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Unique and novel applications of nanoscale materials are continuously being found. Ap-
plications span across many fields, including medicine, physics, chemistry, and engineering.
Properties of nanoparticles are commonly studied through laser-mediated experiments, but
the intense fields generated by laser light will often influence temperatures of the system un-
der study, which may or may not be the intention of the experimentalist. Understanding and
quantifying these thermal effects is beneficial, if not crucial, to the researcher. Our studies
have focused on the interplay between intrinsic properties of a material, its dimensions, and
its environment.

The main method utllized in the Pauzauskie group for studying individual nanoparticles is
the optical trap, where a highly focused laser is used to isolate a particle from any supporting
substrate. Although temperature studies in a laser trap were actively being pursued by
the group, it was quickly realized that chemical reactions could be initiated by properly
selecting the correct material. In chapter 2, experiments detailing the generation of reactive
singlet oxygen species 1Oy from trapped semiconducting nanowires will be described. The
implications of potential reactions between the trapped structure and the 'O, molecules are
then discussed.

In chapter 3, the nonlinear effects produced by the intense fields within an optical trap are

addressed. Potassium niobate (KNbOj) nanowires are selected as an ideal material for the



demonstration of second harmonic and sum frequency generation through the co-alignment
of near-infrared lasers. It is shown that the unexpected heating found while trapping these
supposedly unabsorbing particles can be attributed to the many crystallographic defects
produced in the growth process as evidenced by high resolution transmission electron mi-

CTOSCODY.

Final experiments were based on laser cooling of cadmium sulfide nanoribbons. Chapter
4 describes the implementation of a custom Raman system with a 532 nm source, necessary
for the anti-Stokes excitation of the 2.42 eV band gap (~ 510 nm) for CdS. The ability
to acquire Raman scattering spectra has been extremely beneficial to the group for a wide
variety of experiments. As an example, the results of a high pressure-induced phase transition
in silicon nanowires are given and discussed in terms of pressure vs. temperature as driving
factors, where analytical theory developed in our lab was written into Python to simulate

temperatures of nanowires under Raman excitation.

Finally, chapter 5 gives the details for initial, trapping experiments of CdS nanoribbons
and results from an analytical solution to the heat equation. Although the combination
of experimental results and analytical/numerical calculations prove useful in determining
a nonlinear absorption coefficient for the nanostructures, it was ultimately decided that
laser cooling of CdS suspensions was unlilkely due to the material’s instability in aqueous
media. The experiments were altered to monitor the resonance frequencies of cantilevered
nanoribbons in vacuum to provide an orthogonal method for measuring temperatures of
CdS nanoribbons under 532 nm excitation, compared to pump-probe techniques found in
the literature. Results from temperature calibrations of nanoribbons show a Young’s modulus
temperature coefficient of ~150 ppm/K which should allow for the detection of AT = —40K
as claimed by others; however, measurements made in our lab have, so far, only shown

heating.

Future efforts would benefit from determination of the quantum yields of individual



nanoribbons. If the assertions made that this is the first semiconductor to demonstrate
laser cooling can be corroborated by independent techniques, it would provide clear evidence
that the refrigeration is physically occurring; but without external verification, researchers

will likely remain skeptical.
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Chapter 1

INTRODUCTION

As a newer research group, the Pauzauskie lab has spent the past 6 years developing
expertise in essential analytical techniques as well as developing new and novel methods for
synthesizing and characterizing the chemical and physical properties of micro- and nano-scale
particles. My interest in light-matter interactions, or spectroscopy, helped the group to ex-
pand its abilities and infrastructure to better understand these processes at the microscopic
and single-particle level. Since my arrival, the facilities have grown from a microscope and
simple, near-infrared (NIR) single-beam optical trap, to include integrated Raman scattering
and photoluminescence (PL) systems with additional excitation sources in the visible spec-
trum, co-alignment of mulitple NIR beams for multiple traps and nonlinear optical studies,
a diamond anvil cell for high-pressure studies up to 30 GPa, a cryostat for low-T and/or low
pressure measurements, and most recently, pulsed laser control and an avalanche photodiode
for PL lifetime measurements. The development and implementation of these systems and
equipment have allowed me, and the group as a whole, to explore a wide variety of projects
while building the knowledge base and experimental infrastructure to complete the targeted
project of photothermally cooling (or heating) CdS cantilevers. With this dissertation, my
hope is to describe the techniques I have developed for our group and their associated,
completed projects before detailing the final experiments pertaining to laser cooling of semi-

conductor nanomaterials.

1.1 Optical Trapping

The first assembled instrument in our laboratory was a single-beam optical trap, seen in figure

1.1a. An optical trap has the unique capability to manipulate and study single particles in



Figure 1.1: (a) Photograph of the optical trap used by the Pauzauskie lab in early 2012. (b)
Schematic outlining the basic components and forces in an optical trap.

isolation from any substrate. To realize optical trapping, a laser beam is expanded to overfill
the back aperture of a high numerical aperture (NA) objective, typically an oil- or water-
immersion objective, which focuses the beam to a diffraction limited spot within a suspension
of the particles of interest. Although this is all that is necessary for the trapping process to
occur, it would be a little benefit to the user if the trapped particle could not be observed;
therefore, a white light source and a focusing objective (often referred to as the ”condenser”)
are placed opposite from the trapping objective with an appropriate dichroic mirror inserted
into the system for imaging onto a CCD camera (Fig. 1.1b). The first demonstration of
optical trapping was by Arthur Ashkin in 1986 and the physics that permit a dielectric
particle to be trapped in an electric field gradient are described in his seminal paper [1].
Essentially, there are two competing forces generated: the forward force due to transferred

momentum from the scattered photons, described by

Fscat = Wl(r)é (11)



and the Lorentz force caused by the induced dipole in the in the electromagnetic (EM) field
gradient,

1
Fyrad = §aVE2. (1.2)

The sum of these competing forces results in a slightly downstream displacement of the
particle relative to the field maximum.

While residing in the potential well generated by the electric field gradient, the particle
will continue to undergo a Brownian motion as a result of the momentum transfer from
colliding solvent molecules. The complex motion due to the different forces acting on the
particle is dependent on temperature, which will be discussed in detail in Sec. 2.1. Therefore,
if the forward-scattered laser light can be monitored, an analysis of the motion can be used
to extract temperatures of trapped particles. The literature on optical trapping often ignores
or makes assumptions regarding the temperatures of trapped particles, so the group’s initial
studies of photothermal effects on particles in a laser tweezer (LT) system not only formed
the background to further explore laser refrigeration in a LT but also provided the field with
additional insight into potential heating due to the intense fields produced by an optical
trap.

1.2 Laser Cooling

The concept of laser cooling through anti-Stokes photoluminescence was initially proposed
by Pringsheim in 1929 [2]. Initial skepticism that the process would violate the second law
of thermodynamics was addressed when, in 1946, Landau described the entropy of light
and how it should be included in the description of the cooling system [3]. His analysis
demonstrated that the entropy of incident and emitted light is proportional to the solid
angle and bandwidth (see Sec. 5.4). Consequently, using a light source with the narrowest
beam and frequency profile (e.g. laser) to excite fluorescence with isotropic spatial emission
and broad bandwidth will result in the highest cooling efficiency [4], regardless of the cooling

medium (e.g. atomic, molecular, rare-earth ion, semiconductor). The ability to refrigerate



solid-state materials without moving parts (e.g. fans, pumps) or cryogens (e.g. liquid nitrogen,
liquid helium, etc.) would be beneficial for a number applications, including photodetectors
and athermal lasers. Our group has been exploring both the cooling of rare-earth doped

crystals [5] and, more recently, semiconductor nanostructures [6].

1.2.1 Rare-earth glasses and crystals

The first experimental demonstration of laser refrigeration of a solid was not until 1995 when
Epstein et al. [7] were able to cool an ytterbium-doped glass, ZrF,-BaFs-LaF3-AlF3-NaF-
PbF, (ZBLANP), by 0.3 K. Since then, a variety of hosts, including KGd(WOy), [8], BaYF,
9], Y3Al;012 (YAG) [10], and YLiF4 (YLF) [11], among many others [12], have been tested
with successful cooling results. Additionally, other trivalent rare-earth dopants (Tm3* [13]
and Er®* [14]) have been shown to cool in various host materials. In terms of absolute
temperatures, the most recent achievement was a record of 91 K for a 10% Yb3*-doped YLF
crystal in vacuum [11].

With all the progress made for various hosts, ions, concentrations, etc., it had not yet been
determined if any system could be refrigerated in water. Specifically, it was uncertain if the
cooling power of an Yb-doped crystal could be sufficient to refrigerate an aqueous solution.
Using temperature measurement methods outlined in section 2.1, our group has found that
microscopic 10% Yb3*T-doped YLF crystals can be optically trapped at wavelength of 1020
nm to induce cooling of the crystal and, consequently, the local fluid [5]. Specifically, we
were able to use a hydrothermal synthesis to produce micrometer-scale square bipyramids of
YLF with a 10% Yb3* concentration and subsequently show their potential for trapping in a
NIR LT (Fig. 1.2a). The trivalent ytterbium ion has an electronic configuration of [Xe4f!3
which can be equivalently viewed as consisting of a the closed xenon shell and a single hole.
A single hole in the 4f shell will have spin s = 1/2 and orbital angular momentum [ = 3.
Consequently, the total spin and orbital angular momentum are S = 1/2 and L = 3. For rare
earth metals, spin-orbit coupling is of considerable magnitude and is described by the total

angular momentum quantum number, J = |L — S|, ..., |L + S|, meaning the ?F state is split
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Figure 1.2: Laser refrigeration of optically trapped YLF microcrystals. (A) Optical micro-
graph of an optically trapped YLF crystal. (Scale bar, 3 um.) (B) Crystal-field energy level
configuration of Yb*" dopant ions and used cooling scheme. (C) Extracted temperature
(T,) of optically trapped particles in D;O as determined using the outlined CBM analysis.
Yb3*-doped YLF particles are shown to cool when trapping wavelength is resonant with
the E4 - E5 transition (A = 1,020 nm) but heat when the trapping wavelength is below the
transition (A = 1,064 nm). Reprinted with permission from [5].

into two manifolds, ?F% 5 and ?Fj, with an energy difference corresponding to a wavelength
of ~1 pm [15]. Spherical symmetry in an isolated ion would result in a simple two level
system. However, the degeneracy of each level is lifted due to the non-spherically symmetric
arrangement of charges from the ions in the crystal lattice. In the case of YLiFy, the low
symmetry of the scheelite (tetragonal) structure splits the ?F% 5 and ?F5/, manifolds into 4
and 3 levels, respectively (Fig. 1.2b) [16]. The trivalent lanthanide ions still retain their 5s
electrons, so they remain fairly shielded from the crystal field resulting in weak crystal field

splitting. In the case of laser refrigeration, although a larger splitting would increase efficiency



by producing a larger difference in the excitation (\,) and average emission (Ar,) wavelengths
(Neoot = (Ap — A)/A1) weaker splitting actually enhances cooling at lower temperatures by

maintaining a significant population at the ground state manifold edge [15].

The cooling of an Yb?**-doped material is maximized by pumping electrons from the £4
level to E'5 level. In the case of Yb3T:YLF, this transition corresponds to a wavelength of
1020 nm. After excitation, the long lifetime of the Yb3" excited state allows the manifolds
to thermalize so that subsequent radiative relaxation results in emission of greater energy.
However, if a laser of insufficient energy to excite from F4 to E5 is used, obviously the
mechanism of cooling cannot proceed. In our experiments, this exact comparison is made by
trapping microcrystals at 1020 nm or 1064 nm resulting in cooling or heating, respectively,

as the laser power is increased (Fig. 1.2c).

As an independent method for confirming the cooling observed with trapped YLF crys-
tals, ratiometric emission of the Hyy/o to *Ii5/2 and *Ss/s to *Ij5/o transitions, which has
been demonstrated previously as a reliable method for thermometry [17], was used to qual-
ify heating under a 975 nm illumination and cooling under a 1020 nm illumination (Fig.
1.3C). The visible emission, which is bright enough to be seen by the naked eye (Fig. 1.3A,
right panel), is produced as a result of energy transfer from the excited Yb** ions to the
Er®t ions. The long lifetimes of the relevant states (>100 ps) allow the population of two

states to come to a thermal equilibrium where the relative intensities can be described by

Iy —(E, — By
I X exp (k‘b—T) . (1.3)

the Boltzmann distribution,

The bright emission can then be collected and passed into a spectrometer to resolve the
individual transitions (Fig. 1.3). Then, using a custom written Matlab script (see Appendix
A1), the ratio of the two bands can be used to infer trends regarding the crystal’s internal
temperature relative to the laser power. The absolute temperature, unfortunately, could
not be extracted using this method due to inconsistent ratios between individual particles,

thereby precluding the application of an ensemble calibration [5]. Although the introduction
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Figure 1.3: Upconversion and ratiometric thermometry of codoped YLF. (A) Bright-field
optical micrograph showing a codoped 2%Er**,10%Yb3*:YLF particle in Brownian motion
(Top Left) and a dark-field optical micrograph of the crystal when trapped with A = 1,020
nm (Bottom Left). (Scale bar, 4 um.) Upconverted photoluminescence can be seen with the
unaided eye (Right). (B) Photoluminescence spectra of the corresponding dark-field image
showing the integration regions I, and I;, representing emission from Er®* energy states
Es (*Hy1/2) and E; (*S3/2) to the ground state Egoung (*Iis/2), respectively. (C) Natural
logarithm of the ratio Iy/I; showing a linear increase (Top) with laser irradiance at A =
975 nm and a linear decrease (Bottom) with laser irradiance at A = 1,020 nm. (D) Laser
refrigeration of the codoped YLF crystal analyzed in (C) measured via CBM analysis at an
irradiance of 25.5 MW /cm?. Reprinted with permission from [5].

of non-radiative pathways through the many electronic states found in the Er®* ion reduces
the cooling efficiency of the crystal relative to the purely Yb3*-doped YLF crystal, an average
AT of -5 °C is observed (Fig. 1.3) for trapping at 1020 nm while AT = +22°C for 975 nm.

1.2.2 Semiconductors

Rare earth (RE)-doped crystals have achieved the lowest temperature to date for solid-state
refrigeration [11], but there is a great interest in laser cooling of semiconductors due to its
increased potential for reaching temperatures closer to absolute zero. For RE-doped materi-

als, the low density of RE ions results in a Maxwell-Boltzmann distribution of electrons, such



that as temperature decreases the probability of an electron populating the F4 state will
also decrease (Fig. 1.4a). Experimentally, I have observed the decrease in quantum yield of
a Czochralski-grown 5%Yb3*-doped YLiF, crystal as a result of the decrease in the F4 level
population as seen in Fig. 1.5. For semiconductors, however, the distribution of electrons in
the valence band obey Fermi-Dirac statistics, meaning the band edge will remain populated

even at 0 K (Fig. 1.4b).

a Rare-earth Materials b semiconductors
E, —
ES I
E, — m
CB
E, [ — T VB
EC!
E2
E, E E

Maxwell-Boltzmann Distribution Fermi-Dirac Distribution

Figure 1.4: Representation of the laser refrigeration process and temperature-dependent
statistical distributions for different materials. (a) For Yb*T-doped materials, the trivalent
ions can be treated with Maxwell-Boltzmann statistics which predicts decreased populations
of the F4 level as temperature decreases. (b) Semiconductors obey Fermi-Dirac statistics
which means that the valence band (VB) edge would remain populated even at absolute
zero, allowing for continued excitation to the conduction bamd (CB).

Experimentally, a claim was made in 1999 of having cooled gallium arsenide quantum
wells by 10% [18]. However, discussion of high carrier densities’ effect on the photolumi-
nescence and interpreted temperature cast doubt on the initial report [19]. More recently,
nanoribbons of cadmium sulfide have been reported to cool by 40 K from room tempera-
ture by Zhang et al. (Fig. 1.6) [6]. In their experiments, an isolated CdS nanoribbon was
suspended over a small (3 x 3 um) cavity etched into the supporting Si substrate and irradi-
ated by a laser (514 or 532 nm) which is red-tuned relative to the material’s band gap (E,)
for anti-Stokes refrigeration. To probe the temperature, the green laser was momentarily

blocked while a blue laser (hv > E,) briefly illuminated the same ribbon and photolumi-
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Figure 1.5: Temperature dependent photoluminescence spectra of Czochralski-grown
5%Yb3*-doped YLiF, demonstrating a decreasing quantum yield with reduced tempera-
tures.

nescence (PL) was collected and compared to temperature calibrated PL. But, so far, the
results have not yet been duplicated and given the propensity for misinterpreting semicon-
ductor luminescence spectra as they pertain to internal temperature, it would benefit the
community to provide additional methods for determining temperatures of micro- and nano-
scale structures. The initial goal of my research was to attempt reproduction of the laser
cooling of CdS nanoribbons through the same optical trapping technique used on Yb3*:YLF
microcrystals; however, as it will be pointed out it Sec. 5.4, cooling of un-passivated rib-
bons in an aqueous medium is improbable, so my experiments were adjusted to monitor the

temperature-dependent mechanical resonances of cantilever nanoribbons in vacuum.
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Figure 1.6: a, Evolution of PPLT spectra starting from 290 K, pumped by a 514-nm laser
with a power of ~ 6.3 mW. Solid curves represent the cooling cycle, and the dashed curves
represent the warming up after the pump laser is switched off. Dashed curves are shifted
vertically for clarity. b, Temperature change, AT, versus time pumped by four laser lines
(532, 514, 502 and 488 nm), using data extracted from the PPLT spectra (shown in a for
514-nm pumping) and corresponding calibration curve around 290 K. ¢, Photocurrent gain
spectrum (linear scale, blue; logarithmic scale, red) and Stokes photoluminescence spectrum
(black) of a single CdS nanobelt at 290 K. d, Evolution of PPLT spectra for another nanobelt
pumped by a 6.5-mW, 532-nm laser starting from 100 K. We observe cooling and warming
cycles similar to those in a. e, Temperature change, AT, versus time pumped by four laser
lines (532, 514, 502 and 488 nm), using data extracted from the PPLT spectra (shown in
d for 532-nm pumping) and the corresponding calibration curve around 100 K. f, Summary
of measured maximum AT (pink squares) and theoretically calculated temperature change
(blue curve) normalized to pump power for different pump wavelengths at 290 K. In ¢ and
f, the red regions correspond to the cooling zone. Reprinted with permission from [6].
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Chapter 2

OPTICAL TRAPPING OF SILICON NANOWIRES

As discussed in Sec. 1.1, one of the first instruments and experimental methods built
for the group was a single-beam optical trap. Briefly, a laser beam is focused down to a
diffraction limited spot producing intense electromagnetic fields able to induce a dipole in
nearby, suspended nano- and micro-sized particles. These polarized particles are attracted

to the maximum of the electric field gradient and can be pulled into the trap.

2.1 Temperature Extraction in an Optical Trap

Considering all the forces, including trapping potential and the stochastic bombardment of
fluid molecules (i.e. Brownian motion), that are acting on the particle, its complex motion

can be described by the Langevin equation,
mi(t) + 0i(t) + Ka(t) = (2kpT0)2n(d). 2.1)

Here, z(t) is the particle’s position, m is its mass, vy is the friction coefficient, and &
is the spring constant produced by the harmonic potential of the laser trap. The term
(2kpT0)"/?n(t) represents the random motion due to Brownian forces at an absolute tem-
perature 1. For spherical and 1-dimensional particles, the Stokes drag coefficient can be

expressed as

Yo = 6 Rv(T) (spherical) (2.2)

4w L
~wrertos’ D (1D) (2:3)
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Figure 2.1: Schematic of a quadrant photodiode which is used to monitor the Brownian
dynamics of an optically trapped particle through photovoltages produced by the forward-
scattered laser light.

where R is the sphere or nanowire radius, L is the length of the 1D particle, and v(T) is the
temperature-dependent viscosity of the surrounding fluid. In the case of the 1D particle, the
factor of 0.84 is the result of effects due to end facets [20]. A characteristic time for the loss
of kinetic energy due to friction, t;,.r = m/7o, is smaller than the experimental sampling
rate by a factor of 1073 [21]. We can therefore drop the initial term in Eq. 2.1, which then
gives

i(t) + 2n fox(t) = (2D)Y?n(t), (2.4)

where the corner frequency, f. = r/(277), and Einstein equation of diffusion,
D= kBT/’VOa (25)

have been introduced.
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To obtain temperatures from trapped particles, the LT setup was modified from the
simple system outlined in Fig. 1.1 by introducing another NIR dichroic mirror, a quadrant
photodiode (QPD), and a piezo controlled stage (Fig. 2.2). This allows the forward-scattered
laser light to be reflected and focused onto the QPD for analysis. A QPD consists of 4
identical detectors where each occupies a quadrant and provides its respective photocurrent:
A, B, C, D (see Fig. 2.1). The forward-scattered laser light is focused into the center of

the QPD and the position is monitored by the relative signals from each of the quadrants:

(B+C)—(A+ D)
A+B+C+D

X (2.6)

(A+B)=(C+D)

Y:
A+B+C+D

(2.7)

The time-dependent voltage signals from the QPD are then Fourier transformed which results
in a Lorentzian profile representing the thermal motion of the particle in the trap as a function

of frequency, written as

B D
TP )

However, the initial transformation of voltage signal gives an uncalibrated power spectrum.

Pr(f) (2.8)

To extract a diffusion constant in relevant units, we have utilized a technique outlined by
Toli¢-Norrelyke et al. [23]. Briefly, a piezo stage is controlled electronically to oscillate the
trapped particle at a particular frequency, fg.ve, and amplitude, A, which corresponds to a

spike in the power spectrum (Fig. 2.2c) and a new description of the Lorentzian

D A2

P(f) = PT(f> + PresponSE(f) = 71.2(]02 i fCQ) T 2(1 + ff/fdee)

5(f - fdrive)- (29)
If we can assume a linear relation between position in meters and position volts, that is

z(t) = Bzl (t), (2.10)
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Figure 2.2: Method for extracting temperatures from trapped particles. (a)Schematic of
the modified LT system including an 805 shortpass mirror, quadrant photodiode, and elec-
tronically controlled piezo stage. (b) Schematic of a trapped silicon nanowire with an of
oscillation 32 Hz. (c¢) Example power spectral density (PSD) of a trapped nanowire with
spike produced at 32 Hz due to stage oscillation. Reprinted with permission from [22].



15

then the power spectrum can be calibrated according to the relation

Presponse(f) = BQP;}e(?slgtaonse(f)' (211)

The calibration factor is

B =W/ We, (2.12)

where W, is the theoretical power determined by the actual movement of the stage, given

as
A2
B 2(1 + ch/fdzm've>7

and the experimental power, W,,, is found by observing the spike in the power spectrum,

Wi

(2.13)

Weff = [PvOlt<fdrive) - P;Olt(fdrive)]Af- (214)

With 3 determined, a diffusion constant in m?/s can be calculated and a temperature ex-
tracted according to Einstein’s equation, (Eq. 2.5). The implementation of the signal acqui-
sition and analysis was conducted using LabView software. Outlines of the associated block

diagrams can be seen in Appendix A.3.

2.2 Initial Experiments on Photothermal Heating of Silicon Nanowires

Silicon is the second most abundant element in the earth’s crust, by mass, and, as a high-
purity semiconductor, has become the foundation for modern technology. Its low cost, strong
literature presence, and simple, albeit often hazardous, handling and preparation protocols
made it a suitable material for the group’s initial studies on LT photothermal heating.

To obtain silicon nanowires [24], high purity silicon wafers were immersed in a 1:1 solution
of 10 M HF:0.04 M AgNOj; for approximately 3 hours. The proposed mechanism for etching
suggests that Ag™ ions are reduced at the surface of the Si wafer, thereby introducing local

positive carriers (i.e. holes) into the Si. The net positive charge at the silicon surface directly



16

Figure 2.3: Scanning electron micrograph of silicon nanowires after etching

beneath the Ag deposits will attract transient HF; species, consequently etching the Si and
leaving pillars with lengths proportional to the etch time but little control over diameter
(Fig. 2.3). The deposited silver film can then be removed by immersing the wafer in a
1:1 solution of 30% NH4OH:30% H204. Once the array of silicon nanowires (SiNWs) have
been prepared, ultrasonication in a solvent (typically aqueous) will generate a suspension
of SINWs that can be used for trapping experiments. The indirect band gap of Si results
in very little absorption, even at energies greater than the 1.1 eV band gap. As a result,
very little heating of intrinsic SINWs is observed [22, 25]. To increase the absorption of
SiNWs, ion implantation can be used to damage the lattice and introduce dopant atoms.
The amorphization of the lattice can increase heating through scattering, while activated

dopants can act as recombination centers.

One example from our group’s work is the relative heating of intrinsic, Si-doped and

Au-doped SiNWs in a NIR optical trap [22]. In these experiments, SINWs were trapped
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Figure 2.4: Results from laser tweezer temperature measurements of intrinsic, Si-implanted,
and Au-implanted SINWs. Reprinted with permission from [22].

at a wavelength of 975 nm and at irradiances from 5 to 15 MW /cm? (Fig. 2.4). It was
found that intrinsic SINWs heated very little above room temperature. If the SINWs were
implanted with Si ions, the induced lattice damage resulted in increased heating. Although,
no correlation between temperature and increasing Si ion concentration was observed for
the implantation doses used. This suggests that the ion dosages tested were already past
a saturation limit of lattice damage. If Au ions are used, however, a significant increase in
temperature with increasing ion dosages is found, even to the point of superheating water,
which has been reported previously [26] occurs due to the high pressures needed to nucleate
bubbles at the nano-scale.

During the course of these initial SINW heating experiments, peculiar morphologies were
occasionally observed during atomic force microscopy (AFM) measurements. For example,
Fig. 2.5 shows a SINW deposited onto a glass slide after having been optically trapped.
One end of the nanowire appears slightly enlarged in diameter. It was proposed that some
photo-induced reaction between the SINW and local environmental molecules (e.g. HoO, Oy)
could be occurring in the LT. As a result, my first independent experiments as a member

of the laboratory were to test whether a reaction was proceeding during trapping experi-
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ments. I would eventually learn that generation of reactive oxygen species from silicon was a
well known phenomenon [27-30], but my experiments would provide evidence that chemical

reactions, whether adverse or desired, could be initiated in an optical trap.

0.0um 20 40 6.0 80

0.0 1964 nm
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Figure 2.5: Measurement taken with an atomic force microscope showing a SINW nanowire
deposited onto a glass slide after optical trapping. One end of the nanowire appears larger
in diameter, possibly due to photo-induced oxidation during trapping.

2.3 '0,-generation from Silicon Nanowires

Photodynamic therapy has been used over the past two decades to clinically treat metastatic
tumors through the conversion of naturally available triplet-oxygen molecules (30,) into
highly reactive singlet oxygen (1O,) [31]. Singlet oxygen then reacts with a range of pro-
teins, lipids, and nucleic acids in vivo to prevent angiogenesis within [32, 33] and metastasis
from solid tumors [32, 34]. In this process, visible light is absorbed by an intermediate photo-
sensitizing molecule (e.g., Photofrin [35]) to create electronic excited states that then transfer
their energy to 2O, molecules, converting them to 'O, through a triplet-triplet annihilation
process.

Even though photodynamic therapy (PDT) has been studied for well over a century it has
only been in clinical use since 1993 [31] and currently there are a dozen FDA-approved pho-
tosensitizers based on small molecules [36]. Two of the primary challenges of using molecular
PDT agents is their long in vivo half-lives and also their non-specific distribution through-
out the body of a patient [35]. This often leads to extended (week-long) periods of time in

which a patient must avoid direct exposure to sunlight. For this reason, researchers have
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been studying novel ways of targeting tumor cells including micellar [37] and liposomal [38]
systems, carbon nanotubes [39], gold nanoparticles [40], and porous silica [41] or silicon [42]
materials as well as exploring new solid-state nano-materials, including metals [43, 44] and
semiconductors [28, 45], as direct photosensitizers with predominant excitation wavelengths
in the visible spectral window. In particular, silicon nanocrystals have been shown to sensi-
tize singlet oxygen [27, 46] and have the benefit of biodegradability [47] as opposed to inert
materials like gold nanocrystals.

The shape of nanoscale materials has also been shown to affect uptake within targeted
tumor cells [48-50] due in part to the high surface area to volume of one-dimensional materials
[51]. Furthermore, recent theoretical calculations have shown [52] that silicon nanowires can
be designed to exhibit significant morphology dependent resonances during photothermal
laser heating. In this way, the shape of nanostructures can be optimized to enhance the
uptake and optical absorption relative to small molecule pharmaceuticals with fixed sizes
and absorption coefficients.

The phototoxicity of silicon nanomaterials under illumination with wavelengths in the
blue spectral region (450 < A < 500 nm) has also been demonstrated [28]. Blue light, how-
ever, lies outside the NIR biological transparency window resulting in a low tissue penetration
depth which has motivated recent experiments with photoexcitation of both gold nanocrys-
tals [53, 54] that can absorb light via plasmon resonance, and upconverting nanocrystals [55,
56] that excite surface-grafted PDT molecules following the upconversion of rare-earth ions
in nanocrystalline fluoride host materials. Photoexcitation of silicon nanostructures in the
NIR would increase the penetration depth and expand silicon’s potential as a PDT agent
[42]. We demonstrate here that NIR laser radiation (A = 975 nm) can be used to optically
excite individual silicon and gold nanowires for the local generation of 'O, within a single
beam optical trap.

Silicon nanowires were synthesized from p-type silicon wafers using metal assisted chem-
ical etching (MACE) with silver as the active etching metal [24]. High-angle annular dark

field transmission electron microscopy (HAADF TEM) was used to confirm the presence of
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Figure 2.6: (a) High-angle annular dark field TEM image of a single silicon nanowire without
silver etchlng, demonstrating the presence of silver deposits. Scale bar = 50 nm. (b) High-
angle annular dark field image of a silver-etched silicon nanowire with no detectable silver.
Scale bar = 50 nm. (c¢) Neutron activation analysis of (i) silicon nanowire array before (i)
and after (ii) silver-etching process.

silver domains on SiNWs following their synthesis (Figure 2.6a). TEM imaging also confirms
that the silver nanocrystals can be removed following an aqueous etching step that dissolves
silver (Figure 2.6b). Given that metallic nanocrystals [57] have recently been demonstrated
to generate singlet oxygen, it must be implicitly ruled out that there is no residual silver to

interfere with the experimental measurements.

Neutron activation analysis (NAA) is a sensitive measure of metallic elemental compo-
sition and was used to analyze the residual amount of silver both with and without the
silver-etch (Figure 2.6¢). The distinct gamma-ray emission from the 1°Ag isotope decay was
used to identify and quantify the silver concentration in the SINWs. Before silver etching,
the Ag concentration is measured to be 291 ppm, whereas after silver etching the amount of

Ag is below the detection limits of NAA (< 100 parts per trillion).

The surface of silicon nanowires following MACE in hydrofluoric acid is expected to be
hydrogen terminated, however the metal-etching step is highly oxidative and may also oxi-
dize the surface of silicon nanowires. Fourier-transform infrared absorption spectroscopy on
silicon nanowires following the silver-etching step reveals the presence of a silicon dioxide

passivation layer that is also confirmed by oxygen k-edge scanning transmission x-ray ab-
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Figure 2.7: Atom probe tomography (APT) mass spectrum from a single SINW demonstrat-
ing no detectable silver signal (Ag™: 107 Da, Ag™*: 53.5 Da).
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Figure 2.8: Photoluminescence of SINWs excited by a 975 nm laser source.

sorption microscopy. Atom-probe tomography measurements on silicon nanowires further
confirm the presence of a surface oxide layer, as well as the absence of silver in the bulk of
the nanowires following the silver etch (Figure 2.7).

Laser trapping of individual nanowires was performed using a custom instrument shown in
Figure 2.9a. A 975 nm laser is expanded to overfill the back aperture of a 100x oil immersion
objective (NA=1.25) and then focused into a chamber with an aqueous nanowire suspension.
The silicon nanowires are trapped and photoexcited by the 975 nm (1.27 eV) laser (Fig.
2.9b), which is above silicon’s band gap (1.11 e€V), to produce excitons as evidenced by the
observation of excitonic emission from SiNWs after Ag etching (Figure 2.8), where 75% of
the excitons are in a triplet state [58]. The excitons then diffuse to the surface and, through
a Dexter electron exchange mechanism, excite molecular oxygen in solution to the singlet

state (Figure 2.10a) via a triplet-triplet annihilation process.[46] Singlet oxygen molecules
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Figure 2.9: (a) Schematic outlining the components used in the trapping experiments. (b)
Depiction of a nanowire trapped with the focused Gaussian, NIR laser (beam waist = 1.1
pum) in a solution of SOSG with localized pumping of reacted SOSG.

have been reported to have a decay time of 3.7 us in water, leading to diffusion distances
on the order of 250 nm from the silicon-water interface[59] at room temperature. Singlet-
oxygen excited states can also relax to their ground state through emission of a photon at
1270 nm. However, their long lifetimes at room temperature also allow for reactions with
Singlet Oxygen Sensor Green (SOSG) molecules, which selectively exclude reaction with
superoxide anions and peroxide [60], to make a 1,4-endoperoxide, SOSG-EP (Fig. 2.10b).
In addition to trapping single silicon nanowires and photoexciting triplet excitons in
silicon, the laser trap also has a sufficient irradiance (~MW /ecm?) for two-photon photoex-
citation (2PPE) of SOSG-EP to the electronic excited state, SOSG-EP* (Figure 2.11). The

green emission from SOSG-EP* can be visualized through use of a CCD camera (Figure
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Figure 2.10: (a) Silicon-water interface diagram showing the transfer of electrons from surface
excitons in silicon to dissolved oxygen molecules. (b) Structure of SOSG before reaction with
singlet oxygen and its associated endoperoxide (SOSG-EP) after reaction with singlet oxygen.
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Figure 2.11: Absorption (black) and emission (red) spectra for SOSG-EP; the blue vertical
line represents the 2-photon wavelength for a 975 nm trapping source.
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Figure 2.12: Singlet-oxygen (1O,) generation from silicon nanowires. Digital micrographs
of (a) a single optically trapped silicon nanowire in SOSG solution, (b) a single optically
trapped silicon nanowire in water alone, (c) illumination of a chamber of SOSG solution,
and (d) a single optically trapped silica bead in a solution of SOSG.

2.12a). The potential for visible photoluminescence from the porous SINWs was eliminated
as a possible source of emission by performing an identical control experiment with optically
trapped SiNWs in the absence of SOSG (Figure 2.12b). It also has been demonstrated re-
cently that there is negligible (< 5°C) photothermal heating of optically-trapped SiNWs via

analysis of their Brownian dynamics [25].

Generation of singlet oxygen directly from SOSG has been reported previously [61] using
UV or visible irradiation. An additional control experiment was performed to test for poten-
tial photogeneration of 1Oy from SOSG molecules themselves at an identical NIR irradiance
(Figure 2.12¢). Clearly, the NIR source is unable to excite 'Oy directly or through photo-
sensitization of the SOSG molecule. Similarly, a final control experiment combining SOSG
and SiO, microspheres (Figure 2.12d) exhibit no detectable 'Oy generation at the bead’s

fully oxidized surface which is expected since SiO, is an insulator and would not generate
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Figure 2.13: SOSG-EP emission from a single trapped SiNW as a function of 975 nm laser
irradiance, demonstrating the nonlinearity of SOSG-EP excitation.

the excitons necessary to sensitize 'O,. A quadratic dependence on the integrated emission
from SOSG as a function of laser power is observed (Figure 2.13), indicating that SOSG is

excited by a two-photon mechanism.

Enhanced singlet oxygen generation within a suspension of SINWs is also observed at
much lower laser irradiance. A cuvette with a concentrated suspension of SiINWs and SOSG
was placed in the path of the 975 nm laser beam at an irradiance of 8 W/cm? (beam power
= 260 mW, spot size = 2 mm) and removed at regular intervals to monitor the change in
SOSG-EP concentration under 405 nm excitation. Comparison with a cuvette containing
SOSG alone shows a significant increase in 'O, production (Figure 2.14). The approach
demonstrated above for analyzing single silicon nanowires may also be extended to other
nanoscale materials including noble metals. Gold nanocrystals have been shown to induce
significant photothermal super-heating of water when optically trapped [26] and several re-
cent reports have indicated that noble metal nanoparticles are capable of photogeneration
of singlet oxygen [53, 54, 57|. In Figure 2.15 we show that it is possible to observe the
generation of singlet oxygen from single gold nanorods that have been synthesized through

electrochemical deposition within track-etched polycarbonate membranes. To confirm that
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Figure 2.14: Comparison between a solution of SINWs & SOSG and a solution of only SOSG.
Both solutions were irradiated by a 975 nm laser at equal powers and, at each data point,
were illuminated with a 405 nm diode to obtain the momentary emission spectrum from
generated SOSG-EP. The data demonstrate an enhanced generation of singlet oxygen when
SiNWs are present.

the observed emission is from SOSG-EP and not 2PPL from the AuNRs, a single AuNR was
trapped without SOSG (Figure 2.15¢) and long exposure micrographs showed no observable
emission (Figure 2.15d).

We have demonstrated that a near-infrared laser trap can be used to observe the photo-
generation of 'Oy molecules from individual silicon and gold nanowires that are suspended
within an aqueous trapping medium. To our knowledge, there have been no prior reports
of observing the photosensitization of 'Oy at the level of single nanostructures. Although
the optical absorption coefficient of silicon at NIR wavelengths is not as high as for visible
wavelengths, the use of NIR radiation allows for deeper tissue penetration. Furthermore,
this work suggests that singlet-oxygen may also be generated during photothermal heating
of gold and semiconductor nanostructures, including recently reported [62, 63| silicon/gold
composite nanostructures that have been investigated for in vivo solid tumor photothermal

ablation. The NIR generation of 'O, from silicon nanowires may also affect the long-term
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Figure 2.15: Singlet-oxygen (1O3) generation from a single optically-trapped gold nanowire.
(a) Bright field micrograph of an electrochemically synthesized gold nanorod (AuNR) opti-
cally trapped in a solution of SOSG using the same setup used for SINWs, diagrammed in
Figure 2.9a. (b) Micrograph of the SOSG-EP emission from the AuNR trapped in (a). (c)

Micrograph of an optically trapped AuNR in water alone. (d) Micrograph of the AuNR in
(c) demonstrating no emission in the absence of SOSG. All scale bars = 2 um.
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stability of catalysts used for solar energy conversion through adverse, photo-induced corro-
sion[64]. Future studies will investigate how the efficiency of 'O, generation is affected by

size-dependent morphology-dependent-resonances [52].
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Chapter 3
NONLINEAR OPTICAL PHENOMENA

After completing my experiments on singlet oxygen generation from SiNWs, our group
was invited to submit an original research article relating to Professor Pauzauskie’s previous
publication in Nature demonstrating a tunable nonlinear probe in a LT [65]. As a young
group, the easiest choice was to begin experiments with a familiar material that was simple to
synthesize: KNbO3 nanowires (KNNWSs). At this point, my interest in laser spectroscopies
pushed me to lead the experiments and explore nonlinear optics within our system. By co-
aligning all 3 of the existing NIR lasers into the trapping objective, sum frequency generation
could be observed in addition to harmonic generation of a single beam. Through the use of
a tunable NIR laser, we were able to demonstrate Fabry-Pérot resonances within a single
KNNW and the previously discussed methods for temperature extraction show that increased
heating of trapped KNNWs relative to solvent background absorption occurs as result of

lattice defects.

3.1 Introduction to Nonlinear Optics

The nonlinear response of materials to intense electric fields were only realized after the
advent of the laser. The first reported example was second harmonic generation (SHG)
of a ruby laser in crystalline quartz [66]. Since then researchers in the field of nonlinear
optics have demonstrated harmonics as high as n = 221 [67]. Harmonic generation has a
significant utility in converting lasers beams of frequency w into beams with frequency of nw
where n is an integer. Other commonly used nonlinear effects include parametric processes
such as sum frequency generation (SFG), difference frequency generation (DFG), and optical

parametric oscillation (OPO), or non-parametric processes like two-photon absorption (TPA)



30

and stimulated Raman scattering [68]. Applications of nonlinear processes vary significantly
and include laser frequency modulation [66, 69], two-photon luminescence [70], vibrational
spectroscopy [71], two-photon medical imaging [72], nonlinear photodynamic therapy [55,
73], and information technology [74].

3.2 Nonlinear reponse of KNbQO; nanowires in an optical trap

Nanostructures have gained in popularity as nonlinear optical materials [75-79], notably for
biomedical theranostics [80]. Applications include drug delivery [81], photothermal [82] and
photodynamic [83, 84| therapy, and imaging [85]. Nonlinear nanoparticles are especially ad-
vantageous for biomedical imaging [86] as they allow for the use of near infrared (NIR) light
which penetrates deeper into living tissue than visible light due to lower absorption [87].
One-dimensional structures have the advantage of a large surface area providing a scaffold
for adsorption and conjugation. Potassium niobate is a popular nonlinear material [88] and
has even had nonlinear effects demonstrated from optically trapped nanowires [65]. However,
knowing the temperature of KNbO3 nanomaterials under NIR illumination is important not
only for phase-matching conditions but also if it is to be used in vivo for theranostic ap-
plications given the low temperature threshold (~42°C [89]) for cellular damage. Here, the
Brownian dynamics of optically trapped KNNWs are analyzed in order to extract tempera-
tures. Nonlinear processes, including SHG and SFG, are observed from the trapped KNNWs
and Fabry-Pérot type cavity enhanced SHG is demonstrated using a tunable NIR laser which
suggests the possibility of synthetically tuning the lengths and diameters of nanowire cavities
for increased harmonic conversion [76-78].

Monoclinic KNbOj3 nanowires were grown hydrothermally using a previously-reported
method [90]. Briefly, 12.6 g of KOH was dissolved in 15 mL DI H,O and sonicated for 5
minutes. After adding 0.87 g of niobium metal powder to this solution it was placed into
a teflon-lined autoclave and heated to 150°C for 15 hours. The crystal structure of the
as-synthesized KNNWs was determined using characterization techniques including: SAED,

XRD, Raman spectroscopy, and scanning transmission x-ray microscopy.
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Samples for scanning electron microscopy (SEM), x-ray diffraction (XRD), and Raman
spectroscopy were prepared by evaporating an aqueous suspension onto a clean silicon wafer.
Scanning electron micrographs were acquired on a JEOL JSM-7000F scanning electron mi-
croscope in secondary electron imaging mode with a 10.0 kV accelerating voltage and 10.0
mm working distance. Bright-field TEM and select area electron diffraction (SAED) images
were taken on a FEI Tecnai G2 F20 at an accelarating voltage of 200 keV. SAED images were
taken with a camera length of 490 mm. XRD measurements were performed on a Bruker D8
Discover with GADDS XRD system using Cu K, radiation. Raman spectra were obtained
using a home-built setup using a Coherent Compass 532 nm SLM laser at 10 mW power.
The laser was focused onto the sample using a Mitutoyo 50x long working distance objec-
tive (NA=0.55). Backscattered light was dispersed onto a Princeton liquid nitrogen-cooled
silicon CCD using an Acton 500i SpectraPro spectrograph.

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy was perfomed on the
Advanced Light Source beamline 5.3.2.2 at Lawrence Berkeley National Laboratory. Samples
were prepared by evaporating a 2ul. suspension of nanowires onto a lacey carbon TEM grid
and placing the TEM in the beamline under 0.33 atmospheres of helium. Soft x-rays (250 -
800 eV) were focused onto the sample with a spot size of 31 nm using 25 nm Fresnel zone
plates. The oxygen K-edge was observed in the energy window of 525 - 550 eV.

Optical trapping of individual KNNWs was accomplished with a home-built system (Fig.
3.3). A 330 mW Thorlabs 975 nm diode laser, 4 W SpectraPhysics 1064 nm diode-pumped
solid-state laser, and 10 W Sahajanand Laser Technology 1020-1040 nm tunable DPSS
Yb:YAG disk laser were co-aligned, expanded, and focused into a chamber using a Nikon
100x oil immersion objective (NA=1.25). SHG and SFG signals were collected using the
same objective and detected with the same spectrometer used for the Raman measurements.
Trapping chambers consisted of 75x25x1 mm glass slide and #1 coverslip with a droplet of
NW suspension and imaging spacer (Grace Bio-Labs) confined between them.

The crystal structure of the KNNWs synthesized by the hydrothermal method has been

characterized extensively [90] and the current results support a monoclinic phase. SEM
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Figure 3.1: Characterization of hydrothermally grown nanowires. a) Scanning electron mi-
crograph of KNNWs demonstrating square cross-sections. Scalebar = 500 nm. b) Transmis-
sion electron micrograph of a single KNNW. Scalebar = 300 nm. ¢) Higher magnification of
KNNW in b to show extended planar defects in a KNNW. Scalebar = 30 nm. d) Select area
electron diffraction pattern of the KNNW in b. Scalebar = 5 nm™! e) X-ray diffraction of a
KNbOj3 powder sample with crystal planes indicated. Asterisk denotes peaks not associated
with KNbO3 and are likely from Nb metal precursor. f) Raman scattering from a KNbO;
powder sample.

images clearly show the orthogonal cross sections of KNNWs signifying highly crystalline
growth (Fig. 3.1a) with an average edge length measuring 152 + 49 nm, which lies below the
single-mode waveguide cutoff for 975 nm in KNbOj3: 229 nm. However, the inhomogeneous
contrast found in the bright field TEM image of an individual KNNW (Fig. 3.1b) indicates a
significant amount of extended crystallographic defects (Fig. 3.1c) including stacking faults
and twinning planes. The corresponding SAED pattern (Fig. 3.1d) confirms a monoclinic
phase with a [100] growth direction. Streaking can also be seen in the SAED pattern which
agrees with stacking faults observed in brightfield micrographs. X-ray diffraction (Fig. 3.1e)
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and Raman spectra (Fig. 3.1f) also support a monoclinic phase. Weak signals can be seen
in the XRD plot at 38° and 70° which are not attributable to KNbOj3 and are likely from
residual Nb metal precursor. However, analysis of these peaks using the Scherrer equation
[91] gives a particle size > 15 nm which are not observed in TEM brightfield images or
SAED patterns from individual KNNWs, meaning there is no Nb metal within the KNNWs
themselves. Since 1-dimensional KNbOj structures are easily identified optically during laser
trapping experiments, Nb precursor material can be excluded as a contributing factor for

heating of trapped KNNWs.
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Figure 3.2: (a) Scanning transmission x-ray micrograph of KNNWs suspended on a lacey
carbon TEM grid. The arrow indicates the line drawn with the linescan used to determine
the spectrum in panel (b). X-ray energy for the micrograph is 540 eV. Scalebar = 1 ym. (b)
Near edge X-ray absorption fine structure (NEXAFS) of the O K-edge from the monoclinic
KNNW linescan in (a) demonstrating the effect of hybridization of the O 2p orbitals with
the Nb orbitals.

The chemical bonding environment surrounding the niobate ion can be probed with
scanning transmission x-ray microscopy (STXM). A suspended KNNW was imaged using
STXM (Fig. 3.2a) and a linescan of the nanowire was used to extract an x-ray absorption
spectroscopy (XAS) profile in the energy range of 520 - 580 eV. Observation of the O K-edge
at 530 eV shows a slight deviation from the simple O 1s — O np transition. The XAS profile
of KNbOj3 has been explained previously [92] through the hybridization of O 2p and with
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several different Nb orbitals including 4d (ta,), 4d (e,), 5s, and 5p. The spectrum measured

from our material (Fig. 3.2b) matches well with the previous report well.
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Figure 3.3: Schematic of the experimental optical trapping setup used for nonlinear optical
studies of KNbO3 nanowires.

The electric fields generated within an optically-trapped KNNW is of sufficient intensity

that the material will respond nonlinearly, described by the second-order polarization:
P(t) = eox PE*(t). (3.1)

Here ¢ is the permittivity of free space, x(® is the second-order nonlinear susceptibility,
and E(t) is the electric field. Gases, liquids, amorphous solids, and many crystal structures
display inversion symmetry and, therefore, have a vanishing y®. KNbOjs, however, is a non-

centrosymmetric crystal which will demonstrate second-order nonlinear effects. If a field
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consisting of two frequency components (wy, ws), expressed as

E(t) = Ejcos(wit — kx) + Eycos(wat — kx), (3.2)

is incident on a nonlinear material, it can be seen that, following Eq. 3.1, the resultant
fields will include second harmonic frequencies (2wy, 2ws), the sum frequency (w; + ws), and
the difference frequency (w; — ws). In the current experiment, co-aligned lasers of different
frequencies are used to demonstrate simultaneous SHG and SFG in trapped KNNWs. In
one experiment the 975 and 1064 nm lasers were used to trap the same NW producing their
respective second harmonic signals at 487.5 and 532 nm in addition to the sum frequency
signal at 509 nm (Fig. 3.4a). Figure 3.4b shows the potential of tunable SFG from an optically
trapped KNNW. Eleven spectra are overlaid with each spectrum showing SHG from the 1064
nm laser, SHG from the NIR tunable laser set to a particular wavelength, and the SFG signal
from the tuned and 1064 lasers. It can be inferred from these observations that there is also
radiation generated at wavelengths corresponding to the difference frequencies: 11.7 pm (106
meV), the difference between 1064 nm + 975 nm and 24.7 - 46.1 pum (27 - 50 meV), the
difference between the tunable NIR laser + 1064 nm. However, the estimated power for SHG
and SFQG signals, accounting for grating and detector efficiencies, is 1071* W and, assuming
a similar efficiency for DFG, the mid-infrared powers would be over an order of magnitude
less than visible powers. Even with water’s high absorption in the mid-infrared, solvent
heating due to DFG is unlikely due to neglible powers generated. Figure 3.4c shows the
relative intensities of SHG polarized parallel and perpendicular to the 1064 nm fundamental
beam. The ratio of polarization for SHG (~10) indicates that the visible luminescence from
a trapped KNNW is able to maintain a significant amount of coherence which could be

beneficial for applications where lasing is required on a micro- and nano-scale.

Optical trapping of a single nanostructure with parallel end facets also permits the ob-
servation of Fabry-Pérot resonances (Fig. 3.5), depending on the particle geometry and

wavelength of light. In this case, the second harmonic of the tunable laser lies in the range
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Figure 3.4: Sum frequency generation. a) Sum frequency generation from a KNNW using
co-aligned 975 and 1064 nm lasers. b) Tunable sum frequency generation from a KNNW
using a co-aligned 1064 nm DPSS laser and a tunable 1020-1040 nm DPSS laser. ¢) SHG
of 1064 nm fundamental laser with polarizer parallel (black) and perpendicular (red) to the
fundamental polarization.

510 - 520 nm while the cavity length is approximately 4 micrometers. The mode spacing is
expressed [93]:

)\2
AN = AT VO _ o1
4L[AGY — n]

(3.3)
where A is the wavelength, n is the refractive index of the material, On/O\ is the dispersion
of the refractive index, and L is the length of the NW. Using reported [94] values for the
optical properties of KNbQOg, the predicted mode spacing is 6.5 nm which matches well with
the experimental value of 5.8 nm. The width of the SHG signal can also be used to comment

on the quality factor, @, of the KNNW based on the formula ¢ = wy/dw, giving a value of
~80.

Temperatures of particles within an optical trap are often ignored based on assumptions
of neglible absorption. But the significant temperature dependence of phase-matching for

nonlinear materials requires a better understanding of the heat generated in these materials
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Figure 3.5: (a) Bright field image of a KNNW in Brownian motion. Scale bar = 2 um. (b)
Long-exposure, dark image demonstrating SHG from the KNNW while trapped with a 1030
nm source. Scale bar = 2 pm. (c) A NIR tunable laser was tuned from 1020 to 1040 nm while
maintaining a constant trapping power (lower panel). The second harmonic generation from
a KNNW was detected at each discrete pump wavelength (upper panel). The oscillations
with the SHG are due to a Fabry-Pérot resonance within the NW.
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under intense illumination. It has been demonstrated that back focal plane interferometry
of forward-scattered laser light can be used to monitor the Brownian motion of a trapped
NW. [25] In these experiments the forward-scattered laser light is collected and focused onto
a quadrant photodiode where the voltage-to-displacement calibration factor is found using
a piezo-oscillation method [23]. Once the calibration factor is determined the experimen-
tal diffusion coefficient can be found by fitting the calibrated QPD power spectrum [21].
The temperature of the trapped NW can then be determined by equating the experimen-
tal diffusion coefficient to the hot Brownian motion diffusion coefficient of a heated particle
in a locally non-isothermal environment [95, 96] and solving for the particle’s temperature.
Temperatures of trapped KNNWs were found using this method and are compared to tem-
peratures of SiO, beads at identical trapping powers in Fig. 3.6. The bandgap of KNbOj lies
in the ultraviolet region of the spectrum [97] so one would expect little one- or two-photon
absorption from the NIR wavelengths used to trap the NW. However, crystal defects can
enhance optical absorption within the lattice resulting in heat generation. [98] The inhomoge-
neous contrast seen in the KNNW bright-field TEM micrograph (Fig. 3.1b and ¢) indicates
lattice distortion which is further supported by the SAED pattern where the faint linear
streaks between spots characteristic of large numbers of extended crystallographic defects.
Experimental temperatures can be used in conjunction with recent theory [25] for heating of
finite cylinders in order to estimate the imaginary refractive index, k of a trapped KNNW.
By assuming a circular cylinder with a length of 4.12 um (Fig. 3.5a) and diameter equal to
the edge length of the KNNW square cross section (150 nm), it is found that k& ~ 0.0005,

which corresponds to an equivalent absorption coefficient of o =~ 60cm ™!,

We have demonstrated that the use of a tunable, 1020-1040 nm, continuous-wave NIR
trapping source with hydrothermally synthesized potassium niobate nanowires provides tun-
able second harmonic generation which can then be used to demonstrate cavity-enhanced
emission through Fabry-Pérot resonances. Additionally, the range of tunability of the non-
linear emission in the visible region can be extended by introducing a second, co-aligned

NIR laser source resulting in sum frequency generation. Given the potential for application
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Figure 3.6: Temperatures of trapped KNNWs (squares) and SiOs beads (circles) using a 975
nm laser diode (open) or 1064 nm DPSS laser (closed) measured using Brownian analysis of
forward-scattered laser light.

of these nonlinear materials in theranostic nanomedicine, the heat generated by nanoscale
particles in the intense fields necessary for nonlinear effects could have a significant impact.
Temperature measurement through analysis of particle Brownian motion shows an increase
from room temperature to ~60°C at an irradiance of approximately 10 MW /cm? which we
attribute to crystallographic defects evidenced in the contrast from bright field TEM and
SAED patterns. Future efforts could exploit the narrow linewidth and tunability of the vis-
ible SHG from individual KNNWs, for example, to selectively pump narrowband absorbers

like rare-earths or photosensitizers for photodynamic therapy.
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Chapter 4

RAMAN SPECTROSCOPY

Raman scattering from molecules and solids was predicted in 1923 by German, theoretical
physicist A. Smekal [99], and experimentally reported by C. V. Raman (quelle coincidence!)
and K. S. Krishnan in India in 1928 [100, 101]. Since then, Raman spectroscopy has become
a common laboratory technique for applications ranging from routine compound identifica-
tion to cutting edge research. It is often used in a complimentary manner to infrared (IR)
spectroscopy in that it provides the ability to probe molecular vibrations that would oth-
erwise be unobservable through IR techniques. The differences are a result of the distinct
selections rules, where direct vibrational transitions require a change in dipole moment, g,

with the vibration [102]. Mathematically, this is written as

oo = / U (@)t (Q)Q. (4.1)

where 1y and 14 are the ground and excited vibrational states, respectively, v is the eigen-
function of the vibrational quantum state, and () is the normal coordinate for the vibration.

For Raman scattering, the polarizability, o, must transform with the vibration, or

(Oluoon = / U (Q)ath, (Q)dQ. (4.2)

A vibration is considered IR-active if the integral in Eq. 4.1 is non-zero. It will be Raman-
active if Eq. 4.2 is non-zero. While the two methods are not mutually exclusive for a partic-
ular vibration, many normal vibrations are transparent to IR absorption due to its selection
rule. Additionally, solid-state materials, which have been the main focus of the group, can

be a challenge for IR sample preparations. Whereas Raman spectroscopy is amenable to
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studies of the solid phase and a system can be assembled with a single, high-quality laser,
a few optics, and a spectrometer. Our group was lucky enough to have had a functioning
spectrograph and liquid nitrogen-cooled CCD donated for our research. All that remained
was the laser and optics. And considering my interest in studying laser refrigeration of CdS
nanoribbons, we selected a 532 nm source with associated optics. Since its assembly, our
Raman setup has been extremely beneficial to each of the members of the group for a wide

variety of experiments.

4.1 Theory of Raman Spectroscopy

As implied previously, the origin of Raman spectra is the interaction of the incident electro-
magnetic field with vibrational (or rotational) quantum levels. If we consider the light wave

to have an electric field strength of £ and frequency v, this can be expressed
E = Eycos2nvt (4.3)

where Ej is the amplitude and ¢ is the time. If a molecule is illuminated by the EM wave, the
resulting dipole, P, is related to the electric field through the polarizability, «, and described
by

P = aF = aFjcos2mut. (4.4)

For a molecule vibrating with frequency v;, the nuclear displacement, ¢, can be written as
q = qo cos 2yt (4.5)

where ¢ is the vibrational amplitude. For small amplitudes of vibration, the polarizability

is a linear function of ¢, that is

O
a=aqy+ (8_(])0 q. (4.6)
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Figure 4.1: Diagrams representing the mechanisms in normal Raman (left) and resonance
Raman transitions.

Here, «q is polarizability of the unperturbed molecule and (g—f}‘) is the polarizability’s rate
0
of change with respect to nuclear displacement, taken at the equilibrium position. If the

preceding equations are combined, we can see that the following relations are produced

P = «aFycos2nvt (4.7)
0
= qpEycos2nvt + (a—a) qoEy cos 2wut cos 2t (4.8)
4/ 0
1 (O«
= apkFycos2nvt + AW qoEolcos(2m (v + v;)t) 4+ cos(2m(v — vy)t)].  (4.9)
4/

Looking at Eq. 4.9, the first term on the right-hand side represents the Rayleigh scattering,
the second term (v+;) represents the anti-Stokes scattering and the third (v —v;) represents
the Stokes scattering. These processes are represented schematically in the left panel of Fig.
4.1. The right panel represents resonance Raman in which the Raman scattering of a Raman-
active vibrational mode can be enhanced by the existance of electronic states near the virtual
state produced by the excitation laser. The inclusion of this diagram is particularly relevant

for the case of CdS under a 532 nm excitation. The energy of a photon from a 532 nm laser
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Figure 4.2: Raman scattering and anti-Stokes photoluminescence of a CdS nanoribbon
demonstrating the strong anti-Stokes Raman lines as a result of resonance with the CdS
bandgap.

(2.33 €V) lies just below the band gap of CdS (2.42 eV) such that the annihilation of lattice
phonons to produce anti-Stokes scattering will generate photons that are more resonant (i.e.
closer in energy) with the bandgap (Fig. 4.2).

Following the demonstration of singlet oxygen generation from SiNWs in a LT, it was
of interest to probe the existence of the 'O, species by using our Raman system to excite
carriers in a silicon substrate to sensitize the O, molecules and subsequently observe red-
shifted scattering unique from the ground state vibrational mode [103]. The experimental
setup consisted of a Si chip mounted in a Janis ST-500 cryostat, initially pumped down to
pressures below 10~7 mbar, and cooled to 76 K. Once the sample had reached 76 K, bursts
of oxygen were introduced into the cryostat with the aim of condensing the O, molecules on
the Si surface since the boiling point of oxygen is 90 K. The cycling of Oy flow was continued
until there was a detectable Oy Raman signal at the surface of the Si. Unfortunately, the goal
of exciting Oy molecules to the A state and observing their unique vibrational mode was not
accomplished, likely as a result of photothermally heating the substrate and re-evaporating
the adsorbed molecules. However, as a result of the measurement, we were able to observe

the O, @, and S branches from the rotational-vibrational Raman spectrum of unadsorbed
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Oy molecules (Fig. 4.3).
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Figure 4.3: Energy level diagram depicting the transitions between the ground and lowest vi-
brational quantum state and associated rotational states for a ground (3%) state O, molecule

and the experimentally observed rotational-vibrational Raman spectrum.

Selection rules for diatomic molecules state that for vibrational transitions

Av = +1 (4.10)
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and for rotational transitions

AJ =0, +2. (4.11)

Additionally, for molecules with a non-singlet electronic state there is coupling between the
rotational angular momentum of the molecule and the electronic spin [104]. The end result
for the case of the O3 3% ground electronic state is that the rotational levels J = 0,2,4, ...
do not exist. Looking at the experimental data, we can see rotational states in the S branch

as high as 17 and the data match earlier reports well [105].

4.2 High Pressure Phase Transitions of Silicon Nanowires

Silicon is the second most abundant element in the Earth’s crust [106] and the foundation of
the modern electronics industry. It is used for integrated circuits in information technology
and as an energy conversion material in photovoltaics. Unfortunately, one of the biggest
drawbacks for silicon’s use in solar energy conversion is its indirect band gap. Theoretical
(107, 108] and experimental [109-111] efforts are looking at the properties of exotic phases
of silicon and their potential as improved photovoltaic (PV) absorbers.

The phase diagram of silicon [112] reveals several polytypes at elevated pressures. At a
pressure of ~11 GPa, Si-I begins to transition to Si-II which has a body-centered tetrag-
onal crystal structure and metallic electronic structure [113]. As pressure increases past
approximately 15 GPa, Si-V begins to emerge with a primitive hexagonal phase [114-116].
But neither Si-II nor Si-V are stable at atmospheric pressure and, therefore, have not been
observed experimentally outside of high pressures. Si-IIT (body-centered cubic) and Si-IV
(diamond hexagonal), however, are stable at atmospheric pressure and have been syntheti-
sized [109, 117] as well as recovered from high-pressure phase transitions [118-120]. While
Si-ITT is a semimetal [118] and could have applications in electronics, Si-IV is a semiconductor
with a reported indirect band gap near 0.8-0.9 ¢V and direct transition at 1.5 eV [117]. The
direct transition for Si-IV makes it appealing for PV applications due to higher absorption

efficiency in the visible spectrum.
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Figure 4.4: Schematic of the diamond anvil cell (DAC) and components for Raman scattering
measurements. A holographic laser bandpass (HLB) filter is used to pass the 532 nm Raman
probe into a 50x objective which focused the beam into DAC. Nanowire Raman scattering and
ruby photoluminescence were collected with the same objective and sent to a spectrometer
or CCD for imaging. A 532 nm notch filter (NF) was used to eliminate strong Rayleigh
scattering.

Nano-structured silicon can also prove advantageous for light-absorbing materials. For
example, periodic dielectric structures, including photonic crystals (PC), are used to control
and confine the movement of photons in two or three dimensions[121, 122]. PCs of silicon
can be synthesized using finely controlled methods such as lithography [123] and glancing
angle deposition [124]. Recently, a 2-D silicon PC was shown to increase absorption effi-
ciency of photovoltaic cells by 31% when compared with a ¢-Si film with a distributed Bragg
reflector [125]. Additionally, theory has shown that morphology-dependent resonances can
enhance internal fields in silicon nanowires [52]. Experimental results have demonstrated
increased absorption in nanowire-patterned silicon as compared with planar silicon across
the visible and near-infrared regions of the electromagnetic spectrum [126]. Although Si-IV
nanowires with direct-gap transitions have been synthesized through chemical vapor deposi-
tion methods[117], we show here that Si-IV can be recovered in silicon nanowires previously
prepared through chemical etching after near-hydrostatic compression up to 17 GPa in a
diamond anvil cell (DAC). These results demonstrate the feasability of designing PCs with

cubic silicon and recovering exotic phases after pressurization while maintaining complex
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morphologies created through lithographic processing.

Silicon nanowires (SiNWs) were prepared through metal-assisted chemical etching (MACE)
[24]. A silicon wafer with <111> orientation, doped with boron to a resistivity of 11 Q cm,
was immersed in a solution of 1:1 volume ratio of 10 M HF:0.04 M AgNOj3 for 3 hours. The
etched wafer was then immersed in a 1:1 volume ratio solution of 30% (v/v) NH,;OH:28%
(v/v) HaOy which has been shown to remove any residual silver particles [83]. The resulting
nanowire array was sonicated to suspend the nanowires in deionized H5O. Pressure modula-
tion was achieved using a Boehler-Almax plate DAC and diamonds with 0.3 mm culets. A
tungsten probe was used to transfer nanowires dried from the suspension onto the diamond
anvil culet along with micrometer-scale ruby grains which were used to monitor the pressure
inside the cell [127]. A rhenium gasket was used as a spacer after it was dimpled to a thick-
ness of 50 ym and a hole with 150 pum diameter was drilled with an electrostatic-discharge
machine (Hylozoic Products, Seattle). The cell was then sealed and pressurized initially
using either a 4:1 volume ratio or methanol:ethanol mixture or cryogenically loaded argon as
a near-hydrostatic pressure transfer medium. By gradually tightening the cell, the diamond

culets were advanced closer to each other, thereby increasing pressure in the cell.

Raman scattering from individual SINWs at high pressures was observed by focusing
a 532 nm laser through a 50x objective into the DAC, as illustrated in Figure 4.4, to a
spot size of ~3 um and dispersing the back-scattered signal onto a liquid nitrogen-cooled
charge-coupled device (CCD) through a 0.5 m spectrograph with a 2400 1/mm holographic
grating and slit-width of 20 um giving a resolution of 0.3 cm~!. Raman shift values obtained

1

from spectra of SiNWs were calibrated to 1 em™" using Raman scattering spectra from

cyclohexane.

In situ Raman spectra from 12 individual SINWs at increasing pressures (Fig. 4.5) show

a quadratic dependence of the Si-I first-order longitudinal-transverse optical (LTO) phonon
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Figure 4.5: In-situ Raman scattering from 12 individual SINWs under compression in the
DAC shows the onset of the Si-I to Si-II phase transition near 9 GPa with a complete
transition to Si-II at 12.3 GPa. DFT simulations of the Si-I LTO mode agree well with
experimental results in the range of 0 to 4 GPa.
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Figure 4.6: Raman scattering of a SINW at (i) atmospheric pressure before compression, (ii)
1.4 GPa, (iii) 2.5 GPa, (iv) 6.4 GPa, (v) 9.1 GPa, (vi) 11.2 GPa, and (vii) after decompression
to atmospheric pressure, confirming a Si-IV phase.
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with a fit described by the equation

wr = 520.0+£0.44 em™' +(5.8840.17 cm ™' GPa ') P+(—0.18440.014 cm™' GPa™?) P2
(4.12)

The vibrational frequencies of atoms in a solid are dependent on the volume and can be

described by the mode Griineisen parameter

Olnw; 1 Ow;

;= — — 4.1
7 onV  xrw; OP (4.13)

where w; is the frequency of the ¢th mode, V is the crystal volume, and x is the isothermal
compressibility. Using a bulk value [128] for xr = 0.01012 GPa™!, the mode Griineisen
parameter is calculated to be 1.12; which is in agreement with other findings [129, 130].

Unique to these measurements is the existence of two modes simultaneously (Fig. 4.6) in
the pressure range of 9-12 GPa, which is likely due to the decrease in hydrostaticity of Ar, the
pressure medium used in this particular case, above 9 GPa [131]. Previous reports [112, 113,
115] have shown through X-ray measurements that both Si-I (diamond) and Si-II (tetragonal)
(Fig. 4.7) are stable at these pressures, however, Raman scattering from Si-II has, to the
author’s knowledge, not yet been observed. The two distinct modes have a separation of
approximately 10 cm™! which persists until 12.3 GPa when the signal from the Si-I mode
vanishes, suggesting the completion of the Si-I to Si-II phase transition. The continuity of
the new mode past the I-II phase transition and up to 14 GPa indicates that the origin of the
mode is indeed from the Si-II phase since it has been shown [114, 115] to be the stable phase
across the range of 12-14 GPa. The next increase in pressure resulted in a sudden jump to
17 GPa, at which point the Raman signal was no longer discernible. This loss of signal is
likely due to another phase transition, Si-IT to Si-V (primitive hexagonal), which is expected
near 15 GPa [113]. Upon decreasing the pressure from the maximum pressure achieved (17

GPa) to 10 GPa it was noted that Raman scattering could not be recovered from any of
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Figure 4.7: Crystal structures for the relevant phases of silicon: diamond cubic (Si-I), body-
centered tetragonal (Si-II), and diamond hexagonal (Si-IV).

the SINWs. Attempts were made to decrease pressure gradually below 10 GPa to probe for
additional phase changes, but further loosening of the DAC tension screws resulted in an
uncontrolled pressure release to 1 bar. However, once atmospheric pressure was restored and
the NWs could be probed directly, Raman signal from exotic phases was observed with the
dominant signal resulting from the Si-IV phase (Fig. 4.6) which has a diamond hexagonal
structure. Recovery of Si-IV in MACE-prepared SiNWs demonstrates the possibility of also
recovering Si-IV in exotic morphologies of Si produced through lithography [123] or other
methods.

We were also interested in evaluating the predictive capabilities of density functional
theory (DFT) for pressure-dependence of Raman shifts and high pressure phase transitions.
Simulations were performed with the Quantum Espresso software package [132] using a di-
amond cubic unit cell with 8 Si atoms and a lattice parameter of 5.43 A. A variable cell
relaxation and subsequent phonon calculation were performed across a range of pressures,
yielding theoretical Raman shifts for the LTO mode of Si-I. For the range of 0-4 GPa, the
numerically calculated value for Aw/AP was found to be 5.05 cm™!/GPa, which has a dif-
ference of less than 2% from the experimental result. However, as the simulated pressure was
increased past 4 GPa, the disagreement between theory and experiment became significant
and no phase change occurred in the simulation even up to pressures of 80 GPa. The results
of these simulations indicate the inaccuracy of DFT for high pressure phase transitions of

Si.
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Figure 4.8: (a) Bright-field transmission electron micrograph of a SINW recovered from DAC
experiments which ultimately reached a pressure of 17 GPa. (b) High resolution TEM of the
SINW shows that a crystalline structure was maintained upon decompression. (c¢) SAED of
the SINW demonstrates diffraction from multiple domains and the integrated ring pattern
can be indexed to a Si-IV phase.
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Figure 4.9: (a) Theoretical, normalized internal electric field for a SINW with a 483 nm
diameter illuminated with a 532 nm laser in solid argon. (b) Theoretical temperature profile
for the SINW under 25 kW /cm?.

After decompression, recovered SINWs were then transfered to a lacey carbon transmis-
sion electron microscopy (TEM) grid for further structural characterization. Bright-field
TEM images reveal multiple domains within a single nanowire (Fig. 4.8a). High-resolution
TEM (Fig. 4.8b) shows the crystallinity of one domain as an example while ring patterns
from select area electron diffraction (SAED) (Fig. 4.8¢) over the entire nanowire confirm the
existence of multiple phases within a single SINW where each of the strongest peaks can be
indexed to planes from the Si-IV wurtzite phase with unit cell parameters of @ = 3.8 A and
¢ = 6.27 A. Secondary peaks suggest domains of either Si-I or Si-III, but the intensities are
too weak for conclusive assignment.

Laser heating was reported by Khachadorian et al. [133] to have influenced Raman mea-
surements of SINWs. The results, however, did not show any change in Raman shift or
linewidth of the LTO Si mode for laser powers in the range of 1 to 40 mW. Moreover, all
Raman measurements conducted at higher pressures near phase transitions (> 8 GPa) were
done with a laser power of 5 mW or less. To make predictions of the SINW temperature due
to photothermal heating an analysis of laser heating of infinite cylinders [52] was performed
using the Python computer code (see Appendix A.5). The analysis was applied to predict the

temperature of a SINW in a matrix of 4:1 methanol:ethanol having a thermal conductivity
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of 2 W/m K [134]. This provides an upper bound on the temperature when considering the
NW is positioned in contact with one diamond anvil surface. As shown in Figure 4.9a, the
internal field has a maximum that is approximately 70% of the incident field’s magnitude
which corresponds to a temperature rise that is less than 13°C. Calculations for cylinders
in a solid matrix of argon where the thermal conductivity is 5x higher [135] than that of
the ethanol:methanol mixture predict a temperature rise of only 2°C. Therefore, pressure is
likely the primary mechanism behind the observed phase transition to Si-IV.

In conclusion, silicon is one of the most popular materials in PV devices even though
its indirect bandgap limits its conversion efficiency. Nanowires can be used to enhance
internal fields and optical absorption but conversion of Si-I to Si-IV with a direct transition
could also significantly increase efficiency in PV devices. Raman scattering from individual
SiNWs up to a pressure of 17 GPa indicates the onset of a pressure-induced phase change
from Si-I to Si-II near 9 GPa with complete transtition at 12.3 GPa and Si-II to Si-V
transition between 14 and 17 GPa. We have also recovered NWs at atmospheric pressure
which demonstrate polymorphic Si with Si-IV as the dominant phase as evidenced by Raman
scattering. Contrast seen in bright-field TEM images indicate multiple domains while high
resolution TEM and SAED confirm that these domains are poly-crystalline and exhibit a
Si-IV phase. Although the quantities of material obtained in these pressure-induced phase
transition experiments are insufficient for solar-cell applications on a large scale, it does
provide a method of studying their properties on a single particle level. It would also be of
interest to perform compression recovery experiments on 1-D PCs of silicon to learn how the
phase will influence the photonic properties of nanostructured Si materials (e.g. photonic

crystals) that cannot be synthesized via vapor-liquid-solid syntheses.
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Chapter 5
CADMIUM SULFIDE

5.1 Nonlinear heating of CdS nanoribbons

Heating and cooling of micro- and nano-scale particles photothermally can play a useful role
in various fields of research including biomedicine (e.g. photodynamic therapy for destroying
cancer cells), aerosol processes (e.g. atmospheric heating and cooling), optical data storage,
and optical trapping. Much work has focused on spherical particles [136, 137] and droplets
[138]. However, the novel properties of 1-D materials (i.e. nanowires) have recently gener-
ated a strong interest in wide range of fields [139], including lasers[140, 141], sensors [142],
and solar conversion [143]. Optical tweezers provide an ideal method for studying individ-
ual nanowires, but because of the large irradiances used for optical trapping with lasers,
significant heating occurs for many materials, and for highly absorbing materials superheat-
ing [26] or even boiling, as with carbon in water, of the solvent has been observed [144].
Since the fluid can also absorb at the laser wavelength the particle temperature depends on
internal photothermal heating as well as heat transfer between the fluid and the particle.
Consequently, there is need to predict the heating characteristics of such systems and the
effects of the system parameters on the particle temperature. Here, we explore the optical
trapping of CdS nanoribbons in D5O in a laser tweezer to determine the contributions of
fluid heating and photothermal particle heating to the particle temperature, where DoO was
selected rather than HoO due to its lower absorption at the wavelengths used for trapping
[145].

As a model material, CdS nanoribbons (CSNR) were synthesized using a chemical vapor
deposition (CVD) method. [146] High purity (99.995%, Sigma Aldrich) CdS powder was

placed in an alumina boat in a quartz tube with a 50 sccm flow of Ar with 5% Hs. The tube
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Figure 5.1: Characterization of synthesized CdS nanoribbons. (a) Scanning electron micro-
graph of as-synthesized CdS nanoribbons on a silicon wafer. (b) Low magnification trans-
mission electron micrograph of a single CdS nanoribbon and the catalytic gold particle at
the tip. (c) High-resolution transmission electron micrograph the same nanoribbon in (b)
demonstrating the crystalline structure of the core with an amorphous surface layer. (d)
Select-area electron diffraction of the nanoribbon in (b) and (c).

furnace temperature was set to 730°C' and held for 30 min. Gold nanorods were deposited
onto a <111> silicon wafer which was then placed downstream from the alumina boat in the
quartz tube. After cooling to room temperature, a dense array of nanoribbons can be seen
in scanning electron microscope (SEM) micrographs (Fig. 5.1a). Individual ribbons were
transferred to a lacey carbon transmission electron microscope (TEM) grid for structural
characterization. Brightfield (Fig. 5.1b) and high resolution (Fig. 5.1c) demonstrate high
crystallinity with neglible defects as evidenced by homogeneous diffraction contrast. Select
area electron diffraction (Fig. 5.1d) corroborates previous reports[146] of a wurtzite crystal

phase with a [1120] growth direction.

To obtain a suspension for optical trapping, the as-grown film of nanoribbons (Fig. 5.1a)

was sonicated in DyO for 5 minutes and diluted to an optimal concentration for trapping.
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Figure 5.2: Schematic of the optical trapping system. Two near infrared (975 and 1064
nm) laser sources were co-aligned and expanded to overfill the back aperture of a 100x
oil-immersion objective which was used to trap CSNRs in an aqueous suspension. The
forward-scattered laser light was passed onto a quadrant photodiode for analysis of the
particles’ Brownian dynamics. Particles were imaged with a white LED and color CCD.
Visible luminescence was characterized with a spectrometer. The zoom inset represents a
single trapped CSNR and the distances between the bottom and top coverslips as used in
the analytical theory.

A chamber was prepared by placing a drop of the CSNR suspension between a standard
microscope slide and a #1 coverslip using a SecureSeal imaging spacer (Grace Bio-Labs).
Trapping of individual CSNRs was accomplished using a custom system 5.2 where either a
1064 nm (SpectraPhysics) or 975 nm (Thorlabs) laser were expanded to overfill the back

aperture of a 100x oil-immersion objective (Nikon, NA=1.25).

The intense irradiances (> 5 MW /cm?) experienced in an optical trap are sufficient to
induce a nonlinear response from certain materials, including two-photon pumping of aqueous
dye solutions [83] and second harmonic generation (SHG) or sum frequency generation (SFG)
from non-centrosymmetric nanostructures [147]. CSNRs, as mentioned above, exhibit a

wurtzite structure which does not contain a center of symmetry. With a non-zero x?), CSNRs
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produce SHG signals when trapped at 1064 nm (Fig. 5.3a(i)) or, when trapped at 975 nm,
SHG and two-photon photoluminescence (TPL) (Fig. 5.3a(ii)). Integration of the CSNR TPL
(Fig. 5.3) demonstrates this nonlinearity within the irradiance range produced in the trap. It
is evident from the spectrum that the TPL visible emission is produced non-parametrically
when illuminated by the 975 nm laser and will, therefore, heat the CSNR through phonon
generation (non-radiative relaxation) after absorption of one visible or two near infrared
photons. The effect of the trapping wavelength relative to the particle temperature will
be further discussed below. Although we also observed that when the 1064 and 975 nm
lasers are co-aligned, the SFG signal is also observed in addition to the two SHG lines (Fig.
5.3a(iii)), the complications of modeling the temperature of a particle interacting with two
optical traps simultaneously precludes the extraction of temperatures in this case.

Temperatures of trapped CSNRs were found using the previously described method (see
Sec. 2.1. The Brownian dynamics of the trapped particle were analyzed by collecting the
forward-scattered laser light through a 50x objective (Mitutoyo) and then focusing onto a
quadrant photodiode (Thorlabs). The characteristic power spectrum of trapped CSNR, can
be fit to the functional form[23]

D

)

(5.1)

to determine the diffusion coefficient, D, and corner frequency, f.. Through the Einstein
relation D = kgT/vyng, the temperature, T, of the trapped particle can be found. The
Stokes drag for a nanoribbon, yyg, was approximated using the formula for a cylindrical

nanowire[25]
AnL

W= R+ os

(5.2)

where L and R are the length and radius of a nanowire, respectively, and n(7) is the
temperature-dependent viscosity of the solvent.
Temperatures for trapped CSNRs and silica microspheres as a function of irradiance are

presented in Fig. 5.4. There is no significant difference between the resulting average tem-
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Figure 5.3: Nonlinear effects of an optically trapped CdS nanoribbon. (a) (i) SHG from a
CdS nanoribbon trapped at 1064 nm. (ii) SHG and 2PPL from a CdS nanoribbon trapped
at 975 nm. (iii) Co-aligned lasers with wavelengths of 975 and 1064 nm are able to generate
second harmonics of both laser frequencies and the associated sum frequency in addition
to the 975-pumped TPL from the CdS exciton within a single nanoribbon. (b) Integration
of the TPL from a CdS nanoribbon trapped at 975 nm at increasing irradiance shows the
nonlinear emission.
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Figure 5.4: Average temperatures of 12 CdS NRs and 15 SiO, beads trapped with a 1064
nm laser in D,O and 16 CdS NRs trapped at 975 nm.

peratures of the CdS nanoribbons and SiO5 beads when trapped at 1064 nm. Consequently,
we conclude that electromagnetic energy absorption by fluid heating dominated the particle
heating since the SiOy beads do not absorb at the 1064 nm laser wavelength. However,
when CdS NRs are trapped at a wavelength of 975 nm, the measured temperatures show a
nonlinear increase compared to the linear trend exhibited by particles trapped at 1064 nm.
To understand the influence of internal heating of the nanoribbons due to laser heating, we

have developed a theoretical analysis of the photothermal heating process.

5.2 Rectangular Heating Theory Outline

Heating of a rectangular particle (rod, ribbon, or cube) due to electromagnetic radiation can

be described by the unsteady-state, three-dimensional energy equation, which is written as

., 0T (82T 0*T  O°T

plCIE =f1 {53 + 7 + 822) + S(x,y, 2, t). (5.3)

Here T is the particle temperature, z, y, z, and t are spatial and temporal coordinates and

P1, C’l, and k; are the density, heat capacity, and thermal conductivity, respectively, of the
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particle. To simplify the solution, the dimensionless variables and parameters are defined as

T—-T T z
@ = ) 5 =7, nN= E? C = 7
T l ly l, 54
Klt lm lx ( ' )
T = ) =, b=+,
plC’ll% ly lz
and the dimensionless heat source is
. 2S(x,y, 2,1
S (é’ n, Ca T) = ¥7 (55)
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where the temperature of the surrounding fluid far from the particle surface is T, and [,
l,, and [, are the dimensions of the particle, as shown in Fig. 5.6. With these substitutions,
the dimensionless heat equation is now

00 %0 00  ,0%0 .
5~ am g TV tSEn G, (5.6)

The source term S(z, vy, z,t) depends on the intensity, polarization, and optical and electronic

properties of the incident illumination, and is related to the internal electric field by

_ 21Re[ N Im[V ]

5 /\inc:uc

E-E*, (5.7)

where N is the complex refractive index of the particle, p is its magnetic permeability, \;,.
is the wavelength of the incident irradiation, c is the speed of light in a vacuum, and E and

E* are the internal electric vector and its complex conjugate, respectively.

For the special cases of cylindrical rods and spheres, Mie theory can be applied to deter-
mine the source function, but for other geometries numerical methods are needed. Using a
representative geometry as observed using atomic force microscopy (AFM) (Fig. 5.6a & b)
a CSNR was modeled (Fig. 5.6¢) using software involving the discrete dipole approximation
(DDA) [148]. In the DDA numerical method, a particle is taken as finite number, N, of

individual dipoles (Fig. 5.5). As N increases the resolution and accuracy of the simulation
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Figure 5.5: Representation of a rectangular nanowire discretized into an array of individual
dipoles for numerical calculations of internal fields using the discrete dipole approximation.

may improve, but, obviously, this will come at a computational cost. The induced dipole,
P;, at each point ¢ is related to the electric field at the same point, E; and its respective

polarizability, a;, through the relation
where the polarizability is related to the dielectric constant, €; of the material. Although

the Clausius-Mossotti polarizability was initially proposed by Purcell and Pennypacker [149]

' Am ¢, + 27

(5.9)

where d is the spacing between dipoles, it is generally agreed upon that there needs to be some
correction to account for radiative reactions [148]. A specific implementation of the DDA

method will often provide multiple definitions for the dipole polarizability, depending on the
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user’s preference. The electric field felt at each dipole is then the combined result of the
incident field and the field induced by every other dipole in the geometry. Mathematically,

this is written as

E; =Ein.— Y A;P;. (5.10)
JFi

The complex matrix A;; is often referred to as the interaction matrix and written as

B exp(ikri;)

Aij _ ikrij —1

[kz(ﬂj@j —13) + T—z(BrAijfij —13)|, i # J, (5.11)

Tjk i

where k = w/c, r;; = |r; —rj|, 74 = (r; — r;)/rij, and 13 is the 3 x 3 identity matrix. The

computational problem is reduced down to set of linear equations
N
Z AP, =E;n (5.12)
j=1

which are then solved for iteratively to obtain the polarizations of each dipole. This can then

be used to calculate the field at each dipole according to Eq. 5.8.

An example of the normalized heat source (E - E*/EZ2 ) for a CdS nanoribbon under 975
nm illumination is presented in Figure 5.6d & e. As the dimensions decrease the internal
field becomes more uniform, while for larger sizes the three-dimensional internal field has a

rich structure of peaks and valleys, as shown by Roder et al. [52] for cylindrical nanowires.

For small single particles trapped in a laser tweezer, Brownian motion leads to convec-
tive heat transfer between the particle surface and the surrounding fluid which affects the
boundary conditions associated with the energy equation. There is considerable uncertainty
about convective heat transfer between a nanoparticle and the surrounding fluid, as discussed
below, but we can model the transport process by introducing appropriate heat transfer co-
efficients for the surfaces normal to the x and y directions. For the z direction the boundary

conditions at the upper and lower surfaces depend on the configuration of the particle.

For a long rod (ribbon) suspended in an optical trap we assume that heat conduction
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between the upper and lower surfaces is by conduction between the particle surface and the
bounding surfaces of the laser trap chamber. Consequently, the non-dimensional boundary

conditions become

dx dX .

dY ay .

d—n(O) =0, d_n(l) = —Bi, Y (1),
dZ | (5.13)
d—C(O) - Blz,OZ<O)7
dz

where the Biot numbers for the  and y directions are related to the appropriate heat transfer

coefficients, h, and h,, and are defined by

hols ) h,l
Bi, = , Bi, =24
K1 K1
. liflz . . liflz (514)
lz,O - ) lz,l - )
R1tz0 /illz,l

in which sy is the thermal conductivity of the fluid, [, o is the distance between the bottom
of the particle and the lower plate of an optical trap, [, is the distance between the top of
the particle and upper plate of the trap as indicated in Fig. 5.2. It is convenient to define
the parameters Bi,( and Bi,; as “equivalent” Biot numbers although they are based on

conduction in the fluid rather than convection.

There is some uncertainty about heat transfer coefficients for nanorods and nanoribbons.
Cheng et al.[150] reported heat transfer data for long cantilevered VO, nanorods having
rectangular cross sections, and they presented their heat transfer results for low pressures of
air as h versus a characteristic dimension L., where L. is defined in terms of the volume of

the rod, V,.q, and the surface area of the rod, A,.q, as follows

4‘/;’00!

L. =
Arod

. (5.15)

In this case the heat transfer coefficient is usually presented in the form of the Nusselt number
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Figure 5.6: (a) Atomic force microscopy (AFM) image of a representative CSNR. (b) Line
profile of the CSNR in the AFM image in panel (a). (c) Schematic of a 1D rectangular struc-
ture oriented with its long axis parallel to the direction of propagation of an electromagnetic
wave as experienced in an optical trap. (d) Cross sectional profiles of the normalized elec-
tric field internal to the CSNR under 975 nm illumination with the (e) average axial field.
(f) Cross sectional profiles of the theoretical temperatures under 975 nm illumination at 25
MW /em? with the (g) axial average.
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defined by
hL,

Ky

(5.16)

Park et al. [151] reported heat transfer coefficients for nanorrods shaped like long capsules,
that is, cylindrical rods with hemisperical ends. Their results for gold nanorods in methanol,
ethanol, toluene, and hexane yield Nu = 1.82, 1.91, 2.00, and 2.10, respectively. Similar
experiments by Ekici et al. [152] for gold nanorods in water yield Nu = 2.18 based on
their assumed heat transfer coefficient, which was a value reported by Plech et al. [136]

Consequently, we have used Nu = 2.00 in our calculations for nanoribbons.

The steady-state solution of the governing equations, obtained by classical methods in

terms of a series of orthogonal functions, can be written as

O(&1.0) = A Xi(&)Yin(0) Zu(C)- (5.17)

Imn

Here, the orthonormal eigenfunctions are defined by

_cos(Bf)
Xl(g) - HXZH 9
Yin(n) = % (5.18)
cos (6,¢) 4+ 22sin (6,,¢)
Zn = m 5
‘ Zl
where the norms are defined by
1
W= [ W )P, (519

0

in which W =X, Y, or Z, and w=¢, n, or (.
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Table 5.1: Eigenvalues for a CSNR with dimensions of 100 x 200 x 4000 nm.

l7 m,n Bl Tm 5n

1 0.1048 0.1480 0.0398
2 3.1451 3.1486 3.1421
3 6.2849 6.2867 6.2834
4 9.4259 9.4271 9.4249

The coefficients A;,,, are given by

1 1 1
1 / !/ ! / /
A== [ [ [ €A OXYul) 2o ot (520)
0 0 O

where the primes indicate dummy variables of integration, and «y,,,, is
A = B} + @®, + 0°6, (5.21)

The eigenvalues satisfy transcendental equations given by

Bi Bi
x? tan /ym - y’
5l ( ) Tm
—Biy + 0,Bi;
tan(s,) = ——o T On2l
an(0n) = 5 B+ o2

tan(f;) =
(5.22)

Simulations using a representative NR geometry (Fig. 5.6a - ¢) and a wavelength of 1064
nm with the outlined theory predict temperature changes <20 mK for irradiances typical for
optical trapping experiments. These results provide support to the experimental outcome
where heating of CSNRs in an optical trap at 1064 nm is due solely to solvent absorption,
identical to SiO4 spheres. Should the reader be interested in their own calculations using the

analysis given above, I have provided the first 4 eigenvalues for comparison in Table 5.1.

As pointed out earlier, however, trapping at 975 nm shows a significant increase in mea-

sured temperatures due to nonlinear absorption. To account for this increased heating in
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the simulations, the imaginary index of refraction for CdS was increased until results were
consistent with measured temperatures (Fig. 5.6g) relative to the background solvent ab-
sorption. The results of 975 nm simulations can be seen in Fig. 5.6d-g. The internal electric
field varies significantly in the axial direction and relatively little transversely (Fig. 5.6d), but
the corresponding temperature cross-sections (Fig. 5.6f) are uniform in the zy-plane. Along
the z-axis, the ribbon acts as an antenna where the internal field (Fig. 5.6e) increases in the
direction of propagation and so, consequently, the average axial temperature is also found to
increase from the bottom to the top of the ribbon (Fig. 5.6g). Given that the 975 nm laser
used for trapping these experiments is an unpolarized source, calculations were done using
orthogonal polarizations and the average of the two outcomes was found to yield a refractive
index N = 2.3456 — ¢0.0001. Essentially, this value is an effective imaginary index for CdS
at 975 nm and could be used to account for nonlinear absorption in situations with large

electromagnetic fields.

With these experiments, I have successfully synthesized cadmium sulfide nanoribbons
and demonstrated that there is no measurable heating beyond solvent absorption for an
optically trapped CSNR in a 1064 nm laser tweezer. The analysis of heating of a rectan-
gular structure in an electromagnetic field gives temperatures rises less than 20 mK, which
supports the experimental results. However, when CSNRs are trapped at a wavelength of
975 nm, a nonlinear heating trend is observed which is explained through the two-photon
absorption above the band gap, followed first by a non-radiative relaxation to the band
edge and final radiative recombination, supported by visible emission spectra from trapped
NRs. The CVD synthesis used to produce CSNRs limits the cross-sectional dimensions but
future efforts could explore methods for increasing and controlling these dimensions to gen-
erate morphology dependent resonances[52] which can lead to increased internal fields and,

consequently, increased temperatures.
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Figure 5.7: Schematic of the initially proposed experiment of cooling an optically trapped
CSNR by irradiating with a counter-propagating 532 nm beam.

5.3 Challenges with Laser Cooling of Optically Trapped CdS Nanoribbons

Similar to our experiments demonstrating the laser refrigeration of optically trapped 10%
Ybs,-doped YLiF, crystals, as discussed in section 1.2, the initial goal was to experimentally
demonstrate cooling of CSNRs trapped with a 1064 nm laser by co-aligning a 532 nm laser
(Fig. 5.7. However, these experiments were never able to produce any detectable anti-Stokes
photoluminescence. It had been suggested that interaction of the CSNR surface and solvent
molecules can occur thereby introducing surface trap states [153-155] which can affect the
luminescence spectral profile and quantum yields. To test the potential of surface effects
in aqueous suspension, CSNRs were deposited on a SiOs window for use in a perfusion
chamber. After identifying a CSNR with ideal PL characteristics (i.e. strong anti-Stokes
band with no defect emission), a spectral profile was acquired under a 532 nm excitation
at 1 mW. Next, de-ionized HyO was perfused into the chamber and the CSNR was excited
under the same conditions. A comparison of relative intensities can be seen in Figure 5.8.

Integration of the emission profiles for each environment shows that ratio of efficiencies gives
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Figure 5.8: Relative emission intensities for a CSNR in air and water, demonstrating a large
drop in quantum efficiency.

Ni,0/Mair = 0.025. As it will be discussed in the following section, a material’s ability to

cool under laser irradiation is dependent on its quantum efficiency.

5.4 Entropy of Light

As pointed out in Sec. 1.2, a main focus of the Pauzauskie researh group has been the study
of nanomaterials for laser refrigeration. A material’s propensity for laser cooling, simply put,
is determined by its ability to produce anti-Stokes luminescence. However, merely generating
anti-Stokes photoluminescence is not sufficient for refrigeration. One method for evaluating
a materials suitability for cooling is through an analysis of the entropy for both the incident
and emitted light, as initially proposed by Landau [3]. To make a direct comparison between
the light sources, Ruan et al. [4] have shown that the entropy flow rate, S, per unit power,

P, under a narrow-band approximation can be used, which is expressed as

S kg (14+n)n(l+n) — alnn
2 5.23
P hwy n ’ ( )
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Figure 5.9: Emission profiles for the 532 nm SLM laser used to excite a CdS nanoribbon and
the corresponding anti-Stokes emission profile.

where kp and h are the Boltzmann and Planck’s constants, respectively, wy is the central

frequency, and 7 is the average distribution function given by

P 43 c?
AAwTsin?6 hwd

(5.24)

n =

Here, P is the power, A is the emission area, Aw is the spectral bandwidth, ¢ is the emission

divergence angle, and c is the speed of light.

For the CdS nanoribbons synthesized in our lab, a typical emission profile is given in Fig.
5.9. Using parameters extracted from these profiles, values for S /P for the respective light

sources were calculated and are listed in Table 5.4
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CdS Bandgap Emission SLM Laser

Beam power, P (W) 0.001 0.001
Central wavelength, Ao (nm) 507.5 532.1
Wavelength bandwidth, A\ (nm) 14.3 0.018
Central frequency, wy (rad/s) 3.712 * 101 3.540 * 101
Frequency bandwidth, Aw (rad/s) 1.046 * 10 1.120 * 101
Surface area, A (m?) 3.926 * 1071 9.079 * 1078
Beam divergence, ¢ (rad) /2 0.002
Average distribution function, n 0.1602 17440
Entropy flow rate per unit power, S/P (K1) 1.026 * 10~* 2.283 * 1078

The results of entropy calculations for the two different types of luminescence demon-
strates that the process does not violate the second law of thermodynamics. Further, it is
possible to estimate the cooling efficiency limit from these values. Consider the first law of

thermodynamics relative to a system of laser refrigeration
Pout = Pzn + Qc (525)

where P,,; and P, refer to the emitted and incident light, respectively, and (). is the cooling
load. Next, the second law can be expressed by relating the entropy flow rates for the

absorbed irradiation, Si,, output emission, Syy:, and thermal load, S.:
Sout > Sin + S (5.26)

This can also be written as

S S Q.
= >p | = e .
Pout<P> t_Pm<P> +T (527)
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Figure 5.10: Evaluation of the Carnot efficiency limit and necessary quantum efficiency to
achieve laser refrigeration for a CSNR under 532 nm irradiation.

Using the customary definition for refrigeration efficiency [4]

Q.

5.28
P@' ) ( )

n

we can determine the Carnot limit (7¢) by combining equations 5.25, 5.27, and 5.28 to obtain

o = [(S/P>out '_ (S/P)m]T (529)
I- (S/P>outT

An examination of Eq. 5.29 reveals that efficiency limits can be improved by maximizing
(S/P)ou: and minimizing (S/P);,. For a CdS nanoribbon at 300K under 532 nm excitation,

an efficiency limit of ~3% is predicted.

In addition to the theoretical efficiency limit which assumes a luminescence quantum
efficiency (n,) of 1, it is possible to estimate the threshold 7, at which cooling will occur.
If an excitation can result in either an emitted photon or internal heat generation (@) by

non-radiative relaxation, we can express 7, as

P out

- 5.30
Pout + Qh ( )

Mg =
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Energy balance of the system now requires
Pout + Qh = Pin + Qc- (531)

The net cooling power is the difference between the competitive cooling and heating, or

Q = Qc— Qn = Pinlnc — (1 +nc)(1 = 1g)/nq], (5.32)

and the cooling efficiency is

_Q
"R

=nc — (L +nc)(1 —ng) /- (5.33)

To get the necessary 7, to achieve cooling as a function of temperature, n = 0 and we get

g = (1+n0/(1+n10))"" (5.34)

Evaluation of equations 5.29 and 5.34 as a function of temperature are plotted in Figure
5.10. Analysis of the necessary quantum efficiency to achieve cooling demonstrates that
although the absolute quantum efficiency of the as-synthesized CSNRs is unknown, even if
it were unity the 2.5% achieved after placing the ribbon in H,O is well below the 7, cooling
threshold.

5.5 Temperature-dependent resonances of CdS Cantilevers

After evaluating the challenge of cooling an optically trapped CSNR due to its decreased

1, in aqueous solvents, I proposed to evaluate temperatures of laser-irradiated CSNRs that

had been freely suspended from the edge of a silicon wafer by monitoring their resonant

frequencies. The movement of a cantilever can be described by the Euler-Bernoulli equation
My 0%y



74

where F is the Young’s modulus, I is the second moment of inertia, p is the density, and A is
the cross-sectional area. Equation 5.35 can be solved [156] to give the resonance frequency,

fn of each bending mode for a cantilever of length L and thickness h
o= Do b JE (5.36)
" 4\/§7T L2\ p .

1 + cosf,coshf3, = 0. (5.37)

where (3, are the solutions of

From Eq. 5.36 it can be seen that the frequency is dependent on three variables, specifically
the geometry, the material density and Young’s modulus. Although each of these parameters
will presumably have some temperature dependence, it has been shown [157] for cantilevers
comprised of a single material that the dominating factor is the temperature dependence of
the Young’s modulus. It was the goal of these experiments to utilize this thermal dependence

to calibrate and monitor temperatures of CdS cantilevers.

To prepare cantilevers, CdS nanoribbons were first synthesized as described in Section
5.1 producing a dense film of randomly oriented, 1-dimensional structures (Fig. 5.11a). X-
ray diffraction (Fig. 5.11b) of the film confirms a wurtzite crystal stucture [146]. Mechanical
exfoliation of the film onto a silicon wafer provided isolated nanoribbons which could then be
transferred to another silicon chip in a cantilever geometry using an electronically controlled

tungsten probe.

After the preparation of CdS cantilevers on Si, the chip was placed into a Janis ST-500
cryostat which was then evacuated to a pressure < 107 mbar. A custom Raman spectroscopy
system (Fig. 5.12) was used to probe the resonances of individual cantilevers. A 532 nm
SLM laser (Coherent Compass 315M) was spectrally cleaned by passing the beam through
a holographic laser bandpass (Kaiser Optical) and then focused onto the cantilever using a
long working distance 50x objective (Mitutoyo). The transmitted beam was focused onto

an avalanche photodiode (Thorlabs APD430A2). The time-dependent voltage signal was
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Figure 5.11: Characterization of CdS nanoribbons. (a) Scanning electron micrograph of as-
synthesized nanoribbons. Scalebar = 4 pm. (b) X-ray diffraction of as-synthesized nanorib-
bons matching a wurtzite crystal structure.

monitored and analyzed using custom written code using LabView software (see Appendix
A.4). Photoluminescence spectra of individual nanoribbons were obtained by collecting
emission through the 50x objective, filtering the pump signal with a notch filter (Kaiser
Optical, SuperNotch Plus) and focusing into a spectrometer (Acton, SpectraPro 500i) with

a liquid nitrogen-cooled detector (Princeton Instruments).

Like any other method, to accurately measure the temperature of a cantilever (Fig.
reffig:cala) through the measurement of its resonant frequency it is necessary to first calibrate
the frequencies across the entire temperature range of interest. Calibration was performed
at 20 K intervals between 240 and 320 K with a laser power of 50 W at 532 nm. Because
each cantilever’s geometry is different, its respective resonant frequencies will be different,
according to Eq. 5.36. But normalization of the frequencies to the resonance at 240 K
(f(T)/f(240K)) can provide information on the Young’s modulus temperature coefficient for
cadmium sulfide. A plot of 23 separate resonances found from 13 individual CdS cantilevers

(Fig. 5.13b) gives a slope of -149 ppm/K, which matches previous reports [158].

Once each cantilever’s resonances had been calibrated, the cryostat was set to a temper-
ature of 280 K and the laser power was increased and resonances were recorded at powers

of 160, 320 and 480 pW. An example cantilever is shown in Fig. 5.14a. The anti-Stokes’s
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Figure 5.12: Schematic of the experimental setup used to detect resonances of cantilevers
where the 532 nm excitation source was passed through holographic laser bandpass (HLB)
cube into a 50x objective and focused onto the tip of a cantilever. Focusing lenses (FL) were
used to direct the transmitted beam onto an avalanche photodiode (APD) for resonance
measurements and to collect photoluminescence for spectral analysis using a spectrometer
with a [.-Na-cooled detector. Intense scattering from the 532 nm source was attenuated using
a notch filter (NF).
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Figure 5.13: (a) SEM image of a CdS nanoribbon suspended off the edge of a Si wafer.
Scalebar = 5 um. (b) Plot of 23 normalized resonances obtained from 13 individual CdS
cantilevers as a function of temperature and a linear fit with a slope of -149 ppm/K.
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photoluminescence at increasing powers is shown in Fig. 5.14b, demonstrating the existence
of the mechanism necessary for cooling. However, as discussed in Sec. 5.4, what it is not
known is the quantum efficiency, which should be in excess of 97% at a temperature of 280
K to achieve refrigeration. The frequency at increasing powers for the cantilever in Fig.
5.14a are shown in Fig. 5.14c. Seeing as the temperature coefficient for the modulus has a
negative value (Fig. 5.13b), it is clear that the nanoribbon is heating as the laser power is
increased. In fact, a subsequent increase in power to 1000 W resulted in ablation of the
wire tip as indicated by the green circle in Fig. 5.14a. The heating results observed seem to
contradict the reports of Zhang et al. [6], especially where they report cooling at powers as
high as 12 mW and cantilevers in these experiments undergo degradation (presumably due
to intense heating) at powers that are approximately an order of magnitude smaller. The
average temperature found at the powers evaluated show a consistent heating trend amongst

each of the cantilevers (Fig. 5.14d).
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Figure 5.14: (a) SEM image of a CSNR cantilever. Dotted green circle indicates the profile
of the beam location when the CSNR was ablated at a power or 1000 4W. Scalebar = 2 pm.
(b) Anti-Stokes photoluminescence under increasing powers of the CSNR in panel (a). (c)
Measured resonant frequencies of the CSNR cantilever in panel (a) as a function of 532 nm
laser power, indicating a rise in temperature as power is increased. (d) Average calculated
temperatures of 12 resonances from multiple cantilevers, demonstrating an overall heating
trend as the 532 nm power is increased.
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Chapter 6

CONCLUSION

As part of a young research group, there are many opportunities to explore a wide variety
of research topics before the group eventually settles on a more defined track of experiments.
This is evidenced in the many different projects that I have been able to either contribute
or lead over the past 5 years. In chapter 1, I introduced the laser tweezer system, the
main tool of our group, and how it was developed to extract temperatures from trapped
particles, eventually leading to the collaborative effort to demonstrate laser refrigeration of
10%Yb3*T:YLF microcrystals by 15 K from ambient temperatures. My proposed thesis was
intended to follow these experiments with cooling of optically trapped CdS nanoribbons,

although I later realized the entropic challenges with the experimental design.

In chapter 2, I detailed the methods for extracting temperatures from a laser tweezer
and showed how these measurements were applied to intrinsic and ion-implanted silicon
nanowires, ultimately demonstrating the ability to superheat the local water environment.
These experiments eventually led me to explore the photochemical effects of SINWs in an
optical trap. Using a commercial dye and two-photon pumping from the trapping source, I
was able to verify that both silicon nanowires and gold nanorods are able to sensitize singlet
oxygen in aqueous solutions. The implication of potential photo-induced chemistry in an

optical tweezer is valuable information for the trapping community:.

Chapter 3 gives the details of nonlinear optical studies in a LT, building on my laser spec-
troscopy and nonlinear optics interests vis-a-vis the 'Oy dye fluorescence experiments. Here,
I found that by trapping a KNbO3 nanowire with a NIR source, the second harmonic signal
could be enhanced through Fabry-Pérot resonances within the optical cavity (i.e. nanowire).

By co-aligning multiple sources, tunable sum frequency generation was demonstrated. The
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trapped wires were also found to heat beyond solvent background absorption, which is likely
due to lattice defects incurred during the hydrothermal synthesis.

Part of the necessary infrastructure to reproduce laser cooling of CdS nanoribbons was a
532 nm laser source. Chapter 4 discusses the Raman system that I designed and assembled for
general use by lab members and for use in the semiconductor laser refrigeration experiments.
The system has been utile for the group and I have been able to use it for several separate
projects. Rotational-vibrational modes of gaseous Oy molecules were observed. High pressure
phases changes of SiNWs were probed with Raman spectroscopy and through the use of a
diamond anvil cell.

After building the necessary infrastructure and knowledge-base, I proceeded with ex-
periments to reproduce previous reports of semiconductor cooling. The first experiments
demonstrated the nonlinear heating of trapped CSNRs and estimation of nonlinear absorp-
tion coefficients through an analytical solution to the heat equation. I quickly realized,
however, that it was improbable that trapped CSNRs would demonstrate any cooling due
to the extremely low quantum yield when suspended in HyO. The experiments were then
adjust to look at resonant frequencies of cantilevered CSNRs in a vacuum. The temperature-
dependent Young’s modulus could be employed to first calibrate a cantilever’s resonance as
a function of temperature and then determine temperatures as laser power increased. The
results of the experiments indicate an overall heating trend with cases where the heating
progressed to the point of ablating the CSNR at the focal point of the beam.

Given these results, the claims of cooling remain unverified. I am skeptical of the reports
since the influence of high carrier concentrations within the semiconductor can complicate the
luminescence and potentially corrupt temperature estimations. However, entropy requires
quantum yields of these materials to be near unity at temperatures around 300 K and our
lab is not currently equipped to make these measurements. Future efforts could benefit from
pursuing evaluations of CSNR quantum yields. But it is clear that simpler, mechanistic
studies on the material are needed to better understand whether or not the Varshni shift

may have been misinterpreted.
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Appendix A
CODES

A.1 Matlab: Er*t Spectroscopic Analysis

% Script to integrate the specified areas (2) from the

% Princeton 500i SpectraPro spectrum SPE files assuming multiple trials
%

% Author: Bennett Smith, University of Washington, Pauzauskie Group

% Created: 12 Mar 2014

% Updated: 12 Mar 2014

clear

close all;

9% Variables
filenameA="Er2Yb10YLF _br_’; % First portion of repetitive filename

filenameB=".SPE’; % Second portion of repetitive filename
trialCount =1; % Starting trial

maxTrial=700; % Maximum trial

trialStep=1; % Trial Increment

WSS TTTTTTTTTTTTITSo

startwll =516; % 516(New ErYbYLF), 460(YbYLF), 560(Rhodamine)
endwll=532; % 532(New ErYbYLF), 475(YbYLF), 600(Rhodamine)
startwl2=539; % 539(New ErYbYLF), 475(YbYLF), 660(Rhodamine)
endwl2=562; % 562(New ErYbYLF), 490(YbYLF), 700(Rhodamine)

VIS TTTITISSSTTTTII o

basestartwl=580; % Baseline start wavelength (580 ErYbYLF)
baseendwl=590; % Baseline end wavelength (600 ErYbYLF)
plotstartwl=500; % Plot start wavelength (500 ErYbYLF)




plotendwl=600; % Plot end wavelength (600 ErYbYLF)
beamWaist=1.1%10"—4; % Beam waist in cm (1.1 um for laser tweezer)

beamArea=pi* (beamWaist /2) " 2;

%% Background File
bgchk=input (’Subtract a background from separate file? (y/n): 7, ’s’);
if bgchk = 'y’

[bgfilename ,bgpathname,” |=uigetfile ();

bgfile=strcat (bgpathname, bgfilename) ;

fid=fopen (bgfile , 'r’);

% Polynomial degree
errchk=fseek (fid ,3101, "bof’);
polydeg=fread (fid ,1, char’);
if errchk = -1
error (’Unable to extract polynomial degree for wavelength calibration
)

end

% Polynomial coefficients
errchk=fseek (fid ,3263, "bof’);
polycoeff=fread (fid ,6 , double’);
if errchk = -1
error ('Unable to extract polynomial coefficients for wavelength
calibration ) ;

end

% Generate wavelength vector

polycoeff=polycoeff (1:polydeg+1); % Remove all but non—zero elements
polycoeff=flipud (polycoeff); % Flips vector to decreasing polynomial
coefficients

px1=(1:1:1340) ’;

wavelength=polyval (polycoeff  pxl);
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% Get Data type
errchk=fseek (fid ,108, bof’);
dataType=fread (fid ,1, uintl6’);
if errchk = -1
error ('Unable to determine data
end
if dataType = 0
type='single ’;
elseif dataType = 1
type="int32 7,
elseif dataType =— 2
type="int1l6 ’;
elseif dataType =— 3
type="uint16 ’;
else
error ('Error’);

end

% Get CCD data
errchk=fseek (fid ,4100, "bof’);
data=fread (fid ,1340,type);

% Combine into single matrix
bgMtrx=[wavelength , data | ;
else
bgMtrx=0;
end

fclose all;

9% Spectra Import
% Ask for baseline subtraction

if bgchk = ’'n’

type’);




basechk=input (’Subtract the baseline? (y/n): 7, ’s’);
else

basechk="n";
end
figure (1)

axes ('FontSize’ ;16.0, FontWeight ', bold ") ;
pathname=pwd; % Get current folder path
finalArrayCnt=1; % Increment for matrix building
maxEm1=0; % Maximum from region 1
maxEm2=0; % Maximum from region 2
while trialCount <= maxTrial;

filename = [filenameA ...

num?2str (trialCount) filenameB];

if exist(filename)
% Import the file
file=strcat (pathname,’/’  filename) ;

fid=fopen (file ,’'r’);

% Polynomial degree
errchk=fseek (fid ,3101, "bof’);
polydeg=fread (fid ,1, char’);
if errchk = —1
error ( 'Unable to extract polynomial degree for wavelength
calibration ) ;

end

% Polynomial coefficients
errchk=fseek (fid ,3263, bof’);
polycoeff=fread (fid ,6, double’);
if errchk = —1
error ('Unable to extract polynomial coefficients for wavelength

calibration ’);
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end

% Get Data type
errchk=fseek (fid ,108, bof’);
dataType=fread (fid ,1, "uintl16’);
if errchk = -1
error ('Unable to determine data type’);
end
if dataType = 0
type=’single ’;
elseif dataType = 1
type="int327;
elseif dataType = 2
type="int1l6 ’;
elseif dataType = 3
type="uint16 ’;
else
error ('Error’);

end

% Get CCD data
errchk=fseek (fid ,4100, "bof’);
data=fread (fid ,1340,type);
if errchk = —1
error ('Unable to extract CCD data’);

end

% Generate wavelength vector

polycoeff=polycoeff (1:polydeg+1); % Remove all but non—zero elements

polycoeff=flipud (polycoeff); % Flips vector to decreasing polynomial
coefficients

pxl=(1:1:1340) ’;

wavelength=polyval (polycoeff  pxl);
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% Combine into single matrix
dataMtrx=[wavelength , data | ;
Ndatapts=length (dataMtrx) ;

% Get baseline average (only if background is not subtracted)
if basechk = 'y’
step=1;
for i=1:Ndatapts
if dataMtrx(i,1) >= basestartwl && dataMtrx(i,1) <= baseendwl
BLArray (step ,1)=dataMtrx(i,2) ;
step=step+1;
end
end
aveBL=mean (BLArray) ;
else
aveBL=0;

end

% Subtract background/baseline (if selected)
corrDataMtrx (:,1)=dataMtrx (:,1);
if bgchk = 'y’

corrDataMtrx (:,2)=dataMtrx (:,2)—bgMtrx (:,2);
elseif basechk = ’y’

corrDataMtrx (:,2)=dataMtrx (:,2)—aveBL;
else

corrDataMtrx (:,2)=dataMtrx (:,2) ;

end

% Code to remove cosmic rays
erp=5; % Set percentage error limit
err=erp /100;

for i=1:Ndatapts % This loop removes hot regions one pixel wide
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if i>1
&& i<Ndatapts
&& corrDataMtrx (i,2)>(1+err)*corrDataMtrx(i+1,2)
&& corrDataMtrx (i,2)>(1+err)*corrDataMtrx (i —1,2)
corrDataMtrx (i,2)=(corrDataMtrx (i —1,2) ...
+corrDataMtrx (i+1,2)) /2;

end

end
for i=1:Ndatapts % This loop removes hot regions up to 3 pixels wide
if i>2
&& i<Ndatapts—1
&& corrDataMtrx (i,2)>(1+err)xcorrDataMtrx (i+2,2)
&& corrDataMtrx (i,2)>(1+err)*corrDataMtrx (i —2,2)
corrDataMtrx (i,2)=(corrDataMtrx (i —2,2) ...
+corrDataMtrx (i+2,2)) /2;
corrDataMtrx (i —1,2)=(corrDataMtrx (i,2) ...
+corrDataMtrx (i —2,2)) /2;
corrDataMtrx (i+1,2)=(corrDataMtrx (i+2,2) ...
+corrDataMtrx (i,2)) /2;
end
end
for i=1:Ndatapts % This loop removes dead regions one pixel wide
if i>1
&& i<Ndatapts
&& corrDataMtrx (i,2)<(l—err)s*corrDataMtrx(i+1,2)
&& corrDataMtrx (i,2)<(l—err)xcorrDataMtrx (i —1,2)
corrDataMtrx (i,2)=(corrDataMtrx(i—1,2) ...
+corrDataMtrx (i+1,2)) /2;

end

end

for i=1:Ndatapts % This loop removes dead regions up to 3 pixels wide




if 1>2
&& i<Ndatapts—1

&& corrDataMtrx (i,2)<(l—err)xcorrDataMtrx (i+2,2)
&& corrDataMtrx (i,2)<(1—err)*corrDataMtrx (i —2,2)

corrDataMtrx (i,2)=(corrDataMtrx (i —2,2) ...
+corrDataMtrx (i+2,2)) /2;

corrDataMtrx (i —1,2)=(corrDataMtrx (i,2) ...
+corrDataMtrx (i —2,2)) /2;

corrDataMtrx (i+1,2)=(corrDataMtrx (i4+2,2) ...
+corrDataMtrx (i,2) ) /2;

end

end

% Add spectrum to plot
hold on

figure (1)

plot (corrDataMtrx (:,1) ,corrDataMtrx (:,2),’k’);

% Create array for region of interest 1(region to integrate)
step=1;

for i=1:Ndatapts

if corrDataMtrx(i,1) >= startwll && corrDataMtrx(i,1) <= endwll
integArrayl (step ,1)=corrDataMtrx(i,1);
integArrayl (step ,2)=corrDataMtrx(i,2) ;
step=step+1;

end

end

% Create array for region of interest 2 (region to integrate)
step=1;

for i=1:Ndatapts

if corrDataMtrx(i,1) >= startwl2 && corrDataMtrx(i,1) <= endwl2
integArray2(step,l)=corrDataMtrx(i,1);
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end

integArray2 (step ,2)=corrDataMtrx(i,2);
step=step+1;
end

end

% Integrate 2 regions

areal=trapz(integArrayl (:,1) ,integArrayl (:,2));
area2=trapz (integArray2 (:,1) ,integArray2 (:,2));
ratio=areal /area2;

Inratio=log(ratio);

% Convert ratio to temperature
slope=—-771.295;

intercept =0.72822;
temp=((lnratio—intercept)/slope)”—1-273.15;

% Add to final results

finalResults (finalArrayCnt ,1)=trialCount;
finalResults (finalArrayCnt ,2)=Inratio;
finalArrayCnt=finalArrayCnt +1;

% Get maximum emission (for plotting below)

if maxEml < max(integArrayl (:,2))
maxEml=max(integArrayl (:,2));

end

if maxEm2 < max(integArray2 (:,2))
maxEm2=max(integArray2 (:,2));

end

trialCount=trialCount+trialStep ;

end




% Statistics
average=mean( finalResults (:,2));

stdev=std (finalResults (:,2));

9% Plotting

figure (1)

xlabel (’Wavelength (nm)’,’ FontSize’,20);

ylabel (’Counts’, FontSize ’,20);

% Indicate Regions for integration

Inspc=max (max (maxEml,maxEm2) )« 0.05;

12x1=startwl2;

12y 1=maxEm2+Inspc ;

12x2=endwl2;

12y2=12y1;

line ([12x1,12x2],[12y1,12y2], Color’, 'k’ , ...
"LineWidth ’ ,3)

txtspc=12y1%0.08;

text ((12x2+12x1)/2,12y1+txtspc, 'E1’, "FontSize ' ,18, ...

"HorizontalAlignment ', center )
llxl=startwll;
11y 1=maxEml+Inspc;
l1x2=endwll ;
11y2=11y1;
line ([11x1,11x2] ,[11lyl,11y2], Color’,’k’, ...
"LineWidth’ ,3)

text ((11x2+11x1) /2,11yl+txtspe, 'E2’,’FontSize |18, ...

"HorizontalAlignment ’, ’center )

xlim ([ plotstartwl plotendwl])

figure (2)

axes('FontSize’ ;16.0, FontWeight ', bold ") ;

plot (finalResults (:,1) ,finalResults (:,2),’ko’, ...
"MarkerFaceColor’, 'k ) ;
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%axis ([3.08 3.37 —1.96 —1.84]):

%title (70.01% Eb" {34}, 10% Yb"{3+}:YLF pumped at 1020 nm’,’ FontSize’,20,’
FontWeight’ | "bold ) ;

ylabel ("1n(E2/E1) ", FontSize’,20, FontWeight’, "bold ") ;

xlabel (’Trial Number’, FontSize’ 20, FontWeight’, bold’);

Yotext (5.5,43 ,[num2str (average ,3) ’ \pm ' num2str(stdev,2) ’\circC’],’ FontSize
7,18);

%text (5.5,43.2,°Set Temp: 35\circC’, FontSize’ ,18);

figure (2)

save(’ratiostats_erybylf.dat’, ’finalResults’, —ASCII’)

A.2 DMatlab: Rectangular Heating Theory

WISSTSTTTTTTISSSSTTTTTISSSSTTTIT TSI TSI TSI IS SSTSTTTTTISSSTSTI TS IS STSITTT TS o
WTTSSSITTTTTTITTIT RIBBON THEORY USING DDSCAT Y0 SSITTTTTTITSSIISo
WITTTISTITTTSTTSTTITTISTISTIITIISTISTISTISTISTISTISTISTISTISTISTIST TS o
% This code implements heating theory for a nanoribbon developed in the
% Pauzauskie Group in the Materials Science & Engineering department at
% the University of Washington, building on the theory set forth in

% the article by P. B. Roder, P.J. Pauzauskie and E. J. Davis titled ,

% ”"Nanowire Heating by Optical Electromagnetic Irradiation” published in
% Langmuir 2012, 28, 16177—16185 and

% See Bennett Smith’s Notebook #2 pp. 99-104 for further details on the
% ribbon theory

% Created: Oct 2013

% Updated: 29 Sep 2015

close all

reuseDDA=input ( 'Do you want to keep the same DDSCAT results from the last run
o (y/m) 7, s

if reuseDDA = 'y’
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clearvars —except EEfield comp xcoord ycoord zcoord reuseDDA
else
clearvars —except reuseDDA

end

%% Variables

TITSSSTTTTTTTIISISSTSTITITTISSSSTITITTIISIS o

material=1; % 1=CdS; 2=KNbO3

length=4%10"—6; % Give the length of the particle in meters
temp_infC=25; % Assumed infinite temperature (C)

lambda_laser=1.064; % Give the wavelength of the laser in micrometers
DDSCATpol=2; % Polarization of Efield in DDSCAT simulation
ddscatfilename = ([’ CdSNRO0006_E’ num2str (DDSCATpol) ’_1064nm_1.vtr’]);
irrad=25; % laser irradiance in MW cm”—2

eigValNo=8; % Number of eigenvalues to calculate

spacer=150%x10"—6; % Spacer thickness in meters

Nu=0.24; % 0.32 represents Nu number taken from cylindrical case by PB Roder

%% Output

TISSSSTSTTTTTTISSSSSISTTSTTISSSISTSTITS TSI o

writeFieldMovCheck = 0; % 1 to write AVI movie of normalized field along axis,
0 to skip

writeTempMovCheck = 0; % 1 to write AVI movie of temperature distribution
along axis, 0 to skip

plotFieldCheck = 1; % 1 to plot average field along axis, 0 to skip

plotTempCheck = 1; % 1 to plot average temperature along axis, 0 to skip

savVarChk = 0; % 1 to save variables

%% Constants

WSTTTISTTTISSTTTISSTTIISSTTISSTTISSSTTISSTT o

muPerm_0=1.2566x10"—6; % Magnetic permeability (N A"—2)

cvel=299792458; % Velocity of light in vacuum (m s”—1)
epsilon=8.854188%10" —12; %Free Space permittivity (F m—1=W s V'—=2 m"—1)
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9% Individual Materials Properties
N_water=[0.488, 1.33548+1i%9.6880%10"—10; ... % Real and imaginary values
taken from refractiveindex.info

0.532, 1.33372411%1.4992x10" —-9;

0.975, 1.32700+1i%3.4800%10" —6;
0.980, 1.32700+1i%3.3620%10" —6;
1.020, 1.326704+1i%3.5900%10" —6;
1.030, 1.326554+11%3.9400%10" —6;
1.040, 1.326404+11%4.290010" —6;
1.064, 1.32604+1i%5.1300%10" —6];

kappa-water=0.58; % Thermal conductivity of medium (water) (Wm'—1 K"—1)

N_CdS=[0.532, 2.66970+1i%0.687549; ... % Real values from refractiveindex.info
Imaginary from DOI: 10.1364/0OE.21.019302
0.975, 2.345614+1i%0.00009;
0.980, 2.3448241ix0.000001;
1.020, 2.33895+1i%0.000001;
1.030, 2.337614+1i%0.000001;
1.040, 2.336314+1i%0.000001;
1.064, 2.33335+1i%0.00006];

N_KNbO3=1[0.975, 2.1248+1i#0.0034;
1.020, 2.122041i%0.000001;
1.030, 2.121441i%0.000001;
1.040, 2.120841i%0.000001;
1.064, 2.1195+1i%0.0005];

% Select medium refractive index based on laser wavelength
[m,"]=size (N_water);

N_2=0;
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for i=1m

if N_water(i,l)=lambda_laser
N_2=N_water (i,2);

end

end

% Select properties based on chosen material
if material==
% CdS Constants
kappa = 40.1; % Thermal conductivity of material (Wm'—1 K" —1)
rho = 4.82%10°3; % Density of material (kg/m"3)
Cpm = 47.293; % Molar heat capacity (J/(mol K)) of CdS @ 298 K (from RP
Breyer et al., J Chem Thermodynamics, 1983, 15, 827—834)
C.p = 369.0288; % Specific heat (J/(kg K)) of CdS (Klocek,” Handbook of IR
optical materials”, 1991,p222)
Nmat=N_CdS;
elseif material==2
% KNbO3 Constants
kappa = 11; % Thermal conductivity (W / m K) http://dx.doi.org
/10.1063/1.2978072
rho = 4.62%x10"°3; % Density http://www.surfacenet.de/html/potassium_niobate
.html
C.p = 628; % Value for LiNbO3 (J / kg K): http://www.korth.de/index.php
/162/items /19.html
Nmat=N_KNbO3;
else
error ('Material does not have properties )

end

% Select refractive index of material
[m, ]=size (Nmat) ;
N_1=0;

for i=1m
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if Nmat(i,1l)=lambda_laser
N_1=Nmat (i,2) ;
end

end

% Determine if medium and material have index of refraction for selected
wavelength

if N.2==0 || N.l==
error (’Error: Medium and/or material information neceded for selected
wavelength ) ;

end

% Calculated quantities

irradSI=irrad*10"6x10"4;

E_O=sqrt (2*irradSI/(cvel*xepsilon*real (N_2))); % (V m —1)
temp_inf=temp_infC+273.15;

alpha = kappa/(rhoxC_p); %Thermal diffusivity

sigma = 4xpixreal (N_1)«imag(N_1)/(lambda_laser+10"—6+«muPerm Oxcvel); %

Electrical Conductivity (S m"—1)

9% DDSCAT TImport
WSTTTISTTTISSTTTISSISTTISSSTTIISSTTIISTITIS o
if reuseDDA = 'n’

disp ('Importing DDSCAT file ... );

tic

fid = fopen(ddscatfilename);

tline = fgetl(fid);

count = 1;

while ischar(tline)

if count = 6
xcoord=tline ;

xcoord=str2num (xcoord) ; %#Hok<ST2NM>

end




if count = 9
ycoord=tline ;
ycoord=str2num (ycoord) ; %#Hok<ST2NM>
end
if count = 12
zcoord=tline ;
zcoord=str2num (zcoord ) ; Y#Hok<ST2NM>
end
if count = 17
EEfield=tline;
EEfield=str2num (EEfield ) ; Y%#ok<ST2NM>
end
if count = 20
comp=tline ;
comp=str2num (comp) ; YHok<ST2NM>
end
tline=fgetl (fid);
count = count+1;
end
fclose (fid);
toc

end

9% DDSCAT Analysis

WSTTTISSTTISSSTIISSTTIISSITISSITISSTT IS o

[ ,Nx]=size (xcoord); %Find number of dipoles in each direction

[T ,Ny]=size (ycoord);

[7,Nz]=size (zcoord);

EEfield3dmat=reshape ( EEfield ,Nx,Ny,Nz); %(EEx still unitless) Redimension
EEfield data into 3d matrix

comp3dmat=reshape (comp,Nx,Ny,Nz); % Redimension compositional data to 3d

matrix
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normnwfieldonly (: ,: ,:)=EEfield3dmat (: ,:,:) .*comp3dmat (: ,:,:); % Normalized 3d
EEfield of NW only

% These loops will remove any slices from the computational area that are
% completely outside the geometry to determine dipole spacing, height

% and width

% Length loop
count=1;
for i=1:Nx
EEFieldSum=0;
for j=1:Ny
for k=1:Nz
EEFieldSum=EEFieldSum+normnwfieldonly (i,j ,k); % Sum EEfield for
each layer along x—axis
end
end
if EEFieldSum "= 0
cnstretxnwfield (count ,: ,:)=normnwfieldonly (i,:,:); %#ok<SAGROW> %
Generate matrix with geometry
count=count+1;
end
end
[Nx,”,"]=size (cnstrctxnwfield);

dspace=length /Nx;

% Width loop
count=1;
for k=1:Nz
EEFieldSum=0;
for j=1:Ny
for i=1:Nx
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EEFieldSum=EEFieldSum+cnstrctxnwfield (i,j,k); % Sum EEfield for
each layer along x—axis
end
end
if EEFieldSum "= 0
cnstrectznwfield (:,:, count)=cnstrctxnwfield (:,:,k); %Hok<SAGROW> %
Generate matrix with geometry
count=count+1;
end
end
[, ,Nz]=size (cnstrectznwfield);
width=Nzxdspace;
widthVec=linspace(—width /2, width/2,Nz)x10"6; % Generates vector representing

ribbon width in real space

% Height loop
count=1;
for j=1:Ny
EEFieldSum=0;
for k=1:Nz
for i=1:Nx
EEFieldSum=EEFieldSum+cnstrctznwfield (i,j,k); % Sum EEfield for
each layer along x—axis
end
end
if EEFieldSum "= 0
cnstretynwfield (:,count ,:)=cnstrctznwfield (:,j,:); %Hok<SAGROW> %
Generate matrix with geometry
count=count—+1;
end
end
[7,Ny, " ]=size(cnstrctynwfield);
height=Nyxdspace;
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heightVec=linspace(—height /2 ,height /2 ,Ny)*10"6;

% These definitions are set forth in the theory developed by EJ Davis and
% Bennett Smith

Lz=length ;

Ly=width /2;

Lx=height /2;

a=Ly/Lx;

b=Lz/Lx;

%% Biot Numbers
WSTTIISTTISSTTTISSTTTISSTTTISSTTISSSTTISSSTIISSTTISSTT IS o
volume=length*widthxheight ;% Volume of ribbon
area=length*width*2+lengthxheight*2+height*width*2;% Surface area of ribbon
L_char=4xvolume/area;

h_coeff=Nuxkappa_water/L_char;

dist1=(spacer—length) /2;

dist2=dist1;

Bix=h_coeffx(height /2)/kappa;
Biy=h_coeff*(width/2) /kappa;

Bi0O=kappa_water /kappax(length/distl);
Bil=kappa_water /kappax (length/dist2);

9% Preallocate Matrices

[alpha_m , beta_n ,gamma_p,norm_-m,norm_n ,norm_p|=deal (zeros (eigValNo ,1));
[checkx , checky , checkz]=deal (zeros (eigValNo,eigValNo));

[omega_mnp ,Wmnp|=deal (zeros (eigValNo ,eigValNo ,eigValNo));
tempMatr=zeros (Ny,Nz,Nx) ;

aveLayerEEfield=zeros (Nx,2) ;

aveLayerTemp=zeros (Nx,2) ;

%% Source
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WITTTTISTISTISTTISTISTISTISTTISTISTISTISTISTISTTIS o

sourceAdj=(Lx) "2x(1/2x*sigmaxcnstrctynwfield*(E_0"2)) /(kappaxtemp_inf);
sourceDDSCAT=cnstrctynwfield ;

sourceS=1/2xsigmaxsourceDDSCATx*(E_0"2);

source=sourceAdj;

%% Field Movie
WSTTIISTTISTTTISSTTTISSTTIISSTTISSSTTISSSTIISSTTISSTTTIS o
% Generate movie visualizing EEfield while traveling along axis of particle
% including fields in the material only
if writeFieldMovCheck = 1
writerObj = VideoWriter ([ "AxialFieldMovieE’ num?2str (DDSCATpol) |) ;
open(writerObj);
h=figure;
for i=1:Nx
if i==1
surf (widthVec, heightVec ,squeeze (cnstrctynwfield (i,:,:)));
axis ([widthVec (1) widthVec(Nz) heightVec(1l) heightVec(Ny) 0 max(
max (max( cnstretynwfield)))+0.1smax(max(max(cnstrctynwfield))) min(min(min(
cnstretynwfield))) max(max(max(cnstrctynwfield)))])
colorbar (’FontSize’,20)
title ({ "Normalized E«E’,”Axial Position ( \mum): ' num2str(ix
dspacex10°6)},  FontSize’ ,20)
light ("Position’,[-1 0 50], Style’, local’);
lighting phong
shading interp
xlabel (’\mum’ , FontSize’ ,26);
ylabel ("\mun’, FontSize’ ,26) ;
set (gca, "FontSize’,20,’ GridLineStyle’,’=");
set (gca, 'DataAspectRatio’, [1 1 5]);
set (gca, 'nextplot’, 'replacechildren ’);

set (gcf, "Renderer’, zbuffer ’);

frame=getframe (h) ;




102

writeVideo (writerObj , frame) ;
else

surf (widthVec, heightVec ,squeeze (cnstrctynwfield (i,:,:)));

light (’Position’,[-1 0 50], Style’, local’);

lighting phong

shading interp

%colorbar (’FontSize ’,20)

title ({ "Normalized E«E’,’ Axial Position ( \mum):

9

num2str(ix*
dspacex10°6)}, FontSize’ ,20)

frame=getframe (h) ;

writeVideo (writerObj , frame) ;

end

end
hold off
close (writerObj);

end

9% Average Field & Plot
WITTTTISTISTISTISTISTISTIISTISTISTISTISTISTIISTISo
% This loop scans the entire computational area and extracts the average
% field per layer along the direction of propagation within just the particle
for i=1:Nx
EEFieldSum=0;
dipCount =0;
for j=1:Ny
for k=1:Nz
EEFieldSum=EEFieldSum+source (i,j,k); % Sum EEfield for each layer
along x—axis
if source(i,j,k) =0
dipCount=dipCount+1; % Tally number of dipoles per layer
end
end

end
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aveLayerEEfield (i,1)=i/Nxxlength+10"6;
if dipCount = 0

aveLayerEEfield (i,2)=0; %Sets average EEfield to 0 outside the
geometry
else

aveLayerEEfield (i,2)=EEFieldSum/dipCount; % Average EEField per layer
end

end

% Fit to average field along axis
splineFit=fit (aveLayerEEfield (:,1) ,aveLayerEEfield (:,2), splineinterp ’);
fitfun=Q(x) splineFit(x); % Function representing the fit of the axial average

% Plot the average along the axis
if plotFieldCheck =1
figure (9)
axes ('FontSize’ ;38.0, FontWeight’, bold ) ;
plot (aveLayerEEfield (:,1) ,aveLayerEEfield (:,2),’k’);
hold on
plot (splineFit , 'r ")
xlabel ("Position (\mum)’,’FontSize’,38);
ylabel (’S™ %’ , ’FontSize ' ,38);
xlim ([min(aveLayerEEfield (:,1)) max(aveLayerEEfield (:,1))])

end

%% Eigenvalues
WISSSSTSTTTTTISSSSISITSTISSSSSIST TS TISSSSISITSTISSS SIS o
egnlim=0.001; % Set lower limit for eigenvalues
disp (’Calculating Eigenvalues...’);

tic

% Eigenvalues for x

options=optimset ( 'Display’, off ’); % This suppresses the output from fzero due

to its trying to locate complex zeros
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start =0.1; % Specify starting value to determine eigenvalues
incr=pi; % Set resolution to check for eigenvalues
last=—0.001;
count=start ;
temp=1;
f=Q(x) xx*sin(x)—Bix*cos(x); % Eigenvalue function
status=waitbar (0,  Calculating X Eigenvalues ... );
while alpha_m (eigValNo) = 0
checkEigV=fzero (f,count ,options);
if temp = 1
if checkEigV—last > 0 && checkEigV > egnlim
alpha_m (temp)=checkEigV ;
temp=temp+1;
waitbar (temp/eigValNo) ;
end

else

alpha_m (temp—1)+.01))
alpha_m (temp)=checkEigV ;
temp=temp+1;
waitbar (temp/eigValNo) ;

end

end

last=checkEigV ;

count=count+incr ;

end

close (status)

% Eigenvalues for y

start=0.1; % Specify starting value to determine eigenvalues
incr=pi; % Set resolution to check for eigenvalues
last=—0.001;

count=start ;

if (checkEigV — last > .001) && (checkEigV > egnlim) && (checkEigV > (
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temp=1;
f=Q(x) xx*sin(x)—Biy*cos(x); % Eigenvalue function
status=waitbar (0,  Calculating Y Eigenvalues...’);
while beta_n(eigValNo) = 0
checkEigV=fzero (f,count,options);
if temp = 1
if checkEigV—last > 0 && checkEigV > egnlim
beta_n (temp)=checkEigV ;
temp=temp+1;
waitbar (temp/eigValNo) ;
end
else
if (checkEigV — last > .001) && (checkEigV > egnlim) && (checkEigV > (
beta_n (temp—1)+.01))
beta_n (temp)=checkEigV ;
temp=temp+1;
waitbar (temp/eigValNo) ;
end
end
last=checkEigV ;
count=count+incr ;
end

close (status)

% Eigenvalues for z

start =0.001; % Specify starting value to determine eigenvalues
incr=pi/10; % Set resolution to check for eigenvalues
last=—0.001;

count=start ;

temp=1;

f=Q(x) sin(x).x(x—(Bil"2)/x)—2%Bil*cos(x); % Eigenvalue equation

status=waitbar (0,  Calculating Z Eigenvalues...’);

while gamma_p(eigValNo) = 0
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checkEigV=fzero (f,count,options);
if temp = 1
if checkEigV—last > 0 && checkEigV > egnlim
gamma_p (temp )=checkEigV ;
temp=temp+1;
waitbar (temp/eigValNo) ;
end
else
if (checkEigV — last > .001) && (checkEigV > egnlim) && (checkEigV > (
gamma_p (temp—1)+.01))
gamma_p (temp )=checkEigV ;
temp=temp+1;
waitbar (temp/eigValNo) ;
end
end
last=checkEigV ;
count=count+incr ;
end

close (status);

% Uncomment these lines to plot the z—eigenvalue function for sanity check
% xplot = 0:1/500:5;

% yplot = f(xplot);

% plot (xplot, yplot)

VAL

% Omega constant

status=waitbar (0, Calculating Constants (omega) ... );
count =0;
for m=1:eigValNo
for n=1:eigValNo
for p=1:eigValNo

omega_mnp (m,n,p)=(alpha_m (m)) "2+(a"—2)*(beta_n(n)) "2+ ...

(b"—2)*x(gamma_p(p)) "2;
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waitbar ((count/eigValNo"3))
count=count+1;
end
end
end
close (status);

toc

%% Norms

disp (' Calculating Norms...);

tic

% Create matrix for alpha_m norm

status=waitbar (0, ’ Calculating X Norms... );

for m=1:eigValNo
Ymorm_m (m)=I+sin (alpha_m (m) )*cos (alpha_m (m) ) /alpha_m (m); % BES
norm-m(m) = 0.5%(14+(sin (alpha_m(m)))"2/Bix);
waitbar (m/eigValNo) ;

end

close (status);

% Create matrix for beta_n norm

status=waitbar (0, Calculating Y Norms... ’);

for n=1:eigValNo
Ymorm_n (n)=1+sin (beta_n(n))*cos(beta_n(n))/(beta_n(n)); % BES
norm-n(n) = 0.5%(1+(sin(beta_n(n)))"2/Biy);
waitbar (n/eigValNo) ;

end

close (status);

% Create matrix for gamma_p norm

status=waitbar (0, ’ Calculating Z Norms... );

for p=1l:eigValNo
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norm_p(p) = 0.5 + ... % BES
Bi0 "2/ (2*gamma.p(p) "2)+...
Bi0 /(gamma_p(p) "2)*(sin (gamma_p(p))) "2 +
1/(2*gamma_p(p))*(1—Bi0"2/(gamma_p(p)) "2)=*sin (gamma-p(p))=*cos (
gamma.p(p)) ;
% norm_p(p) = 0.5%(1+Bi0"2/gamma _p(p) 2% ... % EJD
% (1/Bi0—Bi0/gamma_p(p) “2)*sin (gamma_p(p)) "2);
waitbar (p/eigValNo) ;
end
close (status);

toc

9% Eigenfunctions
TISSSSTTTTTTTISSSSTTSTTTTISTSSSISTTTITIISSSTITSo
% The following are the eigenfunctions for each axis. The orthonormality
% will be determined and output into checkx, checky, and checkz
% X = cos (alpha_m (m)*xi);
% Yn = cos(beta_n(n)*eta);
% Z_-p = cos(gamma_p(p)=*zeta)+Bi0/gamma_p(p)*sin (gamma_p(p)+*zeta);
for i=1l:eigValNo
for j=1l:eigValNo
XiXj=Q(x) cos(alpha_m(i)=*x).x*cos(alpha_m(j)xx);
checkx (i, j)=integral (XiXj,0,1);
end
checkx (i,1)=checkx(i,i)/norm-m(1i);

end

for i=1:eigValNo
for j=1l:eigValNo
YiYj=Q(x) cos(beta_n(i)xx).*cos(beta_n(j)*x);
checky (i,j)=integral (YiYj,0,1);

end

checky (i,i)=checky(i,i)/norm.n(i);
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end

for i=1:eigValNo
for j=1l:eigValNo
ZiZj=Q(x) (cos(gamma_p(i)*x)+Bi0/(gamma_p(i)).*sin(gammap(i)*x))...
+(cos (gamma.p(j ) +x)+Bi0 / (gammap(j) ) . xsin (gamma_p(j)+x)) ;
checkz (i,j)=integral (ZiZj,0,1);
end
checkz (i,1)=checkz(i,i)/norm_p(i);

end

checkx (checkx <10"—14)
checky (checky <10"—14)
checkz (checkz <10"—14)
disp (checkx)
disp (checky)
disp (checkz)

% Assume any value less than cutoff value is 0

0;
0;
0;

%% Coefficients (W.nnp)

% This loop will determine the coefficients for a steady state temperature

disp (' Calculating Coefficients ... ");

tic

status=waitbar (0, Calculating Coefficients ... ”);
count=0;

for m=1:eigValNo
for n=1:eigValNo
for p=1:eigValNo
tripInt =0;
for X=1:Ny/2
for Y=1:Nz/2
for Z=1:Nx
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tripInt=tripInt+source (Z,X,Y)*...
(cos (alpha_m (m) X/ (Ny/2))) / (Ny/2) % ..
(cos(beta_n(n)xY/(Nz/2)))/(Nz/2)x...
(cos (gamma_p(p)*Z/Nx)+Bi0 /(gamma_p(p) )*sin (gamma_p
(p)*Z/Nx) ) /Nx;
end
end
end
W mp (m, n, p) —(omega_mnp (m, 1, p) +norm_m (m) <norm_n (n) snorm_p (p) ) (1)
xtripInt ;
count=count+1;
waitbar (count /(eigValNo"3));
end
end
end
close (status);

toc

%% Steady State Temperature (phi)
WITTSTISTISTISSTIISTISTISTISTISSIISTISTISTTSo

disp (' Calculating Temperature...’);
tic
status=waitbar (0, ’ Calculating Temperature...’);
count =0;
for X=1:Ny
for Y=1:Nz
for Z=1:Nx
tempSum=0;

for m=1:eigValNo
for n=1:eigValNo
for p=1:eigValNo
tempSum=tempSum+W_mnp(m,n,p) .x*. ..

cos (alpha_m (m)* (2+X/Ny—1)) .* ...




cos(beta_n(n)*(2xY/Nz—1)).x ...
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(cos (gamma_p(p)*Z/Nx)+Bi0 /(gamma_p(p))*sin (gamma_p

(p)*Z/Nx) ) ;

end
end
end
count=count+1;
waitbar (count /(Nx*Ny«Nz) ) ;
tempMatr (X,Y,Z)=tempSum;
end
end

end

TITTSSSSTSo

Y% The following calculation of temperature uses a meshgrid method
9%% which runs significantly faster than the summation method above;
%%% however , when the profiles are viewed in the movie output it is
%%% clear they are incorrect. Further investigation into meshgrid would

%% be needed to consider its use here.

% xdiv = Ngz;
% ydiv = Ny;
% zdiv = Nx;
% xvec = —1:1/xdiv:1;
% yvec = —1:1/ydiv:1;
% zvec = 0:1/zdiv:1;

% [Xf, Yf, Zf] = meshgrid(xvec, yvec, zvec);
% tempSum=0;
% for m=1:eigValNo

% for n=1:eigValNo

% for p=1:eigValNo

% tempSum=W_mnp (m,n,p) .* ...

% cos (alpha_m (m) . *Xf) .* ...

% cos(axbeta_n(n).*Yf) . x...
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% (cos (bxgamma_p(p).*Zf)+Bi0 /(b*gamma.p(p))*sin (bkgamma_p(p) . x*
Zt));

% count=count +1;

% waitbar (count /(eigValNo“"3))

% end

% end

% end

% count=count+1;
Y%tempMatr=tempSum ;
tempMatrAbs=tempMatrxtemp_inf+temp_inf —273.15;

close (status);
if savVarChk==
save ([ ’TempCalcVariablesE’ num2str (DDSCATpol) |, *tempMatr’ , ’tempMatrAbs’,’
source ', ...
"cnstrectynwfield ’, "aveLayerEEfield ’, "alpha_.m’, "beta_n’, ’'gamma_p’, ...
'norm_p’, 'norm_m’, 'norm_n’,’width’,  height’, length’);
end

toc

%% Temperature Movie
WSTTIISTTISSTTISSTTISSTTISSSTTISSTTISSTTIS ST
% Generate movie visualizing temperature distribution while traveling along
axis of particle
% including fields in the material only
if writeTempMovCheck = 1
writerObj = VideoWriter ([ "AxialTempMovieE’ num2str (DDSCATpol) |) ;
open (writerObj);
h=figure;
for i=1:Nx
if i==1
surf (widthVec, heightVec , squeeze (tempMatrAbs (:,:,1)));
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axis ([widthVec (1) widthVec(Nz) heightVec (1) heightVec(Ny) min(min
(min (tempMatrAbs))) —0.00001 +min (min (min (tempMatrAbs))) ...
max (max (max (tempMatrAbs) ) ) +0.00001 xmax (max (max (tempMatrAbs) ) )

min (min (min (tempMatrAbs))) max(max(max(tempMatrAbs)))])

colorbar (’FontSize’,20);

title ({ "Temperature’,’ Axial Position ( \mum): ’ num2str(ixdspacex
10°6) }, FontSize ’,20)

zlabel (7 (\circC)’, FontSize’ ,18);

light (*Position’ ;[0 0 100], Style’, local ’);

lighting phong

shading interp

xlabel (’\mum’ , FontSize’ ,26);

ylabel ("\mum’,’FontSize’ ,26);

set (gca, 'FontSize’ ,20,  GridLineStyle’,’ =7);

set (gca, 'DataAspectRatio’, [1 1 0.1]);

set (gca, 'nextplot’, 'replacechildren ’);

set (gcf, "Renderer’, zbuffer’);

frame=getframe (h) ;

writeVideo (writerObj , frame) ;

else

surf(widthVec, heightVec , squeeze (tempMatrAbs (:,:,1)));

light ("Position’ [0 0 100], Style’, local’);

lighting phong

shading interp

%colorbar (’FontSize ’,20)

title ({ *Temperature’,’ Axial Position ( \mum): ’ num2str(ixdspacex
1076) }, FontSize ’,20)

frame=getframe (h) ;

writeVideo (writerObj , frame) ;

end

end

hold off
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close (writerObj);

end

%% Average Temperature Plot

WSTTTISTTISSTTISSTTISSTTISSSTTISSTTTISSTTIS ST

% This loop scans the geometry and extracts the average

% temperature per layer along the direction of propagation within just the
particle

for i=1:Nx

aveTempSum=0;

cnt =0;
for j=1:Ny
for k=1:Nz

aveTempSum=aveTempSum+tempMatr (j ,k,i); % Sum Temp for each layer
along DDSCAT x—axis

if tempMatr(j,k,i) "= 0

cnt=cnt+1; % Tally number of dipoles per layer
end
end

end
aveLayerTemp (i,1)=i/Nxxlength+10"6;
aveLayerTemp (i ,2)=aveTempSum/cnt*temp_inf+temp_inf —273.15; % Average
EEField per layer

end

% Plot the average along the axis

if plotTempCheck = 1
figure (10)
axes('FontSize’ ,38.0, FontWeight’, bold’);
plot (aveLayerTemp (:,1) ,aveLayerTemp (:,2),’k’);
xlabel ("Position (\mum)’,’FontSize’ ,38);
ylabel (’Temperature ("\circ C)’,’FontSize’,38);

xlim ([min(aveLayerTemp (:,1)) max(aveLayerTemp (:,1))])




end
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A.3 LabView: Laser Tweezer Brownian Temperature GUI

The following code was used to extract temperatures from optically trapped CdS NRs (Ch. 5).

Front Panel:
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Block Diagram, Piezo Control Loop:
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Block Diagram, QPD Loop:
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Block Diagram, Live Voltage Loop:
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Block Diagram, Live PSD Loop:
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Block Diagram, Temperature Extraction Loop:
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A.4 LabView: Cantilever APD Code

The following LabView code was used to monitor resonances in cantilevered CdS nanoribbons. The reader
may notice the relatively simple block diagram compared to the stucture for the code in Appendix A.3.
Certainly, the analysis is not as complex, but care was taken to keep the diagram simple for the benefit
of future developers. This is the advice given by many expert programmers that I only later realized but
encourage future lab members/readers to attempt from the beginning.

Front panel:
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Block Diagram:
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A.5 Python: Infinite Cylinder Heating

# This script is meant to calculate internal fields and temperature profiles
for an

# infinite cylinder irradiated with monochromatic light

# Author(s): Bennett Smith

# Created: 27 Jul 2015

# Updated: 31 Jan 2016

#%% Retrieve functions from external libraries

#

from math import pi, sqrt

from scipy.special import jv, hankell
from scipy.integrate import quad
import sys

import scipy.optimize

import numpy as np

import matplotlib.pyplot as plt

from mpl_toolkits.mplot3d import axes3d

from matplotlib import cm

#%% Input

i

mater = 0 # Material of cylinder; 0: Si

med = 3 # Medium; 0: Air, 1: H20, 2: Solid Ar, 3: 4:1 MeOH:EtOH (See
parameters below for MeOHEtOH)

diam = 536.0 # Cylinder diameter in nm
lambda_nm = 532 # Laser wavelength in nm
eigno = 14 # Number of eigenvalues;

irrad = 25.0 # Laser irradiance in kW/cm"2
T_inf = 298.0 # Ambient temperature (K)
press = 10.0 # Pressure in GPa
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Nu = 0.32

checksave = 1 # Save images of source and temperature profiles, 0: no, 1: yes

#7% Constants
i
radius = (diam/2)xle—9 # Cylinder radius SI (m)

lambda.m = lambda_nmsxle—9 # Wavelength SI (m)

cvel = 299792458.0 # Velocity of light in vacuum SI (m s”—1)

epsilon_0 = 8.854188e—12 # Free Space permittivity SI (Fm'—1=W s V'—2 m"—1)
mu = 1.2566e—6 # Magnetic permeability SI (N A"—2)

#% Functions
#

def d.n(r, m, n, rhol, rho2): # Internal field coefficient from Roder et al.
Langmuir, 2012
r=1
out = ((jv(n+1, rho2x*r)shankell (n, rho2«r) — jv(n, rho2x*r)shankell (n+1,
rho2xr))/ \
(((n/rho2xr) — (nsm/rholxr))*jv(n, rholxr)sxhankell (n, rho2xr) \
— jv(n, rholxr)xhankell (n+1, rho2xr) \
+ mx (jv (n+1, rholxr)xhankell (n, rho2xr))))=(1/m)

return out

jsum = 25 # Sums are used in calculation of internal electric field

ksum = 25

def normField(r, th, rhol, rho2, jsum, ksum, e 0, m): # Calculate internal
fields
e-la = don(r, m, 0, rhol, rho2)*jv(0, rholxr)

e_.lb =0

for jj in range(l, jsum):
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e_lb += ((—1)**(jj — 1))xd.n(r, m, 2xjj, rhol, rho2) x jv(2xjj, rholxr

) * np.cos(2xjjx*th)

e_lc =0

for kk in range(1l, ksum):
e_lc += ((=1)xx(kk — 1))*d.n(r, m, 2xkk—1, rhol, rho2)xjv(2xkk—1, rhol
«r)+np.cos ((2xkk — 1)xth)

field =

e_0x(e_la — 2xe_1b — 2jxe_lc)

out = (field.real *x 2 + field.imag *x 2)/(e_0 *x 2)

return out

#%% Material
#

Properties

# Expand as
def N_Si(wl)
return {

532

975

980

needed for different materials

: # Values from luxpop.com

4.150+0.0440j , # wavelength
3.6044+0.0025j ,
3.60144-0.0005763j ,

1064: 3.5624-0.0010j ,

}Hwl]

def N_air(wl
return{
532
975
980

) :

1.0002994,
1.0002954,
1.0002954,

1064: 1.0002952,

}wl]

complex index
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def NH20(wl): # Values from refractiveindex.info
return {
532 : 1.3337+0.0000000014992j ,
975 : 1.327040.0000034800j ,
980 : 1.3270+0.0000033620j ,
1064: 1.3260+0.0000051300j ,

Hiwl]

def N_solAr(wl): # Solid argon refractive index at ~10GPa
return {

532 : 1.45
Hiwl]

def N_MethEth(wl,p): # High pressure refractive index of methanol:ethanol;
from http://dx.doi.org/10.1063/1.351591
h = 4.135667662 x le—15 # eV s
dens = (1 — 1/(10.18 + 1) % np.log((10.18 + 1) *x p / 0.778 + 1))*x—1
En 0 = 13.38 x densx**x0.07
En.d = 10.58 % dens*x1.31
n-MeEtOH = sqrt (1.0 + En.d * En.0 / (En.d %% 2.0 — h *x 2.0 * (cvel / (wl
x le—9)) *x 2.0))
# !l Warning !! Although these are the formulae provided, they do not seem
to give correct values. Check reference for approximate value

return 1.6

#% Calculated constants

#
# Select cylinder properties

if mater = 0:
N_1 = N_Si(lambda_nm) # Material index; Check for value from material
properties
kappa-1 = 60.489 # 60.489 # Thermal conductivity

else:




sys.exit ("Error: Unknown material”)
# Select medium properties
if med = 0: # air
N_2 = N_air (lambda.nm) # Complex refractive index of medium
kappa_2 = 0.024 # Thermal conductivity
elif med = 1: # H20
N_2 = N_H20(lambda_nm)
kappa-2 = 0.58
elif med = 2: # Solid Ar
N_2 = N_solAr (lambda_nm)
kappa-2 = 11.0
elif med = 3: #AOH/EtOH
N_2 = N_MethEth(lambda_nm , press)
kappa_-2 = 2.0 # From http://dx.doi.org/10.1063/1.4922632
else:
sys.exit (”Error: Unknown medium”)
sigma = 4xpixN_1.real*N_1.imag/(lambda_m*mu Oxcvel) # Optical conductivity

Biot = (kappa-2/kappa-1)x(Nu/2)

#print Biot
#print N_2
#sys.exit () # For debugging purposes

# The following constants will be used in external functions
rhol = 2xpixN_lxradius/lambda_m
rho2 = 2xpi*N_2xradius/lambda_m

m = N_1/N_2
E.0 = sqrt ((2/(cvel*epsilon_0%N_2.real))xirrad«1.e7) # Incident electric
field

srcConstant = sigma x radiusx*2 x E_0*xx2/(2 * kappa-1 % T_inf)

#% Source
#
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N_rth = 150

th = np.linspace (0, 2xpi, N_rth)
r = np.linspace (0, 1, N_rth)

TH, R = np.meshgrid(th, r)

X =R * np.cos(TH)

Y =R x np.sin (TH)

Xnm = X * radius x 10%x%9

Yonm =Y * radius x 10%x*9

fieldMtrx = normField (R, TH, rhol, rho2, jsum, ksum, E_0, m)

# Plot source — 2D

figSrc = plt.figure ()

ax = figSrc.add_subplot (111)

plt.contourf(Ynm, —Xnm, fieldMtrx, 900, cmap=cm.coolwarm)
ax.axis(’image’) # Scales image correctly and removes excess whitespace
ax.set_xlabel ("\nX (nm)’)

ax.set_ylabel (’\nY (nm)’)

plt.colorbar (fraction=0.15)

# Plot source — 3D

#fig = plt.figure()

#ax = fig.add_subplot(111, projection="3d")

#ax.plot_surface (Xnm, Ynm, fieldMtrx, rstride=2, cstride=1, cmap=cm.coolwarm
linewidth=0)

#ax.set_xlabel (’\nX (nm) )

#ax.set_ylabel (’\nY (nm) )

#ax.set_zlabel ('EEx/E$_{0}$$°{2}$ ")

#ax.view_init (elev=90., azim=0)

# Save figure
if checksave = 1:
filename = (’sourced’ + str(diam) 4+ ’lamdba’ + str (lambda.nm) +
‘mat’ 4+ str(mater) + ’med’ + str(med) + ’.jpg’)




plt.savefig (filename , format="jpg’, dpi=300)

#% Find eigenvalues
#
step = pi / 2

a = (eigno, eigno)
Ljk = np.zeros(a)
xplot = np.linspace (0, 20, 500)
fig2

plt. figure ()
for k in range(eigno):
count = 0
test = 0.05 #0.1
if k> 1:
test = Ljk[0, k — 1] + step
def FL(x):
if k= 0:

return — x * jv(k + 1, x) + Biot * jv(k, x) # From Langmuir Paper

else:
return (k/x) * jv(k, x) — jv(k + 1, x) + Biot x jv(k, x) # From
Langmuir Paper
yplot = FL(xplot)
if k >= 0: # Change this value to plot different eigenvalue functions
plt.plot (xplot, yplot)
while Ljk[eigno — 1, k] = 0: # Find roots until Ljk is filled
xcheck = scipy.optimize.fsolve (FL, test)
if Ljk[0, k] = 0 and xcheck > 0.001: # Assign Initial Eigenvalue;
minumum set to .001
if xcheck > k *x 4 and k > 0:
test = xcheck — 3 % step
else:
Ljk [count, k] = xcheck

count = count + 1
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elif Ljk[0, k] != 0 and xcheck > Ljk[count — 1, k] + 6: # Check for

overshoot for subsequent eigenvalue

test = xcheck — 3 % step

elif Ljk[0, k] != 0 and xcheck > Ljk[count — 1, k] + 1: # Check for

repeated eigenvalue and assign
Ljk [count , k] = xcheck
count = count + 1

test = test + step

# Save eigenvalue functions figure

#plt.savefig (’EigenvalueFxns ")

#/% Calculate Norms

i
Njk = np.zeros(a)
for j in range(eigno):

for k in range(eigno):

def FN(x):

return x x jv(k, Ljk[j,k] * x) x jv(k, Ljk[j,k] * x)

Njk[j, k] = quad(FN, 0, 1)[0]

#%% Build constant matrix

i

Bjk

=1 / (Ljk**x2 % Njk)

#% Calculate Ajk coefficient

#
def FA(x,t):
return (2 / pi) * Bjk[j, k] * x x jv(k, Ljk[j, k] * x) \
* np.cos(k % t) * normField(x, t, rhol, rho2, jsum, ksum, E_0, m)
Ajk = np.zeros(a)
for j in range(eigno):
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for k in range(eigno):
Afxn = srcConstant = FA(R,TH)
I = np.zeros(N_rth)
for i in range(N_rth):
I[i] = np.trapz (Afxn[i,:], r) # Trapezoidal method solves in
reasonable amount of time

Ajk[j, k] = np.trapz (I, th)

# Unable to get dblquad to solve in reasonable time lengths, even though

matlab does

#for j in range(eigno):

# for k in range(eigno):

# Ajk[j, k] = srcConstant * dblquad(FA, 0, 1, lambda x: 0, lambda x: pi
) [0]

= print (Ajk[j, k])

#% Calculate temperature
#
phi = np.zeros ((N_rth, N_rth))

for j in range(eigno):
for k in range(eigno):

phi += (2 / pi) = Ajk[j, k] = jv(k, Ljk[j, k] * R) * np.cos(k % TH)

tempK = phi % T_inf + T_inf
tempC = tempK—273

#4% Plot Temperature — 2D

figTemp = plt.figure ()

ax = figTemp.add_-subplot (111)

plt.contourf(Ynm, —Xnm, tempC, 900, cmap=cm.coolwarm)

plt.colorbar (format="%.3f")

ax.axis(’'image’) # Scales image correctly and removes excess whitespace

ax.set_xlabel ("\nX (nm) ")
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ax.set_ylabel ("\nY (nm)’)

# Plot Temperature — 3D

#figTemp = plt. figure ()

#ax = figTemp.add_subplot (111, projection='3d")

#ax.plot_surface (Xom, Ynm, tempC, rstride=2, cstride=1, cmap=cm.coolwarm ,
linewidth=0)

#ax.set_xlabel (’\nX (nm) )

#ax.set_ylabel (’\nY (nm)’)

#ax.zaxis.set_major _formatter (plt.FormatStrFormatter (*%.31"))

#ax.set_zlabel ("\n\n’ + 'Temperature (C)’, linespacing = 1.8)

#ax . tick_params (axis="z’,pad=10)

# Save Temperature Figure
if checksave =— 1:
filename = (’tempd’ + str(diam) 4+ ’lambda’ + str(lambda_nm) +
'mat’ 4+ str(mater) + ‘med’ + str(med) + ’.jpg’)
plt.savefig(filename , format=’'jpg’, dpi=300)
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