealed with Teflon tape.

3.3 EXPERIMENTS AND QUANTIFICATION

Samples that can be electronically excited in the visible and short-wave infrared are
usually sensitive to oxygen and water. For example, colloidal quantum dots(16, 36, 37) show a
blue shift of the first exciton peak upon oxidation (due to the shrinking in size of the quantum
confined crystalline core)(38). To make this sample cell suitable for air- and moisture-sensitive
samples, both the fluid sample cell and the sample chamber could be independently kept air- and
moisture-free for the duration of a typical spectroscopic experiment (48 h).

Tests on the fluid sample cell were performed with solution of PbSe nanocrystals in
isocetane. A sample of ~2.5 nm diameter PbSe nanocrystals, sensitive to oxygen and water, was
synthesized according to Refs. (39, 40); the first exciton peak is at 1122 nm. When the adhesive
had completely cured, the cell was transferred into the glovebox, filled with solution of
nanocrystals, sealed, and exposed to air for three days. Comparing the linear absorption spectrum
to a spectrum of unexposed PbSe nanocrystals after three days, the first exciton peak shows no
blue shift within the measurement uncertainty (1 nm). In contrast, a sample of the same

nanoparticle solution exposed to air for the same time duration shows a peak shift of ~4 nm.
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A long-term air test was performed by monitoring the reaction of a solution of sodium
benzophenone (NaBZ) in toluene. NaBZ is a stable diphenylketyl radical which is oxygen- and
water-sensitive. NaBZ has an intense blue color,(41) which becomes colorless upon oxidation,
allowing determination of the extent of the radical depletion spectrophotometrically. Before
NaBZ tests, the disassembled sample cell chamber was degassed inside the antechamber using a
form of flushed desorption (see Appendix B),(42) and O-rings were baked at 100°C for 9 h
inside the glovebox.(43) The sample chamber was assembled with an open cuvette of NaBZ in
toluene inside; it sat in the glovebox for 24 h. No change in color saturation was observed by eye
over this period. Next, the sample chamber with NaBZ solution inside was exposed to air. The
blue color of NaBZ is quenched upon reaction with water in 1:1 mole ratio and upon reaction
with oxygen in 1:0.08 mole ratio.(44) Using 1.25 x 10* M™.cm™ for the extinction coefficient of
NaBZ at 630 nm,(45) an initial optical density of the NaBZ solution of 1.546 in 1 mm pathlength
at 630 nm, and a solution volume of 0.4 mL, we estimated the amount of NaBZ reacted over the
course of 50 h to be ~150 nmol. Thus, if the NaBZ reacted exclusively with O, then it would
consume ~12 nmol (~268 nL at STP conditions) of oxygen; if it reacted exclusively with H,O,
then it would consume ~150 nmol (~2.7 pL) of water.

Results of the tests with NaBZ suggest that oxygen leaks into the cell chamber at a rate
dictated by permeation through the O-ring seal, as calculated based on Ref. (46), using the partial
pressure of oxygen. Assuming a constant leak rate over time, and 21% oxygen content by
volume, oxygen leaks into the chamber at 7.2 x 10”° standard cm®/s. The calculated oxygen
permeation rate(46) for an O-ring seal of 4.25 in. inner diameter is (4-10) x 10 standard cm?/s.

The cell was filled with a solution of IR144 dye in methanol with an optical density of

0.14 at 800 nm, and pump-probe signals were recorded by measuring the pump-induced change
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in transmitted probe photon number. The pump and probe pulses were 80 fs in duration at

800 nm center wavelength. The repetition rate was 10 kHz, and the beam diameter was 50 um. A
pump-probe time delay trace was recorded by average from five sequential scans. For time
delays between 220 and 480 fs, the average signal-to-noise ratio was 55 for the spinning cell vs.
41 for the static sample, which also had 10% less signal.

An accelerometer on the same optical breadboard as the spinning fluid sample cell
showed that the 70 Hz rotational speed had a peak acceleration of 7 x 10™ g at the fundamental
frequency, 70 Hz, and of 3.5 x 10™ g at the third harmonic, 210 Hz. The effect of spinning
sample cell vibrations on an actively stabilized Mach—Zehnder interferometer was negligible.

Briefly, a feedback loop used an error signal derived from a 632.8 nm red laser beam to
adjust a lightweight dihedral retroreflector with a piezoelectric transducer. Displacement stability
was measured out of loop using a 594.1 nm yellow laser beam that propagated parallel to, but
slightly above, the red beam. The intensity of the yellow interferometer output as detected on a
photodiode has the form:

V(d) = AV cos(i—”d) V,,

Y , ()

where V is a measured amplitude, AV is half the peak to peak voltage change, d is the
interferometer displacement, 4, =594 nm is the yellow HeNe wavelength, and Vpc is an offset.
For small fluctuations in displacement, the rms displacement and voltage are related by

&d = 6V/(oVied), where oV/ad is evaluated at the locked displacement, do. Stability was
measured for a locked displacement with V(d,) = Vpc, where sensitivity to displacement

fluctuations (8d) is greatest. The rms displacement fluctuation was found to be 6d =+1 nm for

the sample cell both when stationary and when spinning at 4200 rpm.
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3.4 CONCLUSIONS

The spinning sample cell described here is compatible with interferometry and with air-
and moisture-sensitive samples. Drawbacks of the current design include single use of the fluid
sample cell, a radial variation in sample path length, and a leak rate of 7 x10° standard cm®/s.
Uniform pressure and simultaneous curing of both seals might generate a more uniform
pathlength. Since the leak rate is commensurate with oxygen permeation of the high vacuum O-
ring seal, UHV seals and procedures (47) could reduce it by three orders of magnitude.
Demonstrated advantages of the spinning sample cell include small liquid sample volumes (~0.5

ml), low vibration, and sample velocities of 140 cm/s for thin films and 120 cm/s for liquids.
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CHAPTER 4:
FIRST 2D SPECTRUM ON OXYGEN-FREE AND SAMPLE-EXCHANGED
COLLOIDAL QUANTUM DOTS

4.1 INTRODUCTION

For most samples, persistent dark states occur in single molecule spectroscopy.(1, 2)
Such persistent states in quantum dots result in blinking. The mechanism of blinking is
controversial but one hypothesis involves some kind of persistent charge separation or
“charging.” Optical excitation of a charged dot can generate a trion comprised of an exciton
(electron and hole) and a third charge (electron or hole). Trions decay via an Auger process,
where the exciton component recombines to impart energy to the third charge.(3) Trion decay is
reported to have a longer lifetime than bi-exciton decay by a factor of 7.5 + 1.7, and a shorter
lifetime than single exciton decay by a factor of 2.2 £ 0.4 in colloidal CdSe/CdS core/shell
quantum dots films.(4) As synthesis procedures and quantum dot materials are explored,
variations in preparation and handling may cause differences in photo-physical behavior.

For fixed time delay, every pulse from the laser is an independent experiment on the
sample; therefore any persistent state with a lifetime longer than the repetition rate of the laser
necessitates sample-exchange (physical removal of the laser-excited sample volume) to ensure
the sample is thermalized between shots. The consequence of ignoring this possibility could lead
to a build-up of photo products, resulting in lifetimes and process quantum-yields that are
muddled by persistent state populations; for example, it has been reported that trions arising from

charging have been mistaken for bi-excitons arising from multiple exciton generation.

Two-dimensional spectroscopy is an important technique to explore coherent electronic

and vibrational coupling in quantum dots, while thin film experiments can determine key photo-
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physics for devices.(5) To date, no two-dimensional spectroscopy experiments have been
reported for sample-exchanged colloidal quantum dots, nor has sample exchanging been reported
on quantum dot thin films outside of our research group.(6) This chapter describes using the
spinning sample cell characterized in Chapter 3 to conduct 2D spectroscopy on PbSe quantum

dots and pump-probe experiments on quantum dot thin films.

4.2 EXPERIMENTAL SETUP

The experimental arrangement and characterization of the two-dimensional spectrometer
has been described in detail in prior work(7, 8) but is summarized below to highlight key points.
A 1 kHz repetition rate Ti:Sapphire regenerative amplifier (Spectra Physics, Spitfire Pro) pumps
40 wJ into a single-pass, short-wave infrared (IR) non-collinear optical parametric amplifier
(NOPA)(9) that uses a Periodically Poled Stoichiometric Lithium Tantalate (PPSLT) crystal as
the mixing medium with a ~2 uJ seed. Energy measurements were made with an energy meter
(Molectron, EMP 1000). Although spectral bandwidths of several hundred nanometers have been
achieved with this particular NOPA,(8) a tuning-dependent bandwidth will be reported for each
experiment. Pulse energy fluctuations of less than 0.5% were measured out of the NOPA.

The NOPA pulse is sent to a grating compressor with a 19-channel micro-machined
membrane deformable mirror (Flexible Optical, BV model MMDM linear 11x39mm 19 ch). A
genetic algorithm uses increases in the second harmonic generation (SHG) pulse energy to select
individuals (mirror deformations) between generations. This approach has been implemented and
described in other laser optimizations techniques.(10) This iteration continues until an
acceptable fitness value shows convergence between generations (maximized for SHG pulse

energy). The beam is then spatially filtered in the optical Fourier plane for collimation using a
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250 um pinhole. This pinhole transmitted approximately 690 nJ, 80% of the NOPA’s input
power, with an instability of less than 1%.

The s-polarized light is routed to the 2D spectrometer where it is split into two paths: one
to a Mach-Zehnder interferometer mounted on a breadboard on top of a vibration-isolated table,
the other to a Sagnac-interferometer (Figure 4.1 below). The Mach-Zehnder interferometer uses
Inconel-alloy neutral density (ND) filters (New Focus, 523X) on a 1 mm thick glass substrate
(Corning 7059) at Brewster’s angle to preserve s-polarization, eliminate secondary reflections,
minimize dispersion, and accommodate the broad bandwidth (1100-1600 nm) of the short-wave
IR laser.

In this experiment, the Mach-Zehnder interferometer generates pulses a and b. The time
delay between a and b is z. The time delay between pulse ¢ and the previous pulse (either a or b)
is the waiting time, T. The time t is measured with respect to the center of pulse c. The delay
between pulses a and b is actively stabilized by locking the interferometer displacement at
integer multiples of the 632.8 nm HeNe wavelength with displacement errors of ~1 nm rms. This
chapter discusses the use of this spectrometer for colloidal quantum dots. The spectrometer may
be used for 2D short-wave IR spectroscopy as shown in the configuration of Figure 4.1, or one
arm of the Mach-Zehnder interferometer can be blocked to perform pump-probe spectroscopy

experiments.
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Fig. 4.1. Schematic of Sagnac interferometer for near-optimized interference detection of 2D
spectra in the pump-probe geometry. The Sagnac input beam is split into a probe beam and
reference beam by a beamsplitter (BS), with the reference beam passing through the sample
before any other beam. Absorption of the probe by the sample will be modified by the pump
pulse pair (from an actively stabilized Mach-Zehnder interferometer). The spectrum of this
pump-pair disturbs the destructive interference between probe and reference beam at the “dark”
output arm; this disturbance is the detected signal.

4.3 PUMP-PROBE EXPERIMENTS ON QUANTUM DOTS

A wavelength degenerate pump-probe experiment was conducted on ~3 nm PbSe quantum dots
with 1136 nm exciton bandgap (FWHM of 128 nm) using an1125 nm centered NOPA, with a
143 nm bandwidth (Figure 4.2). The experiment used 30 fs pulse durations with a ~10 nJ pump
beam, at 1 kHz repetition rate. Figure 4.2 shows the bandwidth and center laser frequency of the
NOPA output spectrum as resolved with a monochromator (SPEX, model 340S) and captured
with an InGaAs optical multi channel analyzer (Princeton Instruments, OMA-V:1024-LN-2.2).
This also shows that the laser spectrum possesses structure that could influence the shape of the
2D spectra. A sample-exchanged pump-probe measurement was compared to that for a static
sample. The difference in amplitude of the photobleaching suggests that dark states persist for

times longer than the period of the pulsed laser repetition.
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Fig. 4.2. The NOPA spectrum for pump-probe experiments on PbSe quantum dots. The center of
the spectrum is 1.125 um wavelength (1.1 eV), with a bandwidth of 143 nm.

Figure 4.3 shows photoluminescence and absorption spectra of the same PbSe quantum
dot sample used for both the pump probe and the 2D quantum experiment. For quantum dots, it
has been suggested that the shape and width of the emission peak matching those of the
absorption peak is indicative of good surface passivation.(11) The peak in the linear absorption
spectrum, taken with a UV-Vis-NIR spectrometer (Shimadzu, UV-3101) indicates an 1136 nm
(1.09 eV) excition bandgap. The photo luminescence spectrum was excited at 550 nm, filtered
with an 800 nm long-pass filter, and then detected with a NIR spectrofluorometer (Photon

Technologies, International Quantamaster).
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Fig 4.3. Absorption and photoluminescence spectra of 3 nm quantum dots. The peak shift
between the two is indicative of a ~0.07 eV Stokes shift.

The higher pump-probe signal strength while spinning, shown in Figure 4.4, indicates
that, for the static sample, some quantum dots are not in the equilibrium state. As will be shown
later in the chapter, even though the noise has increased with a spinning sample cell over a static
one, the signal-to-noise ratio with the spinning cell is still sufficient to obtain a 2D signal.
Sample exchange with a spinning cell appears to produce a 2D spectrum that is different from
the 2D spectrum in the static sample cell. This difference suggests that non-equilibrium states
persist-for times longer than the period (1 ms) of the pulsed laser repetition (1 kHz). This
illustrates the need to exchange samples between laser shots. Since photo-charging has been
suggested to persist longer than 10s of milliseconds,(12) and is a proposed explanation of the
dark states observed in the pump-probe experiment,(13) “photocharged” dots may be the

persistent state causing altered 2D spectra in the static sample.
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Fig. 4.4. Pump-probe transients of 1136 nm PbSe quantum dots (OD = 0.3), show an ~8%
increase in differential transmission for the spinning cell over the static cell.

4.4 TWO-DIMENSIONAL SPECTROSCOPY ON QUANTUM DOTS
4.4.1 2D Colloidal Quantum Dot Measurements

A few groups have measured 2D spectra of quantum dots, though in none of these were
the samples exchanged between shots. Wright and co-workers(14) used a tunable laser to map
out 2D frequency domain spectra on PbSe. The technique lacks time-resolution shorter than the
picosecond duration of the laser. They reported that the 1S — 1S exciton fell down into a surface
trap after ~1.5 ps. Three groups have reported experiments on colloidal quantum dots using 2D
Fourier transform optical spectroscopy. Using a 5 kHz laser with a 12 fs duration pulses centered
on 590 nm wavelength, Scholes and co-workers(15) measured 2D spectra for ~6 nm diameter
CdSe, dissolved in toluene with 0.1 optical density in a 1 mm cuvette. They reported coupling
and beating between the first two excitons in CdSe. Inhomogeneous broadening, negative
features from exciton to bi-exciton absorption, and a 25 meV bi-exciton binding energy were
reported. Spectra for waiting times T — less than 20 fs were not reported. Using pulses with 750—

870 nm wavelength and 40 fs pulse duration at 5 kHz, Engel and co-workers(16) measured 2D
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spectra for 2-3nm diameter PbS quantum dots. The sample was static in a 200 um cuvette with
0.12 OD at 800 nm. They reported three peaks under the 1S — 1S transition and attributed these
peaks to intervalley splitting. Spectra for T less than 25 fs were not reported. The third group,
Bylsma et al.,(17) did their experiments on a static ~3 nm PbS drop cast thin film at 833 nm
using a 76 MHz rep rate Ti:sapphire laser with 100 micron spot size. They reported a 175 fs
beating period corresponding to 24 meV energy difference that they attributed to intervalley
splitting. In addition, Bawendi and Ruhman have measured spectrally resolved pump-probe
transients from which they deduce a bi-exciton binding energy of 16 meV in PbSe.(18)

A number of predictions more relevant to PbSe(19-21) have been made about intervalley
splitting.(22) Zunger(21) predicted two absorption peaks in spherical PbSe quantum dots due to
this intervalley coupling. Mukamel and co-workers(23) predicted additional peaks in the 2D
spectra for epitaxially charged quantum dots.(23) Some have ascribed blinking to photo-
charging, (24, 25) while others have suggested alternative hypotheses.(26)

With these predictions, we set out to conduct 2D optical spectroscopy experiments on
PbSe quantum dots. The first order was to examine the differences between 2D spectra taken
with a static sample compared to a spinning sample designed to help avoid repetitive excitation.
The quantum dots would be probed at bandgap so that many of the aforementioned measurement
considerations and predictions involving the 1S — 1S transitions are applicable.

4.4.2 Experimental Conditions

Three nanometer diameter PbSe quantum dots in isocetane solution were prepared with a
0.3 OD in an optical path length of 200 um. Prior to the experiment, the 2D spectrometer was
used to make measurements on dye IR26 to ensure the spectrometer was producing results that

were consistent with prior work in our group.(8) The dots were measured with a transmission
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electron microscope (Philips, FEI CM200) and found to have two sizes: 3-3.2 nm on the short
dimension, and 4.3-4.6 nm on the longer dimension. The PbSe quantum dots had a first exciton
absorption peak at 1136 nm with a FWHM of 128 nm. Pulse energies were too weak to be
measured with our current joule meter (10 nJ sensitivity), but were estimated to be between 5
and 10 nJ by measuring the input pulse energy and calculating for the reflections and
transmissions through ND beamsplitters before it reached the sample. Beam sizes of ~3 mm
were focused down to ~50 um at the sample using an f = 7.5 cm focal length plano-convex lens
(1 in. diameter).
4.4.3 Data Processing

For any given mixing period T, the evolution period zwas scanned by setting the delay of
pulse b at T, moving pulse a forward from (z + T) to T, and then moving pulse b backward from
Tto (z+ T), in time steps of red HeNe lockpoints of 2.11 fs. Spectral interferograms between
pulse ¢ and the signal were taken at each position. To ensure an overlap of pulses a and b, a
buffer of 30 fs (nearly 1 beat cycle of the red and yellow Helium Neon laser’s) was added to our
300 fs z-scan. The mixing period, T, was set within 0.66 fs accuracy by fitting symmetric pump-
probe and probe-pump scans to hyperbolic tangents and determining the crossing point to be T =
0 fs. The overlapping stage position for z= 0 was interferometrically determined by routing the
collinear pump pulses to a photodiode. While determining == 0, the yellow and red HeNe lasers
were measured concurrently with the interferograms to find the stitching point (nearest == 0) for
the two halves of our interferograms.

In the partially non-collinear geometry, the desired 2D signal co-propagates with our
third pulse. Rephasing and non-rephasing signals are collected simultaneously. In the pump-

probe geometry, the signal selectively measures absorptive (real) 2D spectra. Additional signals
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that appear in the same phase matched direction include free induction decay from pulse ¢ and
pump-probe signals from pulses a and b separately. The desired 2D signal is isolated by Fourier

transformation with respect to z. Because the signal field is real in the time domain (hence

E*(a)r) = E(-®,) in the frequency domain), the amplitude modulated signal should be

symmetric at about 7= 0. Thus, no phase correction is needed, and processing requires only
inclusion of the actual delays zdue to the uniform shift of all data points off an integer number
of HeNe periods in the piezo-electric transducer locking scheme. In other words, the data points
are obtained at roughly 7= (n+1/4) (2.11 fs), so there is no =0 point, etc. This uniform time
domain shift of all data points can be accounted for in processing by Fourier transforming the
data into the frequency domain where the frequency-dependent phase for the time delay shift is
removed. After inverse Fourier transforming back into the time domain, one can verify that the
frequency dependent phase has been removed by confirming that the time domain interferograms
are even about 7= 0. Any peaks in the imaginary 2D spectra are believed to arise from noise,
which is on the order of 10% here.
4.4.4 Results

A two-dimensional Fourier transform spectra was collected with the cell spinning and a
static cell for T =0and T = 100 fs. A key point is that 2D data can be collected with a spinning
cell. Although the data are preliminary, spinning is likely to be useful for this experiment. The
2D spectra have the same overall shape but may differ in small details. For example, a feature
near 1.08 eV seems to be less prominent in the spinning data, but this has not been confirmed by
repeated measurement. All spectra show three features in common and both T = 0 2D spectra

show a negative region above the diagonal.
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Fig. 4.5. 2D FT optical spectra for spinning (right) and static (left) samples of ~3 nm PbSe
quantum dots with exciton transitions at 1136 nm. The upper row contains data at waiting time T
= 0. The lower row is T = 100 fs.
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pulse spectra have been mapped into the 2D spectra, notably the split peak.
4.5 PUMP-PROBE EXPERIMENTS ON PBSE THIN-FILM DOTS
4.5.1 Experimental Preparation

The thin films for this experiment were made by repeatedly dipping a hard disk glass
substrate into a solvated colloidal PbSe quantum dot solution. This was repeated until a sufficient
thickness, on the order of 200 um, was deposited on the hard disk glass substrate. This hard disk
glass substrate is the same that was characterized in Chapter 3. The films were then treated with
EDT (1,2-ethanedithiol, HS-CH,-CH,-SH)(27, 28) and then loaded into the sample chamber
while in the glovebox. The transmission spectra in Figure 4.7 were taken for the following
purposes: to characterize the first exciton peak at 1530 nm; to measure the optical density of the
sample (~0.4 at 1530 nm); and to test for oxygen leaks over the course of the experiment, in this

case, over more than 36 hours. PbSe is quite sensitive to oxygen and has been known to oxidize
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in a matter of minutes when exposed to air.(29, 30) Based on the absorption peak and an
empirically-derived equation for sizing PbSe quantum dots from Hens and co-workers,(31) the
quantum dots are ~5 nm in diameter. After the initial absorption spectra were measured, the

sample was placed in the pump-probe apparatus described below.

4 T T T -1

March 19, 2013 (PhSe in Sample Cell after 36 hes outside of glove box)
March 18, 2013 (PbSe in Sample Cell - just loaded)

1 1 Il ~— I =

400 600 800 1000 1200 1400 1600 1800 2000
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Fig. 4.7. Absorption spectra of (300 nm thick) thin films of PbSe sample chamber after the
sample chamber was sitting in the open air for 36 h outside the glove box with 1530 nm exciton
peak. The instrumental and substrate base line has not been subtracted off the spectra, which
gives the non-zero features to the right of the exciton peak.

4.5.2 Experimental Conditions

A Ti:sapphire oscillator (KM Labs, Chinook) seeds a Ti: sapphire amplifier (Quantronix,
Integra-E) , to produce a 60 fs, 810 nm pump, for two independently tunable OPAs (Light
Conversion, TOPAS). One of these OPAs is used as a 1530 nm probe, while the other produces
the pump for both experiments described below. The pump is chopped (New Focus, model 3501)

at a 500 Hz rate synchronized to the 1 kHz laser repetition rate. The light is collected on a



74

photodiode and data sampled with a SRS Boxcar analyzer. Additional details may be found in
reference. (32, 33) The first experiment used a 6 nJ pump (at 1200 nm wavelength) and a 1530
nm probe. The second experiment used a 10 nJ pump (at 330 nm wavelength) and a 1530 nm
probe. The probe beams were less than 150 microns in diameter and about one-third of the pump
beam diameter to avoid spatial inhomogeneities of the pump beam. A reference pulse routed
around the sample was used to account for pulse-to-pulse variability of the laser through
normalization.
4.5.3 Results

The pump probe measurements, Figure 4.8, show a characteristically faster initial decay
time scale for the 330 nm pumped sample compared with the 1200 nm pumped sample. The
330 nm photon energy would be above the threshold needed for multiple exciton generation.(34)
In the 300 nm experiments, it would appear that there is no noticeable difference between the
spinning sample cell and the static sample cell. This is less obvious for the lower energy
experiment, pumped at 1200 nm. The peak is not well-resolved in the sub-75 ps regime, and
longer averaging in that range is needed to elucidate whether sample exchange makes a
difference in the apparent decay rate. This is especially important when trying to determine

accurate rates for processes such as Auger recombination.
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Fig. 4.8. Comparison of thin film measurements on spinning vs. static samples of PbSe thin
films, ~300 nm thick. The top transient is for an experiment pumped at hv = 1.2 x bandgap and
probed at bandgap, 1530 nm. The bottom transient is for an experiment pumped at hv = 4.6 x
bandgap and also probed at the 1530 nm bandgap.

4.6 CONCLUSIONS

The pump-probe data suggest that there is no difference between spinning and static
cases for this PbSe thin film with this surface treatment at a pump wavelength of 330 nm. More
experimentation should be done with 1200 nm pumped thin films. These results may or may not
apply for other samples; however, this new capability for thin film quantum dot experiments

should afford a means of directly removing longer-lived photo products between laser shots.
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For 2D spectroscopy measurements and pump-probe, experiments on colloidal quantum
dots show that sample exchange makes a difference. Demonstrating that the 2D spectrometer can
remain displacement-locked during measurements while keeping the sample oxygen-free is an
accomplishment. The pump-probe measurements establish that static measurements probe some
non-equilibrium states of quantum dots. Determining what possible specific differences mean in
the 2D spectra, and what the structure of the 2D spectrum implies about the photo-physics of
quantum dots under repetitive vs. single excitation will likely require careful analysis and

repeated measurements under a variety of conditions.
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APPENDIX A: HOLLOW ROOFTOP MIRROR CONSTRUCTION

The literature on hollow retroreflectors is sparse. Technical drawings may be reported but

without great detail, omitting important aspects such as jig construction and adhesives.

Procedural details can greatly affect the precision and stability of bond angles in hollow

retroreflectors and have therefore been included here.

Top View of Mirror Side View of Mirror
Allgnment Edge
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:o——— Cut line
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Diamond Saw Blade i Optical Wax
[ Paraffin 1
(a) (b)

Fig. A.1. Cutting the retroreflector glass. (a) Saw blade alignment. (b) Cutting through substrate

The saw stage for mounting the surface to be cut has three degrees of freedom: two for

translation and the other for rotation. Before mounting the mirror to the paraffin (as in Figure

A.1), the saw was slowly dropped down vertically into the cutting plane over the mirror while

adjusting a combination of the sample stage’s rotation and two translational degrees (shown in

Figure A.2) until the diamond blade barely grazes the edge of the paraffin, and rests with the

blade tip approximately mid-center of the paraffin. This will allow the blade to drop to a depth at

which it will ultimately make a vertical cut through the mirror, optical wax, and backing paraffin.
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Fig. A.2. Aligning the retroreflector glass for cutting. The two translation and one rotational
degrees of freedom of the sample stage show that one can set the position so that the diamond
blade barely grazes the mirror edge. The blade should slice into the plane parallel to the vertical
arrow. The rotation sets the face of the paraffin parallel to the blade, the “x-axis” translation
along the horizontal arrow in the drawing moves that face into the blade for alignment and final
cut, while the “y-axis” translation along the vertical arrow in the drawing allows the user to put
the blade onto approximately midpoint of the paraffin.

Using hot optical wax, the mirror was then mounted to the paraffin mounting base on the
diamond saw. The paraffin base allows cutting beyond the mirror without damaging the blade. A
heat gun was then used to heat little bits of optical wax until barely liquid on the paraffin base,
and the mirror was quickly transferred to the base. The melted optical wax layer was thin (less
than 0.25 mm). Gloves were worn and only the edges of the mirror handled so as to minimize
transfer of finger oils to the mirror. The mirror was pressed parallel to the blade, as in Figure
A.1(a), and was firmly pressed flush against the paraffin mounting base. The side of the mirror
was placed so that it barely grazed the thin and fragile diamond blade without deflecting it.
Minor adjustments were made to the saw blade offset and to the stage rotation as necessary to
accomplish this.

The base the paraffin was mounted to was slip-displaced parallel to the blade so that the
blade touched, horizontally centered, at a single point of contact, as shown in Figure A.1(b). This
was done by eye, using the side view of the mirror to ensure centering. The blade should not

touch the mirror. Centering the blade allows an evenly forced cut through the mirror while
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minimizing cutting time. With the blade barely grazing the edge of the mirror, the position of the
micrometer was recorded. The blade was lifted and the micrometer displaced from its initial
position at the alignment edge, a total displacement of L+a. This yielded a cut into the mirror,
subdividing the total length 2L+a into L and L+a. The pressure on the blade was supplied by the
adjustable counterweight on the saw (see diamond saw manual). A cut was then begun through
the mirror, ensuring that the diamond saw blade never ran dry during its operation, and applying
no more pressure on the mirror than required to make a smooth cut (not bending the blade).

Front View of Jig

mirror 'L+a’ mirror 'L’

"highest” adjustment
knob

"~ _mounting bolt for
New Focus mirror

____"lowest” adjustment
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Fig. A.3. The retroreflector jig (a) Front view of the jig showing alignment knobs. The standard
mirror mounts are bolted to a fabricated “L-shaped” block for support in the Fizeau
interferometer. The highest adjustment knob above mounting bolt adjusts angle between hollow
dihedral retroreflectors (purple denotes the cut edge). (b) Side view of the jig shows the highest
and lowest adjustment knaobs.
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A home-built jig was assembled using two mirror mounts (New Focus, 9809 Classic
Corner Mirror Mounts) mounted on a “wall,” with 8-32 bolts %4 in. in length at an angle of
approximately 90° with respect to each other and at an angle of 45 degrees with respect to the
base, as shown in Figures A.3(a) and A.3(b). The home-built jig was constructed by bolting two
plates, 4.5 x 3 x 0.5 in. lengthwise, with ¥-20 bolts. The cut edge of the mirror is shown in
purple.

The mirrors were placed on the jig in the Fizeau interferometer as shown in Figure A.4.
Looking down on the hollow rooftop mirror (HRM) from the top, the trough (where the mirrors

form a joint) of the HRM was perpendicular to the front of the Fizeau (see Figure A.4).

Top View

Zygo

Interferometer

JIG
Rooftop Retoreflector

Angle Adjustment
Knobs

Mirror
Mount

Rooftop Retoreflector

M Foward/Aft
Pitch

Left/Right(l
Roll

—LAdjustment

Fig. A.4. Inside the Zygo® Fizeau interferometer. Positioning the retroreflector assembly jig for
alignment of the retroreflector.

This vertical alignment helped later in characterization and adjustment of the mirror angles, as it
decoupled the angular alignment of the mirrors from the pitch or roll of the stage alignment. The
HRM was located approximately in the smallest circle of the Fizeau centering marks, as shown
in Figure A.4. This configuration may not be achievable on the first placement of the jig if the
laser guide spot of the Fizeau is not present on the monitor, and if no amount of Fizeau stage

adjustment will put it there.
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The Fizeau uses a laser guide spot to aid in rough alignment of the optics by sending a
beam to the optic and recording a return signature to a camera. The image shows up on a monitor
with crosshairs for alignment purposes. In the simple case of a flat mirror, a single spot can be
seen. Because there are two mirrors, not aligned at 90° with respect to each other, the spot will
reflect off of two different mirrors to point to two different spots. The spots may not show up at
all, and the jig may have to be rotated to see them. Once these spots are visible on the monitor
screen, adjustment knobs were to used (Figure A.4) to guide the laser spot, or spots, until they
were in the crosshairs. The right stage adjustment knob aligned front to aft (in pitch), while the
left stage adjustment knob aligned right to left (in roll) of the Fizeau stage. As it is necessary to
see the spots for alignment, the whole jig assembly may have to be rotated on the Fizeau stage
until the spots show up; then the jig can be aligned to the position shown in Figure A.4 by
switching back and forth between stage alignment and rotation of the jig.

Once the spots were visible on the screen, the left-right roll adjustment knob was not
adjusted. All alignment along the left-right axis was done with the highest knob on the mirror
mount of Figure A.3(a). Either “highest knob” may be chosen, but only one, so as to minimize
the probability of the mirrors sliding with respect to each other along the optic mounts. A set of
spots horizontally opposite each other across the vertical crosshair indicates that there are two
return signatures off the HRM and that the mirror surfaces are not yet at 90° (see Fig. A.5(a)).
When these spots were centered on the crosshairs as in Fig. A.5(b), then the two mirrors were

aligned to ~90° with respect to each other.
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Misalignment in Proper alignment in
retro-reflector angle retro-reflector angle

(a) (b)
Fig. A.5. Rough retroreflector alignment (a) The retroreflector is too obtuse. (b) The correction
to 90° is made by adjusting the highest knobs in the jig, shown in Figure A.3(a). Spots move

toward the vertical crosshairs, indicated in direction by white arrows, as the highest knob is
adjusted.

Adjusting the highest knob on the jig (see Figure A.3(a)) had the effect of spreading or
contracting the mirrors apart at an angle, moving the spots closer together or farther apart. If the
angle is too obtuse or too acute, then the two spots will move toward the vertical crosshairs as
the angle approaches 90°. The goal of this part of the process was to adjust the mirrors until the
two spots became a single spot on the vertical crosshair (in the alignment of Fizeau), and to
move that spot as close as possible to the horizontal crosshair by adjusting the forward/aft pitch.
When this was complete, the camera in the Fizeau interferometer was switched from a view of
the alignment spot to a view of the interference pattern.

The alignment of the retroreflector using the interference pattern can be thought of as a
two-dimensional walk across Newton’s rings, imagining that each mirror has its own set of
Newton’s rings on it (see Figure A.6). The goal was to get to the center of the Newton rings on

each mirror surface. When this occurred, the test beam, which was larger than both retroreflector
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mirrors, was phase constant across the entire surface of the retroreflector. This was specified by a
degree of phase flatness in units of A (632.8 nm). It is straightforward to see that a beam of finite
size incident to the retroreflector will return to its original direction with the phase on one side of
the beam swapping places with the phase on the other side of the beam. For a plane wave front,
symmetrical in radius, nothing will change if the retroreflector mirrors are at 90°, the line of
intersection between mirrors is parallel to the wavefront, and the retroreflector is centered on the
beam. Consequently, a good retroreflector will look no different from a flat mirror aligned

perfectly normal to the incident beam.

Fig. A.6. Fine retroreflector alignment. Alignment of the retroreflectors is a 2D walk across
Newton’s rings. The numbers on the left indicate where on Newton’s rings one would expect to
create the image of the retroreflectors on the right. Misalignment in retroreflector angle, for
example, might look like it is passing from 4 to a fringe pattern approximately midway between
2 and 3 at 90 degrees, then continuing to 4’ as it is aligned from acute to obtuse angles. Walking
from 1 to 2 to 3 is a 90° degree retroreflector that requires forward/aft pitch adjustment along the
direction of the mirror crease, as shown in Figure A.4.

Mounting for Final Alignment

With the number of fringes on each mirror minimized, the jig was removed and some
wax melted on only one of the mirror mounts in the jig. The longer of the two mirrors, length
L+a, was quickly pressed flush into the hot wax on the mirror mount, ensuring that its edge

barely grazed the opposite mirror mount. The hot wax was then allowed to solidify. If
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mechanical interference exists between the longer mirror and the other (opposite) mirror mount,
then it will not allow for angular adjustment of each mirror mount. If the longer mirror is not
close enough to the opposite mirror mount, then the second mirror will not make good contact
when they are bonded. The second mirror was set loosely on top of the longer mirror, as shown
in Figure 2(a).

Bonding and Final Alignment

The rough alignment procedure was repeated with the short mirror, length L, resting on
top of the first mirror, L+a [see Figure A.3(a)]. When the retroreflectors were aligned at a 90°
angle, the smaller mirror L was removed. A thin layer of mixed Torr Seal epoxy was placed on
the end of the smaller mirror L, which was mounted to the longer mirror L+a. The amount of
Torr Seal required was about half the diameter of a toothpick, and was applied using a toothpick
by dabbing in a thin bead along the entire side. The goal is to use a sufficient amount of Torr
Seal to form a solid bond, but not so much that excess drips out the sides. The Torr Seal was
placed in the central one-third of the cut side of the mirror with length L (see the inset of Figure
1).

The mirror was then slid slowly down the mirror mount, using the mount as a guide, until
the side of the mirror with length L rested on the reflective surface of the longer mirror, as shown
in Figure 2.1. Adjustments to the retroreflector pair were made with the highest adjustment knob,
shown in Figure A.3. This was done while keeping the return phase front as flat as possible, with
a single fringe goal in mind (each mirror should have approximately one fringe on it).

Mounting Side Support
A small layer of Torr Seal was applied to the side of the central third of the retroreflector

[as shown in Figure 2.2(a)] using a dab—about half the diameter of a toothpick—on the inner
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side in the same manner as before. The shield shaped plate in Figure 2.2 was allowed to dry with
the shield on top while the retroreflector rested on its side. It was allowed to dry on its side for
24 h. Only one side was bonded at a time in order to avoid misalignment and the risk of smearing
Torr Seal onto the mirrored surface. Waiting to assemble each side on a separate day also
allowed for characterization in careful steps, ensuring that nothing happened to misalign the
otherwise well-aligned retroreflectors. Torr Seal may be pulled apart with application of a heat

gun if a second attempt is necessary.

mm

Fig. A.7. Completed Retroreflector 1 surface. Root mean squared (rms) 0.056 wave (A/20) across
the rooftop retroreflector. Mass 3.3914+/-0.0001 g. PV, peak-to-valley, is the distance in waves
between the highest and lowest phase points within the sampled surface. rms, is root-mean-
squared deviation from a centerline fit. In this case, the center line fit subtracted tilt and offset off
the phase surface. Power is a measure of curvature in the wavefront, taking the difference
between the center of the wavefront and the point farthest from the center, in cylindrical
coordinates. The PV is not an accurate reflection of the phase across the surface because most of
the large blue, negative phase region, is off a beveled edge of the mirror. This type of
characterization error was corrected with a mask, distinguishing differences in reported values
between Figures A.8 and A.9.
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A cross section of the rooftop retroreflector in Figure A.8 shows approximately an rms
roughness of /20, corresponding to ~31.6 nm rms. This horizontal rms profile is typical for any
vertical translation across the retroreflector. Accounting for unique optical paths, this would
allow 48 individual (200 pm diameter), non-overlapping beams to be stacked across the 9.5 mm
x 13.8 mm 