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Abstract

Laser Heating, Refrigeration, and Thermometry of Semiconductor Nanomaterials

Anupum Pant

Chair of the Supervisory Committee:
Dr. Peter J. Pauzauskie
Materials Science and Engineering

Photothermal heating is a major constraint that limits the performance of many nanoscale
optoelectronic and optomechanical semiconductor devices including nanolasers, optomechan-
ical resonators, and integrated photonic circuits. Laser refrigeration of semiconductor devices
to counteract photothermal heating has been a long-standing challenge. This work highlights
the errors in previous experimental efforts and shows that the existing semiconductor laser
refrigeration claims are controversial. It also presents an alternative route to experimen-
tally achieve the laser refrigeration of a CdS nanoribbon (CdSNR) by >20 K, using Yb*"
doped LiYF, microcrystal attached to it. Further, it explores the other promising avenues
for achieving intrinsic laser refrigeration in wide band gap semiconductor materials, such as
diamond, using color centers.

This work aims to develop a deep understanding of the physics of photothermal effect
in nanostructures such as CASNRs by considering the morphology, wavelength, refractive
index and other physical parameters that affect its magnitude. A novel non-contact op-
tomechanical thermometry method for measuring temperatures within nanostructures was
developed by including the effects of laser trapping forces and temperature gradient. Ther-
mometry experiments were conducted on CASNRs of various geometries - cantilever, wedge
and bridge using complementary techniques such as eigenfrequency and anti-Stokes Stokes

Raman thermometry. The experimental techniques were also validated by developing exact



analytical heat transfer theory for each type of geometry. The time scales to reach steady
state were found to be smaller than 30 ms for the CASNRs despite including the lowest
thermal conductance at the interface of the device and the substrate. These time scales were
four orders of magnitude faster than the those reported by Zhang et al.[I] The acceptance
of this result into major publications suggests that there is a gap in the deep understanding

with regards to the physics of heat transfer in nanoscale materials.

Consequently, to counteract the photothermal effect that caused the heating of CASNR
cantilever sensors, the refrigeration of this sensor was accomplished by the use of anti-
Stokes photoluminescence of trivalent ytterbium ions doped within a yttrium-lithium-fluoride
(LiYF,) host crystal. A >20 K drop in temperature was measured using optomechanical
thermometry. Optically-refrigerating the lattice of a dielectric resonator has the potential
to impact several fields including scanning probe microscopy, the sensing of weak forces,
the measurement of atomic masses, and the development of radiation-balanced solid-state
lasers. In addition, optically refrigerated resonators may be used in the future as a promising
starting point to perform motional cooling for exploration of quantum effects at mesoscopic
length scales, temperature control within integrated photonic devices, and solid-state laser
refrigeration of quantum materials. In the following work, cooling NV™:NDs by 27 K at
~1073 Torr was achieved by attaching them to a 10% Yb:LiYF; microcrystal. The tem-
perature of the NV™:NDs and the cooling crystal was measured using Debye-Waller factor
(DWF) thermometry and ratiometric Yb ion thermometry, respectively. Stabilization of
thermal spectral wandering of the NV~ zero-phonon-line (ZPL) was achieved by modulat-
ing the 1020 nm laser irradiance. The demonstrated cooling of NV™:NDs using an optically
cooled microcrystal opens up new possibilities for rapid feedback-controlled cooling of a wide

range of nanoscale quantum materials.

Finally, to explore the intrinsic cooling of wide band gap semiconductors, the photother-

mal effects due to NV doping in nanodiamonds (NDs) was evaluated by attaching them to



silica microsphere resonators. Analytical heat transfer theory was developed for both spheri-
cal and cylindrical bodies with localized sources. The H3 defects are recommended for future
exploration for laser refrigeration of wide band gap semiconductors using color centers. This
recommendation is based on the 10-fold reduction of heating measured in a diamond sample
containing predominantly H3 defects, compared to an NV doped diamond. The observation
of anti Stokes emission from the H3 is also encouraging for the endeavor of achieving intrinsic

semiconductor cooling.
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Chapter 1

INTRODUCTION

It is well known that a certain fraction of electromagnetic radiation (photons) incident
on a material may get absorbed and generate thermal energy within the material. This
is known as photothermal heating. In some ways photothermal heating helps to make our
lives easier, such as when we use electromagnetic radiation in a microwave oven (Ao ~ 5
cm) to heat our foods. It has also been used in groundbreaking techniques such as pho-
todynamic therapy, where cancerous and precancerous cells can be destroyed by selectively
attaching photosensitizers and heating them with a specific wavelength of light.[3] Other ar-
eas where photothermal heating has led to fascinating observations includes catalysis[4], sea
water desalination[5], and superheating of solvents, among many other applications. Unless
certain rare conditions are met, light heats materials irrespective of whether it is desired or
not. When it is undesirable, photothermal heating may cause loss of accuracy in scientific
measurements using sensors or may even irreversibly damage materials by melting or burning

them.

1.1 The bane of photothermal heating

The loss of accuracy in sensors due to photothermal heating has traditionally been counter-
acted by attaching an external heat sink to the system. The heat sink is used to actively
draw heat from the sensor which can help maintain a constant temperature within the sensor,
which in turn would help in reducing measurement noise due to thermal fluctuations. For
example, microscopic sensors can be cooled by attaching a large cryostat. But because of
the large size of such heat sinks, the control loop cannot physically be made fast enough to

counteract temperature fluctuations in millisecond or microsecond timescales. In addition,



when the sensor is free of contact to any conductive or convective surface, as in the case of
levitated sensors in optical trapping,[6], [7] heat management through such methods is non
trivial. Thus the traditional cooling methods that cool through conduction or convection
are inadequate in helping maintain desirable temperature within sensors levitated in air or
vacuum. Vibrations and finite lifetimes of coolers due to the presence of various moving

parts such as pumps has also been a major hindrance in conducting precision science.

Photothermal heating of solid-state gain media also impedes the development of very high
powered lasers. This is because the rate of heat generation due to photothermal heating,
or the temperature gradients can be so large in the solid-state gain media that they cannot
be counteracted with traditional cooling techniques. This may cause damage to the gain
media when attempting to generate very high laser powers. Or this may result in a poor
beam quality due to the large gradient of refractive index induced by irregular heating
of the gain medium. In such cases an internal cooling mechanism is desirable that can
help maintain temperature gradients across the solid-state gain media for the realization of
very high powered lasers without loss of beam quality. This may be achieved with the use
of radiation balanced or athermal lasing scheme which will be discussed in the following

sections.

Due to the tremendous progress in the area of solid-state laser refrigeration, this non
traditional method of cooling has generated great interest within the scientific community
for the last few decades as it has proven to be useful in the areas where traditional cooling
methods have not been adequate. Under the right circumstances, this method of cooling
can be used to cool the right materials simply by directing a laser beam into it. Laser
refrigeration can induce intrinsic cooling in solid materials. In addition, this cooling happens
radiatively, which makes it possible to cool these materials in vacuum without any attached
contacts. It also may be built without any moving parts, enabling high precision science and
can be used to cool using microscopic or nanoscale crystals by focusing the coherent laser

radiation to a small spot.



1.2 Laser refrigeration of rare-earth (RE) doped solids

Laser cooling is a term that is widely used in the Doppler cooling community for the cooling
of metal atom vapors using laser irradiation. It is physically a different process that requires
high vacuum and low starting temperature conditions which prevents it from being adopted
as a practical cooling scheme for solids near room temperature and atmospheric pressure.
In this thesis, “laser refrigeration” is used for referring to solid-state laser refrigeration - a
process that is able to cool a solid lattice using laser radiation.

Solid-state laser refrigeration is based on a counter-intuitive process where a solid material
absorbs low-entropy photons from a laser, moves to an excited state, decays to the ground
state spontaneously, and emits photons. Under the right conditions, the emitted photons
may have both a higher average energy and net entropy[8]. This is similar to the reverse of
the process on which optically-pumped laser works. In an optically pumped laser the defect
adds heat to the gain medium. In the case of solid-state laser refrigeration, the heat is taken

away by the defect (or dopant) in the form of up converted photons escaping the system.

1.2.1 Background

The first few reports on laser refrigeration was in 1929 when Pringsheim proposed the
use of anti-Stokes fluorescence to refrigerate a vapor of sodium atoms[d]. However, it
was only in 1995 that the first experimental demonstration of solid-state laser refrigera-
tion was reported[I0]. In the last two decades tremendous progress has been made in
demonstrating the solid-state laser refrigeration of both amorphous[10] 11} [12] and crystalline
materials|[13] 14} 15] [16], 17, 18] under vacuum and atmospheric conditions. Solid-state laser
refrigeration has also been demonstrated using microcrystals suspended in aqueous media[19],
demonstrating the first instance of cold Brownian motion (CBM) since Einstein’s seminal
paper on Brownian motion in 1905[20].

In contrast with thermoelectric cooling, solid-state laser refrigeration is capable of cool-

ing materials in the absence of electrical connections. It also does not require moving parts



or cryogenic fluids which eliminates detrimental mechanical vibrations or the risk of me-
chanical failure. Furthermore, laser refrigeration has been shown to cool materials much
below the temperatures that thermoelectric cooling can reach.[I3] These unique features
have made laser refrigeration useful in a variety of practical applications. This has been ade-
quately demonstrated by the laser refrigeration of a Fourier Transform Infrared Spectroscopy
(FTIR) detector for imaging or spectroscopy.[21] Laser refrigeration has been investigated
for the precise temperature control of frequency standards based on optical cavities[22], or
modulating the temperature of individual molecules at physiological conditions[19, 23]. In
addition, its viability was recently evaluated for space-borne laser refrigeration architecture
to be used for temperature regulation of instruments in low earth orbit observation satellites.
[24] Solid-state laser refrigeration is also inherently useful in the development of radiation-
balanced lasers|25], which may be enable continuous wave (CW) lasers that can reach very

high powers without overheating.

1.2.2  Radiation balanced lasing

Excessive heating is a limitation inherent to high powered lasers, which can lead to problems
ranging from poor beam quality due to thermal lensing to cracking of the crystal. Because
of these and other issues, the maximum power that can be generated by a laser is limited.
To counteract this effect, traditionally coolers are attached on the outer surface. However,
such coolers are unable to reduce the large internal thermal gradient efficiently. In addition,
they add vibrations and fragility to the system due to many moving parts. In the concept of
radiation balanced lasers first developed by Steven R. Bowman[25], internal cooling of laser
refrigeration materials such as Yb doped LiYF,; may be used where the fluorescence cooling

will fully compensate the heating associated with laser emission.

1.2.8  The fundamentals of laser refrigeration

Under normal conditions a luminescent material emits photons of energy lower than the

energy of photons that used to optically excite it. In other terms, the emission wavelength



is typically longer (red-shifted) compared to the absorbed photon wavelength. This red-
shifting of the emitted photon’s energy is known as the Stokes shift and the conservation of
energy requires that the material gets heated in this process. It therefore follows that, if the
emitted photons have a higher average energy relative to what was absorbed (anti-Stokes
luminescence) phonon energy must be removed from the crystal lattice. If this process has a
near-unit quantum efficiency, i.e. the number of photons being emitted through anti-Stokes
luminescence are nearly equal to the number of photons being used to excite the material,
the rate of radiative cooling via this process will exceed the rate of nonradiative heating,

resulting in laser refrigeration.[26].

Initially there were concerns about the violation of the second law of the thermodynam-
ics. These were resolved by Landau by quantifying the optical entropy of the system|[27].
Landau reasoned that lasers have a low entropy due to their small divergence, narrow photon
energy range, phase coherence, and well-defined polarization. Following optical excitation
of the solid, the emission of spontaneous (anti-Stokes) luminescence has a higher net en-
tropy when considering the wide divergence, broad photon energies, low phase coherence,
and multiple polarization states of the emitted light. The need for optical radiation with low
entropy is therefore crucial for achieving solid-state laser refrigeration. The increased optical
entropy of the blue-shifted photons makes this cooling cycle consistent with the second law

of thermodynamics[27].

The progress in the field of solid-state laser refrigeration has since taken off, and tremen-
dous progress has been made in cooling heavy metal glasses using Yb3* ions, since the first
experimental demonstration|[IT) [12]. Research in the area of solid-state laser refrigeration
using Yb in crystalline materials has culminated in the development of a solid-state opti-
cal cryo-cooler with bulk Yb:LiYF, single crystals grown using the Czochralski method[13],
which has cooled crystals to 91 K from room temperature. The primary advantage of using
crystalline materials for solid-state laser refrigeration is the existence of well-defined crystal
field levels in them. These minimizes inhomogenous broadening of the rare-earth absorption

spectra.
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Figure 1.1: The full emission spectrum of Yb:LiYF, collected at 170 K during the decay
period of a pulsed 1020 nm excitation. The inset shows a schematic of the Yb3* energy level

splitting in LiYF, host.

1.2.4 YB3t energy levels and the cooling process

The Yb3* ions doped in an LiYF, crystal exist in a point group symmetry of S;. Due to
the low site symmetry of the crystal field, the (2J+1)-fold degeneracy of the Yb3™ multiplets
(*F7 /2 and 2Fj5) is lifted. Therefore the 2F; /5 and ?F5, multiplets split into four and three
Stark levels (Ei, Es, Es, ...) respectively, as illustrated in Figure[l.1] The amount of splitting
in the ground-state multiplet (*F%/2) depends on the specific host crystal into which the Yb
ion is doped. The ground-state splitting in LiYF, is 477+ 10 cm ™! [2§].

The excitation photon energy used for laser refrigeration (hv) is resonant with a differ-



ence in energy from the bottom of the excited-state manifold to the top of the ground-state
manifold (Fy — F5). The resonant excitation breaks the thermal equilibrium of the rel-
ative populations between the two manifolds. The ground and excited atoms must reach
quasi-equilibrium by absorbing phonons from the lattice with the rates much faster than the
spontaneous emission rate. It is known that the interactions between electrons and phonons
within each manifold is known as ”thermalization.” This process is far faster (~ps) than
the spontaneous emission rate (~ms) for a broad range of materials and temperatures. The
electron-phonon interaction helps maintain the quasi-equilibrium of the Boltzmann distri-
bution between each manifold. Consequently, the spontaneous emission of a mean photon
energy (hvy) which is greater than that of the absorbed photon exits the material and re-
leases the energy into free space. Hence, the anti Stokes fluorescence process removes thermal
energy from the material due to annihilation of phonons during each cycle as long as the
quantum efficiency of the process is high.

The thermodynamic cooling efficiency 7. of the cooling cycle is expressed as

:MZA_L (1.1)

e h X\

where hv is the pump photon energy, hvy is the mean fluorescence energy, A = ¢/v is the
pump wavelength, and Ay = ¢/vy is the mean fluorescence wavelength.

Additional considerations must be made to calculate the thermodynamic efficiency for
non-ideal systems, such as the probability that a pump photon can be absorbed, the probabil-
ity that an absorbed photon is converted to a fluorescence photon, and the probability a spon-
taneously emitted photon escapes the system. Non-ideal systems require the introduction
of the other two parameters, absorption efficiency and external quantum efficiency.[29, 30]

Following these considerations, the overall cooling efficiency can be rewritten as

7]0(”7 T) = MNextNabs 1. (12)

A
Af
This describes the cooling efficiency by which an excited ion decays to its ground state

with the fluorescence photon escaping to free space. The cooling efficiency must be positive



to realize net cooling, which means high external quantum efficiency (7e,:), high absorption
efficiency (nus), and a large anti-Stokes shift (hvy — hv) are required.

The absorption efficiency 74, describes the probability of a pump photon being absorbed
by the cooling ions rather than an impurity, which is a function of temperature and wave-

length defined by

a,(\,T)
a,(A\T) + ap’

where a,.(\, T) is the temperature and wavelength-dependent resonant absorption coeffi-

Nabs = (13)

cient of the cooling ion. The term qy represents background absorption, which is assumed to
be independent of temperature and wavelength,[31] though recent research calls into question
the validity of that assumption[32, [33].

It is clear from the Eq. that a high value of resonant absorption («,.) and low
detrimental background absorption («;) would maximize the absorption efficiency (7gs),
which would enhance the cooling efficiency. The detrimental absorption could be minimized
by improving the material’s purity. The optimization of a material’s resonant absorption is
a much more complicated process. Considering the saturation of absorption, the resonant
absorption coefficient is reduced if one tries to increase thermodynamic cooling efficiency by
increasing the Stokes shift[34]. The choice of the optimum pump wavelength should have a
moderate resonant absorption and Stokes shift to maximize the cooling efficiency. The pump
wavelength with the highest cooling efficiency can be predicted with temperature-dependent
absorption and emission data.

The external quantum efficiency (7e,) is a measure of the fraction of excited ions that

transfer heat out of the material through anti-Stokes luminescence, and is given by

NeW,

W+ W (14)

Next =

where 7, is the luminescence extraction efficiency which denotes the fraction of the emitted
photons that are able to escape from the material. W, and W,,,. are radiative and nonradiative

decay rates, respectively. The ratio W,./(W,+ W,,) quantifies the probability of an excitation



producing fluorescence and the 7. quantifies the probability that a spontaneously emitted
photon exits the system.

The cooling requirement (7. > 0) necessitates that the 7e.7.s product in Eq. is
as close as possible to unity, which means the vast majority of optical excitations should
decay radiatively, and a minimum amount of parasitic heating due to unwanted background
absorption from impurities should occur.

It is known that rare-earth ions doped into low-phonon energy glasses and fluoride crystal
hosts are typically associated with high external quantum efficiency (7e.; > 99%) for their
electronic excited states[35] [36]. As such, the corresponding RE ions are excellent candidates

for solid-state laser refrigeration within these host materials.
1.3 Laser refrigeration of semiconductors

Photothermal heating is a perennial challenge in the development of advanced optical devices
at nanometer length scales given that a material’s optical index of refraction, bandgap, and
Young’s modulus all vary with temperature. For instance, reducing the mechanical motion
of an optomechanical resonator to its quantum ground state requires that the temperature
(T') must be much less than hr/kg, where v is the mode frequency, h and kg are Planck
and Boltzmann constants, respectively[37]. Critically, incident laser irradiances must be kept
low enough to avoid photothermal heating of the resonator above cryogenic temperatures|[38|
39, 40, 37, 41]. In vacuum, it is a consistent problem that affects the accuracy of sensors
or causes permanent damage[7]. The absence of conductive and convective pathways for
removing excess heat from the optically-trapped particle in vacuo magnifies the effect of
photothermal heating.

A number of stringent material properties are required for solid-state laser refrigera-
tion of semiconductors to occur, including high optical absorption, low non-radiative re-
laxation rates, significant Huang-Rhys factors, and near-unity external radiative quantum
efficiency[29, [42]. Zhang et al. reported that nanoribbons of CdS could be laser cooled by

as much as 40 K below room temperature using continuous-wave optical pumping at wave-
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lengths A = 514.5 nm and 532 nm.[I] They further claimed that the thickness of the CdS
material must be between 60 and 120 nm.[43] If the thickness was too small, non-radiative re-
combination at surfaces was hypothesized to reduce the external radiative quantum efficiency
below the fundamental thermodynamic constraint for laser refrigeration to occur (~98%).
If the thickness was greater than 120 nm, the high index of refraction of CdS nanoribbons
was predicted to produce a significant amount of total internal reflection and subsequent
reabsorption within the cantilever, resulting in heating.

Cadmium sulfide nanostructures have been investigated for a number of applications
including optically pumped nanolasers[44], 45], photocatalysis[46, 47], and, more recently,
solid-state laser refrigeration[I] due to the material’s direct optical bandgap[48], large elec-
tron/phonon (Frolich) interaction[49], and high external radiative quantum efficiency/[I].

In 2013 Zhang et al. reported that nanoribbons of CdS could be laser cooled by as much
as 40 K below room temperature using continuous-wave optical pumping at wavelengths A
= 514.5 nm and 532 nm.[I] This emerged as a radical way to manage the thermal energy
within semiconductor nanomaterials for precision science. However, these claims have been
contested[50] and remain to be reproduced by an independent study. Nevertheless, for the
reasons described above, the optical refrigeration of semiconductor materials remains to be

an attractive endeavour.

1.3.1 Eaternal quantum efficiency in semiconductors

The 7)¢,¢ when written for semiconductors[51l, [52] can be expressed can be modified to include

the known recombination pathways as

B neBN?
eat = AN + . BN? + CN3’

(1.5)

where the nonradiative recombination coefficient, radiative recombination coefficient, and
the Auger recombination coefficient are denoted using A, B and C, respectively. The carrier

population density is denoted using N.
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Owing to their near-unity external quantum efficiencies[53], very recently colloidal cad-
mium selenide (CdSe) quantum dots have emerged as attractive candidates to induce laser
refrigeration of the solution [54, 55]. In addition, the theoretical feasibility of laser refriger-

ation of CsPbBrs nanocrystals embedded in an aerogel matrix has also been demonstrated

[56].

1.3.2 The complex refractive index

In contrast to RE-doped fluoride host crystals with n ~ 1.4, semiconductors frequently have
real indices of refraction n >2, which leads to challenges in the extracting anti-Stokes photons
from the solid material. A higher index of refraction can be beneficial from the standpoint
of enhancing the optical absorption of pump photons due to TIR or Mie resonances. An
alternative strategy for increasing the absorption of excitation photons is to design photonic
crystal cavities that could efficiently trap excitation photons, while emitting anti-Stokes
photons out of the material.

Furthermore, semiconductors have significantly larger optical absorption coefficients (semicon.
> 10 cm™!) in comparison with RE-doped fluorides (cjiuoride & 0.1 cm™'), implying that
semiconducting materials also have significantly higher imaginary refractive indices (k =
al/4m). Equation shows that the cooling efficiency (7.) is directly proportional to the
efficiency of optical absorption. However, from Equation [1.5| it is also clear that the EQE
depends on how efficiently the emitted photons can be extracted out of the sample. For
semiconductors with a high value of «, the extraction efficiency decreases exponentially
(e o< exp|—aux]) when the distance, z, that photons must travel to escape through the ma-
terial increases. Li et al.[43] have discussed this effect in the context of CdS nanoribbons
where an analysis of the EQE was done by including the thickness-dependence of 7,.. It was
suggested that CdS nanoribbons within the thickness range of 65 to 120 nm would have
the highest EQE. Samples below this thickness range would have insufficient optical absorp-
tion while samples thicker than 120 nm would not cool due to detrimental reabsorption of

anti-Stokes PL.



12

Given the stringent requirements for high external quantum efficiency, high optical ab-
sorption of the pump laser, and low background absorption, it is challenging to find other
material systems beyond laser gain media that are capable of solid-state laser refrigeration.
Given the success of laser-cooling lanthanide point defects within fluoride ceramic host crys-
tals, it is worth considering cooling point defects in semiconductors. Recently interest in
solid-state laser refrigeration of point defects in diamond [57] has motivated experiments

which will be discussed later.
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Chapter 2
THERMOMETRY: SIMULATION AND MEASUREMENT

2.1 General overview of heat transfer theory

Heat transfer theory is a great tool for modeling the effects of electromagnetic radiation
on different materials. Based on the geometry, material properties, boundary conditions
and the source, the steady state temperature gradients across an object, or the dynamic
change of the gradient with time may be predicted using heat transfer theory. Primarily, the
analytical method or the finite element method are used to solve the heat energy equation.
The analytical method solves the energy equation by writing it in a dimensionless form for
the particular geometry in question. While the finite element method does this by dividing
any arbitrary geometry into discrete volumes and then writing a system of equations based
on the Cartesian heat energy equation. This can be done using a variety of commercial
(COMSOL) or open source software (FEniCS package for Python). However, performing
calculations on Python to obtain the final temperatures by evaluating traditional functions
is far easier if careful assumptions can be made to simplify the physical conditions and the
energy equation is solved analytically. A general method used for obtaining the analytical

solution is discussed in the following sections.

2.1.1 Geometry

In the analytical heat transfer theory, the problem becomes manageable once the geometry
of the object is simplified to the closest primitive such as a cuboid, cylinder or sphere.
The corresponding energy equation is then written in the Cartesian, cylindrical or spherical
form. In certain cases it is beneficial to reduce the dimensionality of the problem if a very

high proportion of heat transfer occurs only in certain coordinate directions. After writing
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the energy equation in a general form, the equation is converted to dimensionless form by
normalising the dimensions and the heat source. In the dimensionless form the equation
becomes separable when it is considered as a homogeneous equation without the source and

solved. The source is added later in the process to obtain the final solution.

2.1.2  Boundary conditions

While separating variables and solving the homogeneous dimensionless energy equation,
eigenfunctions are obtained in each coordinate direction. The eigenfunctions have arbitrary
coefficients which can be evaluated by considering the boundary conditions. Boundary con-
ditions are written by considering the physical conditions at which the sample was mounted.
Two such conditions are required in each coordinate direction to obtain the two coefficients.
In the cases when a surface of the sample is attached to a large substrate, a constant temper-
ature boundary condition may be used at that surface. When a sample’s surface is in contact
with a stagnant fluid, Biot numbers and flux conditions are used. Symmetry conditions such
as zero steady-state flux may also be useful to set a boundary condition. When multiple
coefficients satisfy the boundary conditions, an eigenvalue function is written in order to

obtain a series of eigenvalues.

2.1.3 Source

The source function defines the rate of generation of heat across the geometry. To obtain the
source function for the purposes of this work, the physics of interaction of light with matter
was used. For a Gaussian source incident on a simple geometry, this is easily calculated using
the analytical focused Gaussian beam equation. The absorption in the direction of propaga-
tion can be modeled using Beer-Lambert’s law. And the presence of multiple reflections may
be included analytically too. This is described in the chapter [A 1] In other cases where the
geometry is more complicated and morphologically dependent resonances may occur within
the geometry, numerical methods such as finite difference time domain (as in chapter

may be used to obtain the source function.
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Both the real (ns) and imaginary components (k) of a material’s refractive index (N =
ns — k) play a crucial role in determining whether or not a semiconducting material will be
able to demonstrate laser refrigeration. If a solid with real index n, is placed in a medium
with a lower index (n,, < ns), then Fresnel reflection will direct anti-Stokes photons back
into the emitting solid based on total internal reflections (TIR) where they may be reab-
sorbed, leading to a reduction in the cooling efficiency. To overcome the reduced extraction
efficiency due to internal reflection, a variety of techniques such as index matching layers,
surface roughening, and spherical domes have been considered as strategies for increasing

the efficiency of luminescence extraction [58].

2.1.4 Software implementation

Once the eigenfunctions, eigenvalue functions are obtained, the constants were entered into
a Jupyter notebook (Python 3.7). The eigenfunctions and eigenvalue functions were de-
fined. Eigenvalue functions were then evaluated using a dense array of numbers and the
zero-crossings (eigenvalues) were obtained for those functions.The eigenvalues were used to
evaluate the eigenfunctions, multiplied and summed according to the defined solution to
obtain the dimensionless temperature change at all points in the geometry for a given time
point in a multidimensional array. The temperatures were then plotted against the coordi-
nates or versus time to understand the steady state temperature gradients or the time scales.

See chapter [A.4] for more details.

2.1.5 Predicting timescales

The time for a geometry to reach steady state temperatures after a source is switched on
or off is primarily dependent on the dimensions and the material properties - mass density
(p), specific heat capacity (C') and thermal conductivity (). Boundary conditions are other
parameters that effect the time scales too.

For general purposes, these characteristic timescales (7) may be estimated using the
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parameter called thermal diffusivity (o = k/pC) in the following manner:

d2
T = E, (21)

where d is the characteristic size of the structure.
However, in the case of large temperature changes and when the radiative heat flux can
be considered to be significant, the blackbody-limited characteristic timescales (755)[50] can

be given using the following equation.

A

C
A 37
O

(2.2)
)
f the structure; o is the Stefan-Boltzmann

BB = 4(

where A, V' are the surface area and volume
constant and Tj is the surrounding temperature.

Using these estimations, the timescales for CdS nanostructures used by Zhang et al.[I]
would show a cooling/heating timescale of 7 ~ 30 ms, about four orders of magnitude
faster than what has been reported. This motivated further investigation into the claims by
particularly measuring the laser refrigeration effect in the nanostructure using independent
thermometry methods, and to analyse the heat transfer dynamics more carefully using exact

heat transfer through analytical methods.

2.2 Challenges with nano-thermometry

A variety of techniques which may be used to measure the temperature of nanometer scale
materials and the challenges associated with them have been discussed in the following
sections.

Making direct thermal measurements of nanomaterials is challenging given that direct
physical contact with thermocouples can conduct heat, limiting the minimum achievable tem-
peratures (MAT)[59]. Non-contact optical thermometry methods based on fluorescence emis-
sion, including ratiometric themometry[19, 60, 61], differential luminescence thermometry[62],
and dynamic forward light scattering[19] avoid this pitfall and allow the laser to simultane-
ously cool and measure the local temperature. However, these methods require irradiance-

dependent calibrations. Also, pumping electronic states to induce cooling can modify their
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energies and requires careful considerations to decouple the incident irradiance from cooling
measurements[60).

Non-contact thermometry techniques based on spectroscopic and spin readout methods
offer a great advantage over others because they prevent the possibility of a conductive heat
flux being attached to the material physically. Infrared thermography is a robust technique
which relies on analyzing the black body radiation emitted by a sample. However, thermog-
raphy is more challenging when measuring the temperature of micrometer-sized objects. In
addition, the thermography of materials which are transparent to the mid-IR wavelengths

(such as GaAs) involves overcoming a number of additional experimental challenges[63].
2.3 Differential luminescence thermometry (DLT)

Many challenges with infrared thermography may be overcome using novel optical thermom-
etry techniques such as Differential Luminescence Thermometry (DLT). DLT is a versatile
technique for the measurement of temperature, which is widely used within the laser refriger-
ation community. Recently DLT has proven to be a viable alternative to infrared cameras for
conducting fast and accurate non-contact thermometry of small or infrared-transparent ma-
terials. It enables the measurement of small temperature changes with high time resolution.
DLT can be applied to any material system that exhibits a temperature-dependent change in
its luminescence spectrum. The idea was adopted from Zhang and Grattan[64] and developed
to measure the temperature of a bulk GaAs solid. A weak cw-probe laser is used to excite
the material and the luminescence is collected using an optical fiber. The luminescence is
dispersed using a monochromator and a time-gated CCD is used to collect the spectra with
real-time resolution. Upon subtracting the normalized spectrum with a reference tempera-
ture spectrum, a differential luminescence spectrum is obtained which can be calibrated using
a cryostat. A temperature sensitivity of 100 uK was obtained by using a 12 gW, 785 nm
probe laser [63]. Further enhancement of the technique using reduced sampling and balanced
photodetectors for each wavelength band has resulted in two-pixel DLT which is capable of

millikelvin and millisecond temperature and time resolutions, respectively[62]. Two-band
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DLT is another variant of essentially the same technique which analyzes the spectral dis-
tribution from Yb3* emission by isolating two bands from the spectrum using interference
filters. The signal is obtained by dividing the difference of two bands with their sum. More

recently, a 7 mK temperature resolution was obtained for RE-doped materials. [65]
2.4 Pump-probe luminescence thermometry (PPLT)

In 2013, Zhang et al. reported that nanoribbons of CdS could be laser cooled by as much as
40 K below room temperature using continuous-wave optical pumping at wavelengths A =
514.5 nm and 532 nm.[I]

A pump-probe luminescence thermometry (PPLT) approach was used by Zhang et al.[I]
to explore CdS laser refrigeration. In this method, a cooling laser at either 514 or 532
nm pumped the sample to generate anti-Stokes photoluminescence, and a subsequent probe
laser at 473 nm was used to excite temperature-dependent band-edge PL, which was used
to measure the temperature via a Varshni calibration[I]. Time constants on the order of
several minutes were observed for the sample to warm back to room temperature after the
cooling laser was turned off. This same method was used to claim laser refrigeration of
pervoskites[66]. One challenge in interpreting photoluminescence data is that band-edge
energies are also dependent on the carrier excitation density[67]. This motivates a need for
experimental optical thermometry methods that are non-contact and independent of excited

carrier densities.
2.5 Optomechanical thermometry

Optomechanical thermometry is one such method that overcomes the limitations of PPLT.
The foundations for optomechanical thermometry were laid by Smith et al.[68] During my
research I worked to refine the technique, validate it and apply it to a variety of systems to
obtain many novel results.

Optomechanical thermometry is akin to observing the fundamental acoustic eigenfre-

quency of the cantilever using forward-scattered continuous-wave laser interferometry, anal-
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ogous to the softening of breathing modes with increasing laser powers[69] measured by ul-
trafast time-resolved studies[70] in metal nanostructures. A modified Euler-Bernoulli beam
model was used to interpret the data by accounting for temperature-dependent changes in the
material’s Young’s modulus and optical dipole-trapping forces[71] that act on the suspended
cantilever.

In this technique for thermometry of a nanometer scale cantilever the Young’s modulus
is the primary temperature-dependent observable. Measurements of the cantilever’s funda-
mental acoustic eigenfrequency at low laser powers showed a red-shift in the eigenfrequency
with increasing power, suggesting net heating. At high laser powers, a decrease in the rate
of red-shift of the eigenfrequency is explained using Euler-Bernoulli elastic beam theory,
considering Hookean optical-trapping force.

For a beam that has been freely suspended from the edge of a substrate, the resonant
acoustic frequency can be measured by collecting the forward scattered light transmitted
through the material using an avalanche photodiode and Fourier transforming the voltage
signal. The displacement z of a cantilever of uniform cross sectional area A at a position x

along the length and time ¢ can be described by the Euler-Bernoulli equation

0%z N 0? 0%z
otz 0 ox?

where E is the Young’s modulus, [ is the second moment of inertia, p is the density,

pA

EISZ| — F(z,t) =0, (2.3)
15

72

and A is the cross-sectional area. It can be shown that the radiation pressure acting on
the cantilever is minimal at the low laser irradiances used, the force acting on the cantilever
(F(x,t) = 0). The resulting equation can be solved to give the frequency f; of the i mode
of the cantilever of length L and thickness h as[68]

B2 h |E
fi= 4\/§7r§\/;’ (2.4)

for which the solutions /3, are given using

1 + cos B, cosh 3, = 0. (2.5)
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Although several parameters will have a temperature dependence, it has been shown[72]
for cantilevers comprised of a single material that the dominating factor is the temperature

dependence of the Young’s modulus.

2.5.1 Effect of Optical Trapping Stiffness

It is important to note that although the radiation pressure force would cause a minimal
deflection, it would not affect the eigenfrequency as no real mass is added to the system (see
appendix). Deconvolution of heating and trapping effects in the high laser irradiance range
can be accomplished analytically by using a modified Euler-Bernoulli elastic beam model[73]
for a uniform cross section cantilever is modified with a spring attached at the tip of the

cantilever. The eigenfrequency (f;) of the i mode can be modeled according to the following

102 | (EI

For a beam of length L and linear density p, E and [ are the Young’s modulus and

equation [74]:

area moment inertia of the crossection of the beam, respectively. The i eigenvalue of non-
dimensional frequency coefficient €2;, can be obtained by solving the eigenfunction for a given

value of spring stiffness (K)[74].

K
_ <@> [cos ), sinh ; — sin 2, cosh QZ} +cos;coshQ;, +1=0. (2.7)

2.5.2  Effect Due to Mass and Optical Trapping Stiffness

To obtain the absolute change in temperature for a beam with mass (Yb:LiYF,) being probed
using a focused Gaussian spot, it is important to view the system through a modified Euler-
Bernoulli beam theory and include the effects of the laser trapping forces[6] on the Yb:LiYF,
crystal, which acts as a spring at the end of the cantilever. With increased irradiances, due

to the increased force constant of the spring, the eigenfrequency of the cantilever increases.
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Analytically the eigenfrequency (f;) in hertz, of a uniform rectangular beam is given by |[74]:

102 |EI

fi= om 12 7 (2.8)

Here L is the length, p is the linear density, F is the Young’s modulus, and [ is the area
moment inertia of the cross section of the beam. The ¥ eigenvalue of the non-dimensional
frequency coefficient €); satisfies the following equation for a uniform rectangular cantilever
with a mass M, and spring of spring constant K attached at the free-end of the cantilever

of mass mg.

) [cos(£2;) sinh(€2;) — sin(€;) cosh(€2;)] + cos(€2;) cosh(€2;) +1=0. (2.9)

2.5.8  Temperature dependent Young’s modulus

When a cantilever nanoribbon is heated (or cooled) photothermally, the laser spot heats a
certain region of the nanoribbon by a greater extent than the regions further away from the
spot. This temperature gradient will be evaluated more closely in the heat transfer analysis
section. During steady state there is a significant temperature gradient across the ribbon
attached to a conductive boundary (silicon substrate) at room temperature. Due to the
temperature gradient, the Young’s modulus across the Nanoribbon varies greatly. However,
when the temperature calibration is done using the cryostat, the frequency of an isothermal
beam is measured. Therefore, since the Young’s modulus is the primary observable in the
eigenfrequency method, the method does not report the maximum temperatures reached
within the cantilever irradiated with a focused Gaussian spot.

The temperature profile within the cantilever during the calibration can be assumed to be
isothermal. At high laser irradiances a temperature gradient is established in the cantilever,
and numerical calculations must be made to correlate how measured eigenfrequency values at
isothermal conditions correlate to eigenfrequencies that exist in the context of a temperature
gradient. Using finite element simulations of a non-isothermal cantilever with a spatially

varying Young’s modulus, the measured temperatures are a close representation of a laser
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heated CASNR cantilever. For a rectangular cantilever with a uniform cross section along
the length, the measured temperatures (AT,,;) are a close representation of a laser heated

cantilever with a AT,,.. =~ 4 - AT,,s at the center of the laser spot.

2.6 Yb?' emission analysis

In addition to optomechanical thermometry, Yb?** emission analysis can be used to measure
the internal temperature of the Yb doped crystal. This becomes a reliable complementary

thermometry technique to verify the results from other methods.

2.6.1 YV Ratiometric Emission Analysis

The emission spectrum from Yb?* ions excited using a 1020 nm laser consist of a bright
anti-Stokes emission in the NIR region of 900 to 1000 nm. When the ion is in a LiYF, host
lattice, the emission spectrum has distinct peaks representing the Fg — E; (960 nm) and
Es — FE3 (993 nm). The area under the peaks are represented as I; and I, respectively.
The temperature of the Yb:LiYF, crystal can be determined using a ratiometric analysis
of the fluorescence spectra. This is based on Boltzmann thermal population analysis of the
truncated spectrum, by evaluating the ratio of areas under the peaks I and I corresponding

to the dominant Eg and Ej5 transitions, and using the equation[I3] [75]:

I —(Es — Es)
— — . 2.1
i X exp ( T (2.10)

The decrease in the natural log of the ratio (I1/l3) as a function of laser irradiance indicates
cooling of the Yb:LiYF, crystal. This method is more reliable for small sized microcrystals
(<100 pm) as larger crystals are more susceptible to reabsorption effects. Due to reab-
sorption, the emitted light is absorbed better near the 960 nm wavelength which may also

contribute to the decrease in the ratio of I; /I, and appear like cooling.
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2.6.2  Full width half mazimum analysis

Ytterbium ion emission consists of peaks corresponding to the transitions from each of the
excited state manifolds to the ground state manifolds. When Yb3* is present in an amorphous
medium such as glass, the emission lines are primarily inhomogeneously broadened, meaning
the peaks are broadened due to site-to-site variations of the local crystal fields. However, in
the case of Yb3" ions in a crystalline host since the site-to-site variation in local crystal field
is minimal, the dominant form of line broadening is homogeneous. For an emission spectrum,
when plotted with energy, the homogeneous Lorentzian line shapes and the inhomogeneous
Gaussian shapes are convoluted. These may be resolved using Voigt line shapes[76]. In
crystalline hosts, due to minimal inhomogeneous broadening, a Lorrentz line shape may

suffice.

The inhomogeneous line widths (Al) are nearly independent of temperature while the
homogeneous line widths follow power law with temperature (T)[76]. In the case of Yb3"
in LiYFy, fitting of the emission spectra with 12 different transitions with a composite 12
Lorentz function is required for a rigorous fit. This would require the fine tuning and con-
straining 36 different parameters. It is a highly complicated procedure, and without proper
constraints 36 parameters may easily lead to an erroneous fit. For truncated spectra such as
one obtained with a 1000 nm SP filter in the emission collection train, the dominant peak
corresponding to the Fg — E; at 960 nm can be fit using a function that is the combination
of a quadratic background and a Lorentzian. The 7" dependence can be obtained by fitting
the peak in the representative peak from the spectra collected at various temperatures using
a low laser irradiance. This dependence can then be used as a calibration to obtain the

temperature of the crystal during operation.

The advantage of this technique is that due to the intrinsic nature of the inhomogeneous
broadening, the calibration obtained would be more consistent from one crystal to another
obtained from a single batch of processing, as long as all the other measurement parameters

are maintained to be constant.
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2.6.3 Mean Wavelength Analysis

As the temperature of the Yb:LiYF, crystal decreases, the overall mean wavelength (As) of
the emission red-shifts due to the Boltzmann distribution of populations in both ground and
excited states. The mean wavelength of the spectrum can be obtained by calculating the
“spectral centroid” representing the “center of gravity” (or the mean wavelength or the first

moment).
2 NI
Af = S I0w) (2.11)

where the summation represents the sum over all the pixels, 7()\;) is the intensity and J; is

the wavelength at the " pixel.

2.6.4 Intensity Correction

This dependence of the mean wavelength on temperature can be used as a calibration to
measure the temperature of the Yb:LiYF, crystal. Since it uses the intensity from each pixel
of the spectra, it is less susceptible to errors in other techniques such as ratiometric analysis
or two-band differential luminescence thermometry[65] which involve using only specific parts
of the spectra by manually selecting wavelength bands.

To obtain the absolute mean wavelength, it is essential that the raw spectrum (1,4,()) is
intensity-corrected (I..-(A)) using a calibrated light source to remove any instrumentation
related changes in intensity over the wavelength range of the spectrometer. Performing
the intensity correction on the intensity data obtained using a silicon detector being used
for measurement in the near-infrared range is crucial because the detector efficiency drops
precipitously in this range. The difference between the corrected and raw spectrum for a
Yh:LiYF, crystal using a pulsed 1020 nm excitation, obtained using a silicon detector can
be seen in Figure 2.1}

Intensity correction can be done by multiplying an intensity corrected function (ICF())),
which is obtained from the measured lamp spectrum (fj4m,(A)) and the interpolated cali-

brated spectrum (Zeq(A)) which should be provided with a calibrated lamp. The ICF is
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Figure 2.1: The raw (blue) and intensity corrected (orange) emission spectrum of Yb:LiYF,

collected at room temperature during the decay period of a pulsed 1020 nm excitation.
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given as.

ICF(\) = —2;2((1))

The corrected intensity then is simply given as leprr(A) = Lraw(A) X ICEF()N).

(2.12)

2.7 Raman anti-Stokes to Stokes ratio thermometry

In the Raman effect, inelastic scattering of light can occur when a photon excites the sample.
This means that the energy of the emitted photon is either lower or higher than the excitation
photon. The inelastic scattering due to a sample gives information about the molecular
structure of the sample as the shift in photon energy corresponds to the vibronic signature
of the molecule. When the shift of excitation photon energy is to a lower frequency, this is
called a Stokes shift, or anti-Stokes when the frequency shift is to a higher frequency. The
distribution of photons emitted through anti-Stokes or Stokes process maintains a Boltzmann
distribution distribution law. Hence allowing a pathway to measure the temperature by non-
contact method through the measurement of integrated emission intensities of the anti-Stokes
and Stokes Raman line[77].

Although the center position of the Raman peaks may contain information about the
temperature, it is highly sensitive to strain in the material. Another advantage of the anti-
Stokes to Stokes intensity ratio is that it insensitive to strain.

This method of temperature measurement requires highly sensitive detector as the prob-
ability of inelastic Raman scattering is nearly five orders of magnitude smaller than the
elastic Raleigh scattering. In addition, gratings used to disperse the photon energies need
to be dense to resolve the narrow Raman lines corresponding to crystalline samples. Lastly,
high density notch filters are required to eliminate the scattered excitation light from enter-
ing the spectrometer. At lower temperatures the anti-Stokes intensity may be weak or hard
to detect due to florescence background. However, this thermometry method may be a great
method of non-contact thermometry for nanoscale materials, near room temperatures or
higher temperatures because the intensity ratio of anti-Stokes to Stokes photons approaches

1 as the temperature increases.
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Figure 2.2: a) The room temperature emission spectrum from a nanodiamond ensemble
doped with NV~ centers excited using a 532 nm laser. The red dashed line shows the
composite function used to fit the ZPL. b) The natural log of Izpr t0 Lppertones ratio plotted
against the sample temperature at which the spectra were measured using a 532 nm laser.

A dashed green line shows the fit to the equation [2.13][79]

2.8 Debye-Waller factor (DWF) thermometry

Debye-Waller factor (DWF) is a term from condensed matter physics which measures the
attenuation of x-ray and neutron scattering sciences due to thermal motion. Other names
used for DWF are B-factor or temperature factor. The DWF in the case of diamonds can
be evaluated by analysing the emission spectra from NV~ centers doped in it[78]. This is
obtained by finding the ratio of integrated intensity from the emission of zero-phonon line
(ZPL) to that from its adjacent phonon side bands (PSB). This can be done by finding the

corresponding areas under the emission spectra in the respective wavelength bands.

The emission spectrum from an NV~ center doped within the diamond, as shown in

Figure consists of a narrow ZPL line around 638 nm which has a stoke shifted wide
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emission from the phonon overtones. The area under the ZPL (Izpr) can be obtained
by fitting the spectrum in a narrow wavelength range around the 638 nm using a composite
function consisting of a linear background and a Lorentzian. The amplitude of the Lorentzian
is Izpr. A representative fit for the ZPL using the composite function is shown using a red
dashed line in Figure . Area under the phonon side bands (Iyyertones) can be obtained by
integrating over the spectrum and subtracting the ZPL area from it. The DWF is calculated
by taking the ratio Izpy t0 Ipyertones- The change in DWF with temperature is given as[78§]

IzpL 2 ,T?
| =-S({14+=-7"= 2.13
" (Iovertone) ( * 37T Tg ( )

where T is the Debye temperatyre and S is a electron phonon coupling parameter which

is closely related to the Huang-Rhys parameter[80]. The spectra of NV™:NDs measured
using a constant 532 nm laser irradiance of 0.073 MW /cm? and the natural log of DWF
is plotted against the temperature in Figure 2.2b. The data points can be be fit to the
equationto obtain the Debye temperature (7Tp=1132.6 K) and electron-phonon coupling
parameter (S=4.38) for the particular sample. Such a calibration may be used to measure the
temperature of the samples in the following measurements by simply recording the emission
spectra.

This method of thermometry can be a reliable method of obtaining temperatures using
the emission spectra. NV doped nanodiamonds can be very bright. The small size and the
large emission rate allows for smaller collection times with high spatial resolution. In the
cases where the temperature of other micrometer sized objects is to be measured by attaching
the nanodiamond probes to the surface, the small size and the high thermal conductivity
of nanodiamonds ensures the sample temperaure is not changed by the contact probe and
steady states are reached at very high speeds (within nano to microseconds).

The downsides of this method are in the cases when overlapping emission or enhanced
emission at particular wavelengths due to Fabry-Perot interference of whispering gallery
modes contaminates the NV7:ND spectral features. This may prevent proper fitting of

the ZPL or the phonon overtones and give erroneous temperatures unless the background
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emission is accounted for or other special fitting techniques are required. One of these

techniques is described in the following section.

2.8.1 Fitting the NV~ spectrum

In the cases when the NV~ emission spectrum is convoluted with features that prevents the
proper fitting of ZPL individually, a composite function consisting of two Lorentzian and nine
Gaussian functions may be constrained heavily to fit the amplitudes of ZPL and overtones.
The amplitudes can be summed and divided appropriately to give DWF. The Gaussian (G;)

and Lorentz (L;) function used for the following fits are given as

A 2 2
G\ A, i, 0) = ———=e A2 and Li(\; A, p,0) =
(A A, i, 0) G (A A, o)

ém (2.14)

To validate this method of fitting a clean NV~ spectrum from a heavily doped macroscopic
red-diamond sample was used. One Lorentzian (L) centered at 1.95 eV and five Gaussians
(G1-G5) with fixed centers (u) were used to fit the emission from the NV~ centers. The center
of G1 was fixed at an energy 67.9 meV smaller than the L; center. To fit the NV part of the
spectrum, one Lorentzian (Ls) center fixed at 2.15 eV and four Gaussians (Gg-Gg) with fixed
centers were used. The FWHMs (L: 20; G: 20v/21n2) of all the functions were fixed as well.
To obtain a fit, the amplitudes were let to vary and the Levenberg-Marquardt least squares
algorithm was used. The fits are shown using red lines in Figure [2.3] the fit parameters are
given in the Table 2.1 Given the areas of the individual components, they can be used to
calculate the DWF by obtaining the ZPL area from (L; : A) and the overtones are obtained
by summing the amplitudes obtained from the fits of all the other components. The natural
log of DWF values calculated using the method discussed in the previous section are shown
in the parenthesis. The magnitude of values is different, possibly due to the significant
mathematical difference between the methods. However the change in their values which is

the significant parameter required for measuring the change in temperature agrees well with

the other method.
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Figure 2.3: a) The NV-center spectra of the red-macro diamond is measured using 81 pW
and b) 2050 uW of of 532 nm laser power focused down to a diffraction limited spot. The
individual Lorentz and Gaussian components are shown using translucent filled area plots

and their sum is shown using a red line.
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Table 2.1: Summary of fitting results from the composite fitting function used to fit the NV~

and NV emission. The natural log of DWF calculated using the method discussed in the

previous section is given in the parenthesis.

532 nm (81 W)

532 nm (2050 W)

Parameter

Li: A, 0 (eV), u (eV)
Gi: A, 0 (eV), u (eV)
Ga: A, 0 (eV), p (eV)
Gs: A, 0 (eV), p (eV)
Gy A, 0 (eV), u (eV)
Gs: A, 0 (eV), u (eV)
Lyt A, 0 (eV), pu (eV)
Gg: A, 0 (eV), u (eV)
Gr: A, 0 (eV), u (eV)
Gs: A, 0 (eV), p (eV)

Go: A, 0 (eV), p (eV)

7.532, 1.945, 0.006
107.4, 1.877, 0.028
131.7, 1.817, 0.028
93.59, 1.760, 0.028
106.3, 1.706, 0.042
75.27, 1.629, 0.061
2.829, 2.154, 0.011
7.615, 2.111, 0.024
15.75, 2.056, 0.026
15.75, 1.995, 0.028
37.28, 1.935, 0.028

123.88, 1.945, 0.006
2239.3, 1.877, 0.028
2555.5, 1.817, 0.028
1774.2, 1.760, 0.028
2004.6, 1.706, 0.042
1470.8, 1.629, 0.061
160.8, 2.154, 0.011
224.1, 2.111, 0.024
369.5, 2.056, 0.026
634.3, 1.995, 0.028
1062.9, 1.935, 0.028

In(DWF)

-4.348 (-5.109)

-4.613 (-5.489)
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Figure 2.4: a) Physical structure of the NV~ center in diamond. b) Energy level diagram of
the NV~ centers. Red arrows represent radiative transitions. The temperature dependent
D-splitting parameter in the context of NV~ centre’s energy level system is shown. The
red arrows represent emission resulting from radiative decay. Heavier lines (as compared to
a lighter lines) from the excited state to the ground state represents the stronger emission
associated with m,=0 transitions (versus the weaker emission with ms==+1). The weaker
emission at ms==1 results from a stronger non-radiative coupling (heavier dashed grey line)

to the singlet energy system through intersystem crossing.[79]

2.9 Optically detected magnetic resonance (ODMR)

The NV~ centre is formed when a lattice vacancy coalesces with an adjacent nitrogen impu-
rity atom within the diamond lattice, creating a spin-1 system with a trigonal Cszy,, symme-
try. The emission spectrum from the centre ranges from the ZPL at 638 nm, out to 800 nm
through phonon broadened transitions between the ground state (*A43) and excited state (*F)
triplets. Readout of the spin state within the ground state triplet can be performed optically
using the spin-selective intersystem crossing between the NV~ excited state triplet and a pair
of singlet states (*A; and 'F). Decay through the intersystem crossing is non-radiative, and

preferentially repopulates the mgy = 0 ground state spin sublevel. Since the non-radiative
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decay is stronger from m, = £1 than m, = 0, a reduction in the emitted PL results if the
NV~ spin has been prepared in mgy = +1 using MW radiation prior to excitation above the
ZPL (here at 532 nm). Figure [2.4h, b show the physical structure and energy level diagram
of NV~ centres with the spin-selective intersystem crossing to the singlet states.[79)

In nanodiamonds, the crystal lattice is typically strained which gives rise to a splitting
between the ground state spin sublevels. Thus the ground state Hamiltonian for a strained

defect centre can be expressed as [81]

H = DS+ E(5.-5)), (2.15)

where D is the zero-field splitting parameter of 2.87 GHz, F is the splitting parameter
due to non-axial strain, and S}, S*y and S, are the respective components of the NV centre
spin operator. In this picture, the separation between the my = —1 and mg; = +1 states
is then 2FE. Since the radiative decay to these sublevels is weaker than that of m, = 0, a
pair of dips appear in the collected PL. when the MW resonates with the my, = 0 <> m, =
+1 transitions. The ODMR measurements were conducted by scanning the MW frequency
across the resonances at D+ F while optically exciting the NV~ centres at 532 nm. The centre

frequency D in the ODMR scan is related to temperature by the power series expansion|[82]

D(T) = Qg + alT + a2T2 + a3T3 + Apressulre + As.tmin; (216)

where ayg = 2.8697 GHz, a; = 9.7 x 107° GHz/K, ay = -3.7 x 1077 GHz/K?, a3 = 1.7 x
10719 GHz/K?, Apressure = 1.5 kHz/bar is the pressure-dependent shift,[83] and Aggain is the
internal strain effect depending on the diamond crystal. By calibrating the Again at room
temperature, the actual temperature of the crystal can be calculated using the zero-field
splitting parameter (D) measured from the ODMR scan.

This method may be preferable over DWF thermometry in the cases where there are
overlapping emission in the 600-800 nm wavelength range. In addition since D splitting is a

intrinsic parameter for the NV~ energy levels, its dependency on temperature is consistent
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over different samples. This may remove the need to repeat calibration measurements for in-
dividual samples. However, it is a slower technique compared to DWF and requires collection

over longer times or expensive avalanche photodiodes to obtain good signal to noise.
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Chapter 3
PHOTOTHERMAL HEATING OF CDSNR

Cadmium sulfide nanostructures have been investigated for a number of applications
including optically pumped nanolasers[44], 45], photocatalysis[46, 47], and, more recently,
solid-state laser refrigeration[I] due to the material’s direct optical bandgap[48], large elec-
tron/phonon (Frolich) interaction[49], and high external radiative quantum efficiency[I]. A
number of stringent material properties are required for solid-state laser refrigeration of semi-
conductors to occur, including high optical absorption, low non-radiative relaxation rates,
significant Huang-Rhys factors, and near-unity external radiative quantum efficiency[29] 42].
Zhang et al. reported that nanoribbons of CdS could be laser cooled by as much as 40 K
below room temperature using continuous-wave optical pumping at wavelengths A = 514.5
nm and 532 nm.[I] It was also claimed that the thickness of the CdS material must be
between 60 and 120 nm.[43] If the thickness was too small, non-radiative recombination at
surfaces was hypothesized to reduce the external radiative quantum efficiency below the fun-
damental thermodynamic constraint for laser refrigeration to occur (~98%). If the thickness
was greater than 120 nm, the high index of refraction of CdS nanoribbons was predicted to
produce a significant amount of total internal reflection and subsequent reabsorption within

the cantilever, resulting in heating.[2]

3.1 Attempts at cooling CdSNR

Making direct thermal measurements of materials during laser refrigeration experiments is
challenging given that direct physical contact with thermocouples can conduct heat, limiting
the minimum achievable temperatures[59]. Non-contact optical thermometry methods, in-

cluding ratiometric themometry[19, [60], 61], differential luminescence thermometry[62], and
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dynamic forward light scattering[19] avoid this pitfall and allow the laser to simultane-
ously cool and measure the local temperature. However, these methods require irradiance-
dependent calibrations. Also, pumping electronic states to induce cooling can modify their
energies and requires careful considerations to decouple the incident irradiance from cooling
measurements[60]. A pump-probe luminescence thermometry (PPLT) approach was used by
Zhang et al.[1] to explore CdS laser refrigeration. In this method, a cooling laser at either 514
or 532 nm pumped the sample to generate anti-Stokes photoluminescence, and a subsequent
probe laser at 473 nm was used to excite temperature-dependent band-edge PL, which was
used to measure the temperature via a Varshni calibration[I]. Time constants on the order
of several minutes were observed for the sample to warm back to room temperature after
the cooling laser was turned off. This same method was used to claim laser refrigeration
of pervoskites[66]. One challenge in interpreting photoluminescence data is that band-edge
energies are also dependent on the carrier excitation density[67]. This motivates a need for
experimental optical thermometry methods that are non-contact and independent of excited
carrier densities.

The downsides of PPLT method can be minimised by the use of optomechanical method
for measuring the temperature of suspended CdS nanoribbon cantilevers by observing the
fundamental acoustic eigenfrequency of the cantilever using forward-scattered continuous-
wave laser interferometry, analogous to the softening of breathing modes with increas-
ing laser powers[69] measured by ultrafast time-resolved studies[70] in metal nanostruc-
tures. A modified Euler-Bernoulli beam model was used to interpret the data by accounting
for temperature-dependent changes in the material’s Young’s modulus and optical dipole-

trapping forces[71] that act on the suspended cantilever.

3.1.1 Optomechanical thermometry measurement

The cadmium sulfide nanoribbons (CdSNR) were synthesized using chemical vapor transport
(CVT) process conducted in a programmable tube furnace (Lindberg Blue M). Cadmium
sulfide powder (650 mg, 99.995% Sigma Aldrich) in an alumina boat was used as the source
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and placed at the center of the tube furnace. The growth substrates were prepared by
dropping a dilute gold nanocrystal (AuNC, 30 nm) solution in chloroform on a silicon (100)
surface. The substrates were left to rest for a few minutes to allow the solvent to evaporate
and then transferred onto a quartz tray. The quartz tray was loaded into a tube furnace
such that the silicon substrates were downstream 7-10 cm inside the edge of the furnace.
Argon + 5% H, was used to initially flush the chamber for 30 minutes at 400 SCCM. The
flow rate was then reduced to 50 SCCM and the temperature was ramped up to the growth
temperature (7}) in 30 minutes. The growth temperature was maintained for the growth

time (t,), and the furnace was allowed to cool naturally.

Dry transfer of as-grown CdSNRs was conducted by gently inverting a cleaved silicon
wafer onto the as-grown substrate. Individual CdASNRs were then removed from the transfer
substrate and placed at the edge of another clean silicon substrate to form a cantilever (as
shown in Figure [3.1b) using a nano-manipulator (Mérzhéuser-Wetzlir) with a tungsten dis-
secting probe (World Precision Instruments) with a sufficiently small tip radius-of-curvature
(~100 nm).

The silicon substrate loaded with the CASNR cantilever sample was then attached via a
copper tape to the stage of an optical cryostat (Janis ST-500) that was modified by drilling
a hole down its center line. Cantilevers were suspended over the stage’s axial hole to allow
forward-scattered laser radiation to be collected from behind the chamber (Figure [3.1j,b).
The chamber was pumped down to a pressure of 4.0x10~* mbar using an oil-free turbo
molecular pump. The cryostat stage was then aligned into an optical setup to measure the
cantilever’s eigenfrequency. A single-longitudinal-mode 532 nm laser beam (Coherent, Com-
pass 532) was first split using a holographic transmission grating and focused on the tip of
the cantilever using a 50x long working distance objective lens (Mitutoyo). The transmitted
light was focused on a high-speed avalanche photo-diode (APD, Thorlabs APD430A). The
voltage vs. time signal obtained from APD over one second was then Fourier transformed
using a LabVIEW program to obtain one power spectrum. Thirty power spectra were av-

eraged to obtain one measurement, as shown in the Figure 3.1c. The peak then was fit to
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Figure 3.1: a) A schematic of the experimental setup for the eigenfrequency measurement
of a CdS cantilever at the edge of a silicon chip, mounted in a cryostat under vacuum. A
532 nm laser was used as the probe, focused on to the tip of the cantilever using a 50x long
working distance objective lens to a spot radius of 1.15 um. The forward scattered light
was focused onto the avalanche photodiode (APD) detector and the resultant voltage vs
time is Fourier transformed to obtain the cantilever’s eigenfrequency. Back-scattered light
was focused onto a liquid nitrogen (LNj) cooled spectrometer to record the PL and Raman
spectra. FL, HLB and NF stand for focusing lens, holographic beam splitter cube and notch
filter, respectively. b) A bright-field optical image of one cantilever resting on a silicon chip
(left side) and suspended over free-space (right side). c¢) The Fourier-transformed signal
shows a lone sharp Lorentzian peak centered at 32.040 kHz. The inset shows a magnified
x-axis of the same data and a fitted Lorentzian curve in red. d) A frequency vs temperature
calibration of data points is shown in blue circles and a linear least-squares fit of the data is

shown with an orange dotted line.[2]
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a Lorentzian shape to obtain the cantilever’s eigenfrequency. An average frequency data
point was obtained by fitting six measurements obtained at the same laser power with a gap
of one minute between consecutive measurements. The error bars represent one standard
deviation. Temperature calibration was performed by heating the cryostat using a temper-
ature controller (Lake Shore 335, resolution: 10 mK), and measuring the eigenfrequency of
the cantilever at different temperatures using a low laser irradiance (5 kW/cm?) that does
not measurably heat the sample. An average frequency data point was obtained by fitting
three measurements obtained at the same temperature with a gap of one minute between

consecutive measurements. The error bars represent one standard deviation.

The silicon substrate loaded with the CASNR. cantilever sample was then attached via a
copper tape to the stage of an optical cryostat (Janis ST-500) that was modified by drilling
a hole down its center line. Cantilevers were suspended over the stage’s axial hole to allow
forward-scattered laser radiation to be collected from behind the chamber (Figure [3.1j,b).
The chamber was pumped down to a pressure of 4.0x10~* mbar using an oil-free turbo
molecular pump. The cryostat stage was then aligned into an optical setup to measure the
cantilever’s eigenfrequency. A single-longitudinal-mode 532 nm laser beam (Coherent, Com-
pass 532) was first split using a holographic transmission grating and focused on the tip of
the cantilever using a 50x long working distance objective lens (Mitutoyo). The transmitted
light was focused on a high-speed avalanche photo-diode (APD, Thorlabs APD430A). The
voltage vs. time signal obtained from APD over one second was then Fourier transformed
using a LabVIEW program to obtain one power spectrum. Thirty power spectra were av-
eraged to obtain one measurement, as shown in the Figure [3.1c. The peak then was fit to
a Lorentzian shape to obtain the cantilever’s eigenfrequency. An average frequency data
point was obtained by fitting six measurements obtained at the same laser power with a gap
of one minute between consecutive measurements. The error bars represent one standard
deviation. Temperature calibration was performed by heating the cryostat using a temper-
ature controller (Lake Shore 335, resolution: 10 mK), and measuring the eigenfrequency of

the cantilever at different temperatures using a low laser irradiance (5 kW/cm?) that does
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Figure 3.2: a) AFM scan of the NR surface resting on silicon, with a white profile line strad-
dling across the NR width (top). The corresponding line profile is shown below, revealing a
110 nm thickness. b) A select area electron diffraction pattern of the NR shown in the inset.
¢) A room temperature PL spectrum collected from the suspended part of the cantilever,
measured using an incident 532 nm laser with 2 kW/cm? irradiance. The inset shows a

corresponding log-log plot of the integrated PL intensity as a function of the laser power.[2]

not measurably heat the sample. An average frequency data point was obtained by fitting
three measurements obtained at the same temperature with a gap of one minute between

consecutive measurements. The error bars represent one standard deviation.

An AFM scan (Figure [3.2h) of the cantilever surface resting on the silicon wafer demon-
strates that the surface of the cantilever is flat with a thickness of 110 nm, and a surface RMS
roughness <1 nm. Consistent with extensive TEM diffraction studies on isomorphic ZnTe
NRs[84], TEM SAED (Figure[3.2b) of the CASNR shows a single crystal wurtzite diffraction
pattern from the [1120] zone axis of a representative NR sample, with the planes [1100]
and [0002] marked. A room temperature photoluminescence spectrum collected from the
suspended part of a representative cantilever sample (Figure ) using a 532 nm excitation
source shows a typical band-to-band anti-Stokes PL curve centered around 510 nm, match-

ing the spectra reported by Zhang et al.[I] Recently reported time-resolved measurements



41

indicate that the anti-Stokes luminescence is produced from optical transitions between real
states[85]. Peaks in the PL at 299 cm™! and 600 cm™! correspond to the 1LO and 2LO
phonon modes, confirming the high crystallinity of CdASNRs. The red-shift in the 1LO mode
in these measurements compared to the reported Raman modes for a single crystal of bulk
CdS[86] at 305 and 600 cm™! can be attributed to the phonon confinement effect in the
nanostructure[87, 88, 89]. The peaks at 204 and 245 cm~! stem from the surface recon-
struction of the CASNR[90]. The inset of Figure shows an integrated PL intensity with
laser power, depicting no apparent saturation of intensity at laser powers as high as 8 mW
or an irradiance of 192.4 kW /cm?. Tt is important to note that although some cantilever
structures were observed to withstand high power laser irradiation as mentioned above, most
cantilevers decomposed at irradiances as low as 72 kW /cm?. This discrepancy may arise from
local variations in the material’s absorption coefficient, or morphology dependent resonances
(MDRs)[01, 2] which can cause a peak in absorption for certain thicknesses near 102 nm
as shown in Figure [3.3] To avoid any permanent damage to the samples during the eigen-
frequency experiments, laser irradiances were kept under 43.3 kW /cm?, corresponding to a

total laser power of 1.8 mW in a spot diameter of 2.3 pm.

An interesting blue-shift of eigenfrequency was observed immediately after loading the
sample into the cryostat. A representative sample was loaded and the eigenfrequency was
continually recorded with a laser beam irradiance of 11.5 kW /cm? over a period of 2 hours,
during which it shifted from 31900 Hz to a steady state value of 32060 Hz (Figure )
Upon switching off the laser overnight and repeating the measurement, the eigenfrequency
remained stable within standard deviations of a higher steady state value around 32020 Hz
over 40 minutes. All of the eigenfrequency measurements discussed below were conducted
after irradiation of the cantilever tip for two-hours when the eigenfrequency reached a steady
state value. The blue-shift suggests that laser induces an irreversible modification of the the
mass distribution of the cantilever around the incident laser spot area and reaches a steady
state. Although a blue-shifting frequency trend could be attributed to the cooling of the

cantilever structure, the observed irreversible change in the eigenfrequency is inconsistent
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Figure 3.3: a) Using the wave optics package within the finite element program COMSOL a
2D section of the cantilever was modeled. A z-polarized Gaussian electric field of arbitrary
magnitude (wy = 1.15 ym at © = 0) was incident on a slab of W = 5 pm and refractive index
value of n = 2.5513—1¢0.0057657. b) The thickness (H) was varied from 20 to 200 nm and the
integrated power within the slab was calculated. The integrated power at every thickness was
normalized using the area (W x H) for each thickness to obtain the average power absorbed
per unit area of the section. The variation in average power absorbed per unit area with
thickness is shown. A peak in average absorbed power per unit area at thicknesses near 102

nm represents a morphology dependent resonance (MDR).[2]
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with this laser-cooling hypothesis. Surface adsorbates may desorb upon irradiation, decreas-
ing the cantilever’s local linear mass density, and leading to a blue-shift in the measured
eigenfrequency.

The data in Figure [3.4p,c were acquired at random laser irradiances to account for poten-
tial hysteresis effects or irreversible desorption of foreign species. Figure demonstrates
a red-shift in eigenfrequency with an increasing laser irradiance in the low laser irradiance
range (<2.5 kW /cm?). A least-squares linear fit to the data is shown using a red-dotted line.
The y-axis intercept of the linear fit was used to obtain the first natural resonant frequency
mode (“diving board mode”) of the cantilever of 32071 Hz at room temperature in the ab-
sence of laser perturbation. The decrease in eigenfrequency in the low irradiance range can
be attributed to a decrease in the Young’s modulus of the material as the cantilever heats
up with increase in laser irradiance. The magnitude of the measured increase at the hottest
point within the cantilever (AT,,,,) of the cantilever, estimated using the aforementioned
temperature calibration is shown using a green line in the right y-axis. Using this, a AT,
(AT}02) of 20.6 K (82.4 K) above room temperature at a laser irradiance of 2.5 kW /cm?
was determined. Temperature measurements made on CdSNRs from Zhang et al.[1], using
the same method also suggested heating.

Using COMSOL93] finite element analysis, the geometry of the cantilever was modeled
and the first eigenfrequency mode was probed by varying the Young’s modulus from 44 to
46 GPa. A linear increase of eigenfrequency from 32831 Hz to 33569 Hz with increasing
Young’s modulus (slope: 368.9 Hz/GPa) was observed. Based on the unperturbed natural
resonant mode of 32071 Hz, a Young’s modulus of 41.9 GPa was extracted from a linear fit
to the data obtained from the simulation. This is in agreement with the reported averaged
tensor value of 45 GPa [94].

Measurements made over the full laser irradiance range (0.8-43 kW /cm?, Figure ),
show the eigenfrequency change as a function of laser irradiance. Eigenfrequencies appear
to fall on an exponential decay curve (solid green line) which can be interpreted in the

context of laser induced heating (heating component) and optical trapping stiffness (trapping
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Figure 3.4: a) A blue-shift and eventual saturation of the eigenfrequency observed when
measurements were done immediately after loading the cantilever sample into the cryostat,
with a 11.5 kW/cm? laser irradiance for a span of 2 hours. b) Eigenfrequency measure-
ment at low laser irradiances (below 2.5 kW /cm?) shows a linear red-shift of eigenfrequency
with increasing laser irradiance. A least-squares linear fit is shown using a red dotted line.
Based on the temperature calibration, a green line shows the variation of the AT,,,, on the
right vertical axis. ¢) Eigenfrequency measurement data points shown as black dots on the
cantilever taken at random laser irradiances to account for hysteresis. The data fits to an
exponential decay curve shown in solid green line. Young’s modulus dependent frequency
shift component dominant at low laser irradiances has been shown using a dashed red line,
while at higher irradiances the laser trapping stiffness component obtained by subtracting
the heating component from the exponential fit has been shown as a dotted blue line. The

laser trap stiffness values estimated using theory have been shown in the right vertical axis.[2]
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component). The optical trapping stiffness originates from a negative pressure gradient force
generated due to a tightly focused single beam of laser, which has been shown to trap particles
from 25 nm to 10 pm|[71]. At low irradiances, the linear red-shift in the eigenfrequency can
be attributed to a decrease in the Young’s modulus of the material as the cantilever heats
up with increase in laser irradiance (dashed red line). This corresponds to a rise in AT},
(AT,q,) of 371 K (1494 K) and a decrease of the Young’s modulus to 40.03 GPa for a
frequency red-shift of 701.2 Hz at a laser irradiance of 43 kW /cm?. At high laser irradiances,
the optical-trapping stiffness becomes significant and causes a decrease in the rate of the
eigenfrequency’s red-shift. The measured frequency at high irradiances is thus the net result
of heating and laser-trapping components, shown using dashed red line and a dotted blue
line, respectively in Figure . The dotted blue line representing the laser trapping stiffness
experienced by the cantilever was obtained by subtracting the heating component (dashed
red line) from the exponential fit (green line) and was further used to estimate its value
at different laser irradiances using static structural simulation in COMSOL. The estimated
trapping stiffness is shown in the right vertical axis in Figure [3.4c. It is important to note
that although the radiation pressure force would cause a minimal deflection , it would not
affect the eigenfrequency as no real mass is added to the system. Deconvolution of heating
and trapping effects in the high laser irradiance range can be accomplished analytically by
using a modified Euler-Bernoulli elastic beam model[73] for a uniform cross section cantilever

is modified with a spring attached at the tip of the cantilever discussed in section [2.5]

For a beam length, width, and height of 20 ym, 5 gm, and 110 nm, E = 45 GPa and a
density of 4826 Kg/m3, the calculated eigenfrequency of the first mode increases (blue-shifts)
linearly from 7.0 and 70.3 Hz as the spring constant changes from 1 to 10 {N/nm , showing
an increased blue-shift for higher spring constant. As the analytical model is only valid for
beams with uniform cross section, a finite element analysis was used to model the effects of
a spring with stiffness (K') at the end of a cantilever geometry modeled based on the sample

dimensions to quantify the magnitude of optical trapping stiffness observed experimentally.

The component of eigenfrequency that blue-shifts with increasing laser irradiance due
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to an increasing trapping force is shown as a dotted blue line in Figure , indicating an
increase in eigenfrequency with increasing irradiance, in the absence of heating. This was
obtained by subtracting the heating component (dashed red line) from the exponential fit
(green line). The resultant irradiance-dependent blue-shift was used to quantify the laser
trapping stiffness at high laser irradiances and is plotted in the right vertical axis of the plot
(Figure ) Starting from a laser irradiance of 4.6 kW /cm?, the laser trapping stiffness is
significant enough to affect the eigenfrequency and reaches a maximum of 9.1 fN/nm at 43

kW /cm?.

3.1.2  Cantilever heat transfer theory

Analytical heat transfer analysis predicts the temperature distribution within the nanostruc-
tures and allows us to calculate the time required to reach steady state temperatures. This
approach is useful for investigating solid-state laser refrigeration or photothermal heating of
a wide variety of material systems without using inexact finite element methods. In this
section, the heat transfer equations for various geometries, boundary conditions and source
types are solved analytically. Note that the radiative heat fluxes are ignored in the models
due to due to a small Biot number and extremely small characteristic length scales involved
here.

To examine the effects of photothermal heating of a rectangular CdS nanoribbon due to
a focused Gaussian laser beam we consider a rectangle length L, width W, and thickness H
as shown in Figure [3.5] It is convenient to write the energy equation for the photothermally

heated ribbon in dimensionless form given by
ou ,0U  0*U  ,0°U
—=a + +b
or &2 On? 0¢?
where the dimensionless parameters are defined by

T—TO at L L2 .

L x Y z
e [ — b e — = — = — = — = — ,”. 32
TO y T L27 a W7 H7 5 Wa n L7 C L’ o HTQQ ( )

Here a = k/pC' is the thermal diffusivity of the nanoribbon, Ty is the temperature at its

+ o, (3.1)

U:

base (y = 0), and the approximation for the electromagnetic energy absorbed by the medium
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Figure 3.5: The rectangular geometry used for analytical transient heat transfer model.[2]

per unit volume per unit time at a radial distance of r from the center of the beam with a

waist radius of wy and wavelength \g in vacuo is given as

2

Io(1 = Ry) exp ( _ %) exp(—2k"=), (3.3)

4

Q/”(T, Z) —

0 0

where [ is the incident irradiance, Ry is the wavelength-dependent reflectivity, n” is the
imaginary part of refractive index of the medium, and k” is the corresponding wavenumber
(K" =2mn" [ Xo).

The nanoribbon is mounted in a vacuum chamber. Therefore, convective or conductive
heat transfer from the suspended surfaces can be neglected. Furthermore, due to a small Biot
number the radiant heat fluxes are extremely small for the temperatures and characteristic

length scales involved here. Therefore, the boundary conditions are given by:

ou ou ou ou

6_5(07777C7T) - 6_6(17777C7T) = a_c(@??aoﬁ) = a_c(§77]7 177—) =0 (34)

and

ou
U(f, Oa C; 7_) = 07 8_77(6’ 17 Ca 7—) = 07 (35)
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We look for a classical product solution of the form

oo o0 o0

UEn.Cm) =) 3 > A1) Xi(€)Yin(0) Z0(0), (3.6)

in which the orthonormal eigenfunctions X,,(§) and Y, (n) satisfy homogeneous boundary

conditions and are given by
X;(€) =1 for I =0 and V2cos(lén) for 1 =1,2,3, ... (3.7)

1
Y (n) = V2sin ((m + é)ﬁﬂ) form=20,1,2,... (3.8)
Zn(¢) =1 for n = 0 and V2 cos(n¢m) for n =1,2,3, ... (3.9)

where prime indicates a dummy variable, and the coefficients of Ay, (7) are given by

App(7) = L= P Vi) / / / (€Y XUE V() Zu(CNAE A, (3.10)

7[ mn

Vim = (alm)? + {(m + %) 7T:| 2 + (bn)?. (3.11)

The steady state solution is obtained by taking the limit as 7 — oo.
Note that o vanishes outside of a region surrounding a cylinder with origin x = W/2,
= Lo (or & = 1/2, n = n* = Ly/L). It is assumed that the radius of that region
is /2, the half width of the nanoribbon. The double integral over the circular region
can be obtained by quadrature using an appropriate numerical integration software (See
appendix for details). Calculations were performed using the solution above with a thermal
conductivity (k) of 20 W/(m-K), n = 2.5513-i0.0057657 and 2.6399-i0.055754 at 532 nm and
514 nm laser wavelengths respectively, laser spot radius wy = 1.15 pym, L = 20 pum (spot
center at 0.75*L), W =5 ym, H = 110 nm, Py = 1.8 mW, a AT,,; (AT az) of 9.7 K (38.6 K)
and 87.5 K (350 K) is predicted for 532 and 514 nm incident lasers respectively, indicating
the importance of the imaginary refractive index (Figure ,b). In the calculations, a laser

power of 1.8 mW was reduced to account for Fresnel reflection at normal incidence using Ry

values of 0.19081 and 0.20317 at 532 and 514 nm, respectively. A calculated steady state
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Figure 3.6: a) The steady state surface temperature deviation from the ambient temperature
(AT) of a CdS cantilever calculated for a thermal conductivity (k) of 20 W/(m-K), n =
2.5513-10.0057657, Ry = 0.19081 (at 532 nm), laser spot radius wy = 1.15 ym, L = 20 pm,
W =5 pum, H =110 nm, Py = 1.8 mW. b) The AT profile of a CdS cantilever calculated

for the same parameters as b, Py = 1.8 mW and optical constants for 514 nm - n = 2.6399-

i0.055754 and R, 0.20317 (at 514 nm).[2]
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temperature deviation from the boundary temperature condition (AT') profile at the surface
during irradiation with the 532 nm and 514 nm laser has been plotted in Figure and b,
respectively. Although the values on the temperature axis change, the general profile of the

plot shown in Figure and b remained the same for various laser powers.

Table 3.1: Summary of results from temperature calculations using different parameters
in the analytical model. The experimentally measured values of AT, are shown in

parentheses.[2]

L, W, H|\ Reflectivity | Refractive Index | P AT | AT (K)
(pm) (nm) | () (n) (mW) | (K)

20, 5, 0.11 | 532 0.19031 2.5513-i0.0057657 | 1.8 38.6 9.57

20, 5, 0.11 514 0.20317 2.6399-10.055754 1.8 350 86.8

35, 2.3, 0.11 | 532 0.19031 2.5513-10.0057657 | 0.1 6.69 1.66

35, 2.3, 0.11 | 532 0.19031 2.5513-10.0057657 | 1.8 120 29.8

35, 2.3, 0.11 | 532 0.19031 2.5513-:0.082112 0.1 83 20.6 (20.6)
35, 2.3, 0.11 | 532 0.19031 2.5513-10.082112 1.8 1494 371 (371)

For a rectangular geometry with L = 35 pm, W = 2.3 ym, H = 110 nm (similar to
the NR used for eigenfrequency measurements) using the same optical constants mentioned
above, and input 532 nm laser powers of 100 pW and 1800 puW, the AT,,s (AT 4.) were
6.69 K (1.66 K) and 120 K (29.8 K), respectively. Compared to the experimentally measured
ATs (AT ae) of 20.6 K (82.7 K) at 100 pW, the analytical calculation underestimates the
magnitude of temperature rise. This deviation can be attributed to a variation in the value of
the imaginary part of the refractive index probably due to impurities or non-stoichiometry of
the CASNR. A comparison between the experimentally observed and theoretically predicted
temperature allows an estimation of the imaginary refractive index of the CASNR. A AT,

(AT az) 0 20.6 K (83 K) at 100 W of laser power was obtained using an imaginary refractive
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Figure 3.7: The calculated cooling curve depicting the decay in the maximum steady state
temperature (AT),q.) with respect to time after the cantilever reached steady state tempera-
tures and then the source was switched off. For comparison, the cooling curves calculated for

the same geometry and respective optical constants for 532 nm and 514 nm are shown. 50, 2]

index of 0.082112 rather than that reported by Treharne et al.[95] (n” = 0.0057657). This
estimated imaginary refractive index predicts a AT,,s (AT 4) of 371 K (1494 K) at 1800
uW, which is in agreement with the experimentally measured AT,,s (AT q.) of 371 K (1494
K) for the same laser power. Similar values of the steady state temperature obtained using
the analytical model have been confirmed using finite element software (COMSOL). The
results of calculations using various parameters discussed have been summarized in Table
3.1 Values of wy = 1.15 pm and x = 20 W/(m-K) were used for all the tabulated calculations.

The transient heat transfer model from a finite element model for a cantilever beam
irradiated by a 532 nm laser, suggests time scales of 80 us to reach within 0.1% of T} after
the laser beam heat source is turned off. The AT,,,, vs. time profiles have been plotted in
Figure Similar time scales of 80 us, independent of the laser power, were calculated for
the time take to reach steady state after the laser source is turned on. These time scales

(<100 ps) are significantly shorter than the minute-level time constants that have been
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reported in prior claims of CASNR cooling [1].

In summary, a novel optomechanical eigenfrequency measurement technique was devel-
oped for evaluating the temperature of the CASNRs that have been reported to undergo
laser refrigeration. Although the synthesized NRs were highly crystalline and exhibited a
high yield of anti-Stokes PL, the eigenfrequencies were observed to decrease with increasing
laser power due to heating at low laser powers and a possible laser trapping force at higher
laser powers. No evidence of laser refrigeration was observed. A rigorous discussion of a mod-
ified Euler-Bernoulli theory of a uniform cantilever with a spring attached to the free end in
context of high laser powers has been included to interpret the eigenfrequency data obtained.
Theoretical simulations of photothermal heating using transient heat transfer analysis yield
a maximum temperature rise and the time to attain steady state for various NR dimensions,
laser powers and optical constants. Combined with experimentally measured temperatures,
the analytical model also allows the determination of the imaginary refractive index of the
CdSNR. This approach is general and may be useful for measuring laser refrigeration in a

range of different material systems.
3.2 Thermometry of CdSNR in other geometries

The laser-refrigeration reports by Zhang et al.[I] involved experiments with rectangular
nanoribbons supported at two ends in a bridge configuration suspended over a SiO,/Si wafer.
To date, analytical models have not been reported for either wedge-shaped cantilevers, or
rectangular cantilevers in a bridged configuration. In addition, only heat transfer within a
rectangular cantilever was discussed in the previous section. However, since cadmium sulfide
nanoribbons (CASNRs) can be grown to produce either rectangular or wedge shaped nanorib-
bons. To interpret optomechanical measurements for wedge-shaped samples an analysis of
the temperature distribution is also required.[96]

In this section, novel experimental measurements of suspended semiconductor cantilever
devices using an approach based on non-contact, continuous-wave Stokes/anti-Stokes Raman

spectroscopy are discussed. Furthermore, an exact solution for the time-dependent heat-
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Figure 3.8: a) Schematic of the chemical vapor transport technique to grow CASNR. The CdS

powder (yellow), alumina boat (orange), quartz tube (black), substrate - gold nanocrystals

on silicon (blue) and the heating elements (red), are shown. b) A bright field optical image

of the CASNR wedge-type sample with the pointed end supported at the edge of a silicon

substrate, and the wider free end is suspended in vacuum. A red square is shown to indicate

the area used for AFM measurements ¢) An AFM height map measured at the sharp end of

the supported part of the cantilever on silicon. d) A height plot of the section shown using a

white line shown in (c¢). Average thickness (154.2 nm) is shown using a red dashed line.[90]
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transfer equation is derived for both wedged-cantilever and rectangular-bridge geometries
for comparison with experimental results. Predicted analytical temperature profiles are
observed to agree well with corresponding finite-element calculations, so either methodology
can be used for heat transfer analysis. Experimental steady-state temperatures are used to
bound the imaginary refractive index of CdASNRs at A = 532 nm. These results will improve
the interpretation of experimental nanoscale thermometry measurements, including those
based on optomechanical laser interferometry or laser spectroscopy. In addition, the results
have a direct bearing on the interpretation of the optical refrigeration experiments by Zhang

et al.[1]

3.2.1 Fxperimental details for wedge CdSNR measurements

Semicondctor CASNRs were grown using a previously reported chemical vapor transport
(CVT) method [1, 2] shown in Figure [3.8a. The CdS precursor powder (650 mg, 99.995%
Sigma Aldrich) was kept in an alumina boat at the center of a quartz tube inside a tube
furnace (Lindberg Blue M). A silicon substrate (100) was drop-casted with a dispersion of
gold nanocrystals (AuNC, 30 nm) in chloroform and dried in air for 30 min. The prepared
substrates were placed in a downstream region, 7-10 cm inside the edge of the tube furnace.
Argon + 5% H, was used to initially flush the chamber for 30 minutes at 400 SCCM. The
flow rate was then reduced to 50 SCCM and the temperature was ramped up to 840 °C
and maintained for 2 hours, and the furnace was allowed to cool naturally. Morphological
variations based on growth parameters are discussed in further detail in previous literature[2]
87].

Using a nano-manipulator (Méarzh&user-Wetzldr) with a tungsten dissecting probe (World
Precision Instruments) having a small tip radius-of-curvature (~100 nm), a single wedge-
shaped CASNR was removed from the growth substrate and placed at the edge of a clean
silicon substrate such that the narrow end was supported by the silicon. The wider, free end
was suspended to form a cantilever in vacuum (Figure ) An atomic force microscope

(AFM) was used to obtain a height map of the portion of the CASNR supported on the
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Figure 3.9: a) In(Y;/Y>) measured for different temperatures using a low 532 nm laser power
(54 pW). A least squares linear fit is used as a calibration, shown as a red dashed line. b)
Room temperature Raman/PL of the CdASNR wedge obtained at different laser powers of
a 532 nm laser. A strong second order LOP anti-Stokes Raman mode with a background
of anti-Stokes PL is highlighted and marked with I; on the left side of the excitation line.
The Stokes second-order LOP is labled I5. ¢) Natural log of the ratio Y; and Y, measured
for different 532 nm laser powers at room temperature (298 K). A least squares linear fit is
shown using a red dashed line and the calibrated maximum temperature (1000/7) is shown

in the right y-axis.[90]

silicon wafer (Figure [3.8¢). A line scan from the section indicated in Figure is shown
in Figure |3.8d. The thickness is consistent over the length of the nanoribbon and measures

154 +/— 10 nm.

The Si substrate with the cantilever was placed on a modified cryostat (Janis ST-500)
stage using a double sided copper tape, and photoluminescence (PL) spectra were obtained
at room temperature by focusing a 532 nm (Coherent Compass 532) single longitudinal
mode laser to a diffraction limited spot (radius, wy = 1.25 pm) with a 50x (Mitutoyo long
working distance) objective near the furthest free end of the cantilever. A 532 nm notch filter
was used to eliminate the laser line in Raman spectra. A PL peak with center at 509 nm,

corresponding to the band gap of CdS was obtained. A weak first order longitudinal optical
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phonon (LOP) mode at I1 70 = 304 cm ™! and an enhanced second order LOP mode at Iyro =
605 cm~! were observed. The higher ratio (Iyz0/I110) has previously been attributed to be
an indicator of stronger electron-phonon coupling [87, 97]. To isolate the Raman peaks the
broad fluorescence background was fit via nonlinear least squares approach using a Gaussian
function and subtracted from the Raman spectrum. Due to local heating of the sample
using a laser spot, thermal expansion of the hot area is clamped due to the colder region
surrounding it. Non-uniform strain due to this will affect the intensity of the Raman peaks,
as discussed in previous studies on WS,.[98] The application of strain on WS, showed a
25 % decrease in the intensity of the Stokes A;, peak for a strain of 1 %.[98] Considering
the thermal expansion coefficient of ., = 6.26X1076 K~! for CdS, the uniaxial strain at
23.4 °C, is given as ae, * AT = 1.4X107*. At the maximum temperature measured here,
using the measured values for intensity counts in WS,, a relatively minor 0.36 % decrease in
the Stokes intensity due to strain was calculated. Assuming the corresponding anti-Stokes
intensity increases by 0.36 % at 23.4 °C, the maximum error in the ratio of anti-Stokes
to Stokes due to strain effect was estimated as 0.7 %. This additional error based on the
measured temperatures at different laser powers was added to the error bars in the power
dependent ratio measurements in Figure [3.9c. The anti-Stokes to Stokes intensity ratio
was for measuring the temperature. The height of I o peaks in the anti-Stokes (I;) and
stokes region () were obtained through Lorentzian peak fitting, and are labeled Y7 and Y5,
respectively. The temperature of the cryostat was varied and the spectra were measured using
a low laser power (54 W), and In(Y;/Y2) was plotted against inverse temperature (1000/7").
Using a least squares linear fit a slope of -17.4 was obtained (Figure ) Next, the cryostat
temperature was not controlled and spectra were measured using different laser irradiances.
The spectra obtained at different laser powers are plotted in Figure [3.9b. The value of
In(Y;/Y5) from the spectra obtained at different laser powers is plotted in Figure and the
calibration slope was used to obtain the temperature of the sample, shown on the right y-axis.
Since the sample was excited and the Raman spectra were measured from the area of the laser

spot, the measured temperatures more closely represent the maximum temperature change
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Figure 3.10: Geometry and the cylindrical coordinate system used to obtain the analytical
heat transfer solution of the wedge shaped CdSNR. The laser spot (center at L, radius wy)

and the silicon boundary (0<r<Lg) are shown in orange and grey, respectively.[90]

within the cantilever (AT,,,.) relative to optomechanical thermometry[2]. These results
indicate the Stokes/anti-Stokes Raman spectroscopy is a sensitive method to investigate
the temperature of semiconductor nanoribbons samples during solid-state laser refrigeration

experiments.

3.2.2 Heat transfer in wedge CdSNR geometry

Although only heat transfer within a rectangular cantilever was discussed in Pant et al.[2],
CdSNRs can be grown to produce either rectangular or wedge shaped nanoribbons.[96] To
interpret optomechanical measurements for wedge-shaped samples an analysis of the tem-
perature distribution is needed.

For a wedge shaped geometry (Figure , a solution of the heat-transfer equation is
derived below.

The energy equation that applies is expressed in cylindrical coordinates as:

+Q", (3.12)

10 ( 0T 10T 0°T
ror

"or T oz

PG = T T o

for the wedge type geometry, where p is the mass density, C' its heat capacity per unit mass,



o8

k its thermal conductivity (evaluated at the mean temperature of the nanoribbon), and Q"
is the heat generated per unit time per unit volume due to photothermal energy absorption
of the pump laser beam. As shown by Pant et al.[2], the heat source for a Gaussian beam

and a thin nanoribbon is approximated by:

. 9 /2
Q" = 2K" Iy exp ( — T2 ) exp(—2k"2), (3.13)
Wy
in which £” is related to the complex refractive index n = n’ —in” by:
2
b=k —ik" = Tﬂ(n’ —in", (3.14)

Iy is the irradiance at the surface (z = 0), 7’ is the distance from the spot position along the
centerline (0, Ly) of the Gaussian beam, and wy is the beam waist radius. The maximum value
of " in the case of the wedge and the bridge structures is L, sin(6y) and /2, respectively.
If the beam waist is greater than either of these values, integration of the source is done in
parts, such that the contribution from the beam spot area falling outside the nanoribbon is
neglected. The irradiance impinging on the surface is related to the total beam power P, by:

_ 2P)(1—-R,))

Iy 5
TWw;

, (3.15)

where R, is the wavelength dependent reflectance of the beam. The nanoribbons were
mounted in a vacuum chamber, so conduction and convection heat transfer from the surfaces
suspended in vacuum are absent. For the temperatures involved here radiant energy transfer
is also negligible. Consequently, at all surfaces except those attached to the substrate the
heat flux is zero, that is 97/0s = 0, where s = r, 6, z. For the wedge-type nanoribbon the
temperature is T, at » = L. For the solution it is convenient to introduce dimensionless

variables defined by:

T-T, Kot r 2 H?Q"
— — —— fr— = — = .1
O=—7F—7 o0 H2 X T w7 (3.16)
The energy equation transforms to:
00 5|1 0 00 1 9?0 0?0
— = |- Xx=— — — 3.17
or " [X Ox <X ﬁx) o | o T .
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where ¢ = H/L. The solution may be written in terms of orthonormal eigenfunctions to give

oo o o0

O(x,0,¢,7) S B (1) Xim () Q@ (0) Wi (€), (3.18)

=0 m=0 n=0

where the eigenfunctions Q,,,(0), Xy,(x) and W, (¢) are given by

1 1
Qm(0) = oI for m =0, and NG Ccos <n;—:6) form=1,2,3, ... (3.19)

1 v (Lt
Xim(y) = T (1 6)) Jym(mmx)] for ,m =0,1,2,3,... (3.20)

Xl { Ton(btmx) = 7505

in which || Xj,,|| is defined by

X = /ﬂ ¥ Ko (02 (3.21)

W,(¢) =1 for n =0, and V2 cos(nm() for n =1,2,3, ... (3.22)

where 8 = Ly/L, and eigenvalues p,, satisfy the transcendental equation

Jzzm (/lemB)
qum (Nlmﬁ)

The coefficients By, (7) are given by

_Ulmjum+1(ulm) + Umd,, (,ulm) + [VmeVm (,Ulm) = timJ1—v, (Mlm)] =0 (3'23)

—ex %
Blmn( ) - 2[1 p lmn / / / le )Qm<9/>Wn(C,)dX/d9/dC/a (3'24)

lmn

where the primes indicate dummy variables of integration, A\? == c?u? + (nm)%

Based on the image of the sample shown in Figure [3.8b and ¢, the dimensions of the
wedge are L = 49.1 pym, 6y = 1.88 °© and H = 154 nm. The wedge rests on the substrate
such that Ly = 21.4 pm and is irradiated at Ly = 47.5 pym.

The optical constants of CdS at 532 nm, are taken to be n’ = 2.5513, n” = 0.00576 and
Ry = 0.191, respectively. The values of material constants p and C used for the calculations

are 4826 kg/m? and 470 J/(kg K), respectively.
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Table 3.2: Summary of results from temperature calculations using different parameters in

the analytical model. The experimentally measured values of AT, are shown in parentheses.

The values of material constants p and C' used for the calculations were 4826 kg/m? and 470

J/(kg K) respectively, and a laser spot radius wy = 1.25 um was used. The temperature

dependent values of thermal conductivity[99] adjusted for nanoribbon geometry s were used.

Wedge geometry

L, Ly, Ls, H |60, Ao Reflectivity | Refractive Index | P, ATz
(pm) (nm) | (Ry) (n) (kW) | (K)
2.5513-¢0.00576 | 1064 90.7
49.1, 21.4, 47.5,
1.88 | 532 0.191 2.5513-20.00155 | 1064 23.4 (23.4)
0.154
2.5513-70.00155 | 755 16.4 (19.1)
a) Analytical b) I + Numerical
----- Numerical ®_Analytica *
L2 1000 ust 7 120 = Ak i B
*
80| __ 8ot
2 < .
= £ .
< 40} 2 40t "
Tps | o= '
oL 01*;5__——4/;-; Ole + & + +
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Figure 3.11: a) A temperature distribution along the center line (6 = 0) from L to L of the

wedge. b) Temporal evolution of the maximum temperature within the cantilever at a CW

laser irradiance of 1450 W /spot area.[96]
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Although the effects of defects within the material or the dimensions of micro/nanoscale
devices on the thermal conductivity have been evaluated for certain materials using equilib-
rium molecular dynamics simulations[TI00, [10T], these are not immediately available in the
literature for CdS. It is known that the thermal conductivity within nanostructures depends
highly on the dimensionality and can be significantly smaller as compared to the bulk[102].
Thermal conductivity measurements on individual CdS nanowires were measured to be in
the range of 4.9-6.2 W/m KJ[I03], however the nanoribbon geometry has only a single con-
strained dimension and is significantly different compared to a nanowire. Therefore, the
temperature dependent values of experimentally measured thermal conductivity (k) of bulk
undoped CdS were used from data extracted and extrapolated from Moore et al.[99]. At
temperature T (K), x(T) is given as Chano €xp(Ch * log(T') + C2), where C; and C, fitting
parameters were -0.9129 and 8.605, respectively. To account for the size-dependent ther-
mal conductivity within nanoscale semiconductor materials, a C,,,, multiplier of 0.6 was
determined by fitting the model described by Liang et al.[104] using parameters for CdS.
Considering the relatively smooth surface morphology of the wedge determined by AFM
(Figure [3.8k), an arbitrary value of roughness parameter (p = 0.8)[104] is assumed. Various
factors such as the surface roughness, local crystallinity, doping and phonon mean free path
can cause deviations from the value of C,,,, used here. Accounting for the deviations in
Chano caused by all the factors is non-trivial. However, since it has a direct bearing on the
imaginary index obtained through the model, an estimated range of values based on the sur-
face roughness of the nanoribbon is projected. For a nanoribbon of the same thickness but a
much rougher surface (p = 0.5) a value of C},4,, = 0.37 is obtained, which resulted in a lower
bound value of the imaginary index n”=0.00096. Correspondingly, for a nanoribbon with an
ideally flat surface (Clano = 0.75) the upper bound of the imaginary index was calculated to
be n” = 0.00194.

The temperature distribution was derived for room temperature value of x, in the fol-
lowing iterations s at average wedge temperature was used until the maximum temperature

did not change more than 0.01 K compared to the previous iteration. For calculations of
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temperatures with different optical constants or material constants, the values used are re-
ported below. For a wedge with the coordinate system shown in Figure[3.10} the temperature
profiles for Py = 1450 W along the length from L-Lg to L at 6, = 0°, calculated for differ-
ent times are shown in Figure [3.1Th. Numerical calculations for the same parameters using
finite element software (COMSOL) are shown for comparison using a red dotted line. The
temporal evolution of the maximum temperature within the cantilever at a CW laser power
of 1450 uW are shown in Figure [3.1Tk, where finite element results are shown in red for
comparison. Steady state is reached within 300 us.

The experimentally measured AT,,,, temperatures are compared to those calculated
using the wedge heat transfer model in Figure [3.12] A summary of the parameters used for
calculations is listed in Table 1. The temperatures calculated agree with the experimentally
measured temperatures if a imaginary refractive index n” = 0.00155 is used, instead of the
correlated value of 0.00576[95] at 532 nm. There is a considerable uncertainty in the value of
n” in the wavelength range of 500 to 560 nm. Reported values range from 0.1 to 1x10~7 [95].
The estimated value of 0.00155 is lower than the value of 0.00576 based on a correlation by
Treharne et al.[95]. The difference in the estimated n” at 532 nm in these measurements
compared to that in literature could arise from local variations in the material’s imaginary
refractive index, or morphology dependent resonances (MDRs)[91] which could contribute
up to 1-3.7 times higher absorption per unit area within CdASNRs with thickness varying by

tens of nanometers above or below ~100 nm|[2].

3.2.8  Heat transfer in bridge CASNR geometry

For the bridge-type geometry (Figure |3.13a), with conduction boundaries on the both ends
of the rectangular geometry, the energy equation is given by:

0*T N o*T N o*T
ox?  Oy*> 022

A OT
pCE—KJ

+Q". (3.25)

The temperature at y = 0 and L is the base temperature 7, and at all the surfaces ex-

cept those attached to the substrate the heat flux is zero. It is convenient to introduce
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Figure 3.12: Experimentally measured temperatures of CASNR wedge compared with the
heat transfer analysis of the maximum temperature change when a imaginary index of n” =

0.00155 (blue) is used in comparison with a correlated value of 0.00576 (red).[96]

dimensionless variables defined by:

T—-1T, Kk t T
O — - = 3.26
y Py H2Q'///
n:L_ﬁ’Czﬁ’U: T
In this case, the energy equation becomes
00 0?0 0’6 9%
= a? +v? + + o, (3.27)

aor Yo T o T o
where a = 2H/W and b = 2H/L.

The solution becomes

O =D 3 > A (MU Vi ()Wa(Q), (3.28)

where the eigenfunctions are given by

Ui(&) = cos (IT€) for i =0,1,2,3,... (3.29)
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Figure 3.13: a) Geometry and the Cartesian coordinate system used to obtain the analytical
heat transfer solution of the rectangular shaped CASNR bridge supported at two ends. The
laser spot (center at origin, radius wg) and the silicon boundary are shown in orange and
grey, respectively. (b) A temperature distribution along the center line (x = 0) from -L/2 to
L/2 of the bridge.[90]
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Vin(n) = cos(Bn)  form =0,1,2,3, ... (3.30)

W,(¢) =1 for n =0, and V2cos(nm() for n =1,2,3, ... (3.31)
where eigenvalues [3,, satisfy Biot number (Bi) dependent equation

B sin(fBy,) = Bicos(fy,) (3.32)

The coefficients Ay, (7) are given by

A7) = [1_exslmn7’m" / / / (3.33)

Ui(&) Vi (1) )
7 b] d d d
o€ RV WW 1\2 Edndc’

where the prime indicates dummy variables of integration, 72, =~ = a?8? + b*(mm)? + (nw)?

and the norms are given by

1 sin?(B,,)
2= (14— 34
ol = 5 (1+ = (3.31)
) 1 form=20
Vil =9, (3.35)
3 form=1,2,3,...

The steady state solution is obtained by taking the limit 7 — oo in Eq. .

For the bridge geometry (Figure [3.13p), with a rectangular NR clamped at both ends,
the same optical and material constants were used for the temperature calculations shown in
Figure|3.13b. Dimensions similar to that of the wedge shape with suspended length of L=27.7
pm, W=3.2 ym and H=154 nm were used. The maximum temperature reached at steady
state is considerably lower at AT,,,,=15 K than that calculated for a wedge (AT,,..=75
K), for the same laser power (1064 pW), primarily due to the availability of two conductive
paths for the heat transfer to the sink. A summary of the parameters used for calculations is
listed in Table . For the same reason, time scales (Figure ) required to reach steady

state were also found to be relatively smaller (100 us).



66

a) & Analytical b) ;
<+ Numerical + " SN R BN RE ) L

15+ .
100 3
’ E
< 10+ . €
ux é 10:
: ¢ =
L < |
5L L
> 1k
L - E

olx_ ¥ i
0000 0010  1.000
Time (ms)

Bi values
1000

" |——0.05

sl L

" 0.000

0010
Time (ms)

1.000

Figure 3.14: a) An analytical and numerical calculation of time-dependent maximum change

in temperature within the bridge type geometry and maximum limit case of Biot number

is considered. (b) The effect of time scales of maximum change in temperature within the

bridge type nanoribbon for various Biot numbers. [06]

Table 3.3: Summary of results from temperature calculations using different parameters in

the analytical model. The values of material constants p and C used for the calculations

were 4826 kg/m? and 470 J/(kg K) respectively, and a laser spot radius wy = 1.25 pum was

used. The temperature dependent values of thermal conductivity[99] adjusted for nanoribbon

geometry k were used.

Bridge geometry

L, W, H| )\ Reflectivity | Refractive Index | B Biot number | AT},00

(pm) (nm) | (Ry) (n) (kW) (K)

27.7, 3.2, 2.5513-i0.00576 1000 16.6
532 0.191 1064

0.154 2.5513-i0.00576 0.05 720
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The generality of the model allows for calculation of steady state times in the case of poor
thermal contact between the cantilever and the sink. The effects of poor thermal contact
in the case of the bridge structure are evaluated, as shown in Figure [3.13b. Using various
Biot numbers to mimic poor conductances at the contact, a smaller the Biot number (lower
thermal conductance) is shown to increase the time scales (Figure ) For the lowest
thermal conductance measured (8.5 MW /(m? K)[105]), an equivalent Biot number of 0.7, the
calculated steady state timescale is estimated to be 2 times longer compared to that of the
ideal case. A hypothetical case of ultra-low thermal conductance, in the case of physically
unlikely Biot number of 0.1 show steady state time scales as long as 2 ms required to reach
steady state.

In summary, the temperature change within a suspended nanoribbon irradiated with a
focused Gaussian laser spot was experimentally measured using Stokes/anti-Stokes Raman
spectroscopy. Measured temperatures were compared with the analysis of heat transfer for
a wedge-shaped cantilever. The model enables calculation of the temperature distribution
within the nanostructure due to local heating with the laser, which is essential for accurate
eigenfrequency thermometry based on the cantilever’s temperature-dependent Young’s mod-
ulus. A timescale of 300 us is required to reach steady state temperatures in wedge geometry
and show much faster times of 33 us in the case of bridge geometry. The heat transfer model
for the bridge geometry allows the inclusion of interfacial resistance at the boundaries. Us-
ing the highest value of interfacial resistance measured between solid surfaces, a steady state
time scale of 3 ms is calculated. This is four orders of magnitude faster than that reported

by Zhang et al.[1]
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Chapter 4
LASER REFRIGERATION EXPERIMENTS

Photothermal heating represents a major constraint that limits the performance of many
nanoscale optoelectronic and optomechanical devices including nanolasers, quantum optome-
chanical resonators, and integrated photonic circuits. This section demonstrates the direct
laser refrigeration of a semiconductor optomechanical resonator >20K below room tem-
perature based on the emission of upconverted, anti-Stokes photoluminescence of trivalent
ytterbium ions doped within a yttrium-lithium-fluoride (LiYF,) host crystal. Optically-
refrigerating the lattice of a dielectric resonator has the potential to impact several fields
including scanning probe microscopy, the sensing of weak forces, the measurement of atomic
masses, and the development of radiation-balanced solid-state lasers. In addition, optically
refrigerated resonators may be used in the future as a promising starting point to perform
motional cooling for exploration of quantum effects at mesoscopic length scales, temperature
control within integrated photonic devices, and solid-state laser refrigeration of quantum

materials.
4.1 Laser refrigeration of CdASNR using Yb:LiYF,

4.1.1  Introduction

Photothermal heating is a perennial challenge in the development of advanced optical de-
vices at nanometer length scales given that a material’s optical index of refraction, bandgap,
and Young’s modulus all vary with temperature. For instance, reducing the mechanical
motion of an optomechanical resonator to its quantum ground state requires that the tem-
perature (7') must be much less than hvr/kg, where v is the mode frequency, h and kg

are Planck and Boltzmann constants, respectively[37]. Critically, incident laser irradiances
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must be kept low enough to avoid photothermal heating of the resonator above cryogenic
temperatures[38, 39, 40, 37, 41]. An approach for the photothermal cooling of nanoscale
optoelectronic devices through the emission of anti-Stokes photoluminescence is shown. In
particular, a micrometer-scale grain of 10% Yb3*-doped YLiF; (Yb:LiYF,) located at the
end of a semiconductor optomechanical resonator (CdS) was used to cool the resonator >20K
below room temperature following excitation with a continuous wave laser source with wave-
length Ay = 1020 nm.

Recently, laser refrigeration of a macroscopic Czochralski grown Yb:LiYF, crystal was
used to cool a semiconductor FTIR detector (HgCdTe) to 135 K[21]. In contrast, in this work
the temperature of a nanoscale semiconductor optomechanical resonator (CASNR) is reduced
using laser refrigeration of a hydrothermally synthesized Yb:LiYF, microcrystal attached to
it. The cooling of a load using a microscopic cooler enables local cooling. In addition, it also
offers a route towards rapidly achieving a thermal steady (us to ms scale) temperature state

within nanoscale devices.

The device is suspended in vacuum from a silicon wafer to reduce the potential for pho-
tothermal heating of the adjacent silicon substrate. Van der Waals bonding is used to attach
a low-cost, hydrothermal ceramic Yb:LiYF, microcrystal[19] to the end of the resonator
cavity. Rare-earth (Yb®T) point-defects within the LiYF, emit anti-Stokes photolumines-
cence which cools both the LiYF4 microcrystal, and also the underlying semiconductor op-
tomechanical resonator. The LiYF, serves both as a local thermometer (discussed in more
detail below) and also as a heat sink which extracts thermal energy from the cantilever,
increasing its Young’s modulus, and thereby blue-shifting the cantilever’s optomechanical
eigenfrequency. The transmitted laser causes minimal heating of the cantilever support-
ing the LiYF, crystal due to its small thickness (150 nm) and extremely low absorption
coefficient of CdS at 1020 nm[95]. The temperature of the source and the cantilever sys-
tem are measured using two independent non-contact temperature measurement methods -
differential luminescence thermometry[59] and optomechanical thermometry[2], respectively,

which agree well with each other. The results below suggest several potential applications
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for using solid-state laser refrigeration to rapidly cool a wide range of materials used in
scanning probe microscopy[106}, 107, 108], cavity optomechanics[38], 41, 109 1T0], integrated
photonics[IT1], 112, I13], the sensing of small masses and weak forces[114], 115}, 116, 117],

quantum information science[I18], and radiation balanced lasers[119].

4.1.2  Optomechanical thermometry of CdSNR with Yb:LiYF),

A CdSNR was placed at the end of a clean silicon substrate, and a hydrothermally grown 10%
Yb:LiYF, crystal was placed at the free end of the CASNR cantilever.[79] CdS was chosen
because of its wide band gap and low-cost, though in principle any material with low near-
infrared (NIR) absorption can be used. A bright-field optical image of a representative sample
is shown in Figure[d.1p. The silicon substrate was loaded inside a cryostat chamber such that
the free end of the cantilever was suspended over the axial hole in the cryostat, and the system
was pumped to ~107* Torr. As shown in Figure , a 1020 nm laser was focused onto the
Yh:LiYF, crystal at the end of the cantilever. The time-dependent intensity of the forward-
scattered 1020 nm laser was measured by focusing it onto an avalanche photodiode (APD). To
measure the cantilever’s eigenfrequencies the voltage vs. time signal was Fourier-transformed
to obtain its thermomechanical noise spectrum[120], [121]. A representative power spectrum
measured on the sample at 300 K using a laser irradiance of 0.04 MW /cm? is shown in Figure
[4.Tk. A sharp peak, fitted using a standard Lorentzian with a peak position at 3648.9 Hz,
was attributed to the first natural resonant frequency mode (“diving board mode”) of the
nanoribbon cantilever with the fluoride crystal. As shown in Figure [I.1h, the backscattered
photoluminescence was collected from the rear end of the objective, transmitted through a
beamsplitter, was filtered using a 1000 nm short-pass filter and focused into the spectrometer
slit. Photoluminescence (PL) spectra were recorded at different grating positions, with
appropriate collection times to avoid saturating the detector, and they were stitched together.
Ten spectra were collected using 0.04 MW /cm? of laser irradiance for 0.1 s and averaged.
The intense Yb3" transitions[122] [75] in the range of 800 to 1000 nm, with major peaks
at 960 (Es-FE1), 972 (E5-E;) and 993 (E5-E3) nm were observed (Figure ) A longer
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Figure 4.1: a) The schematic of the eigenfrequency and upconverted fluorescence measure-
ment setup. FL, M, SPF, DL, BS, VND and APD stand for focusing lens, mirror, 1000
nm short pass filter, diode laser, beam splitter, variable neutral density filter and avalanche
photodiode, respectively. b) A bright field optical image of the CASNR cantilever supported
using a silicon substrate with a Yb*T:LiYF, crystal placed at the free end. ¢) A peak in the
thermomechanical noise spectrum originating from the fundamental eigenfrequency of the
CdSNR with Yb3T:LiYF, sample obtained at the 0.04 MW /cm? at 300 K. d) A stitched,
up-converted fluorescence spectrum obtained at room temperature using a 1020 nm excita-
tion source (0.04 MW /cm?) focused on the suspended Yb3™:LiYF, crystal. A 1000 nm short
pass filter was used to cut off the laser line.[79)
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Figure 4.2: a) Normalized power spectra for a representative laser refrigeration measurement
at each laser irradiance with an ambient reference temperature of 295 K (f, = 3632.2 Hz).
b) The frequency shift (f — fo) with laser power at 295 K for both a plain CASNR (red) and
CdSNR with Yb:LiYF, (blue). Each data point was obtained by taking the mean of peak
position obtained from Lorentzian fits of 6 thermomechanical noise spectra and error bars
represent one standard deviation. Note that for small standard deviations, the error bars

overlap with the data point. fy is 3632.2 Hz and 17384.4 Hz, respectively.[79)]

acquisition time (50x) was used to collect the weaker luminescence signal from the other rare
earth (RE) impurities that were not explicitly added during synthesis. The up-converted
green and red emission peaks at 520, 550 and 650 nm are attributed to the transitions from
*Hi1/2, *S3/2 and 4F9/2, respectively, of trivalent erbium ions (Er3*)[123, 124]. Other minor

transitions are labeled.

Power spectra normalized using the maximum value at different laser irradiances obtained
from the sample are plotted in Figure [£.2h. When fit to a standard Lorentzian, the peak

values show a blue-shift in the eigenfrequency of the FCNR system as the laser power is
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increased. The fitted peak values of these power spectra are shown in Figure [£.2b. As the
laser irradiance was increased, the Yb:LiYF, source reached lower temperatures, thereby
extracting more heat from the CASNR cantilever and causing a blue-shift in the frequency
due to an increased Young’s modulus of the CdS at lower temperatures. Using a 980 nm
laser with an irradiance of 0.5 MW /cm? resulted in the irreversible photothermal melting of
the cantilever device. When the Yb:LiYF, crystal was removed from the CASNR cantilever
in Figure , the fundamental frequency measured at 0.04 MW /cm? increased to a higher
value of 17384.3 Hz due to the removal of mass from the system (~1.3x107%g). As a control
experiment, the eigenfrequency of the CASNR cantilever itself was measured after the removal
of the Yb:LiYF, crystal. The eigenfrequency of the cantilever without the crystal was then
measured as a function of the laser power and is shown in Figure [£.2b. The eigenfrequency
red-shifted as the laser irradiance was increased, suggesting greater heating of the cantilever
at higher irradiances due to the decreasing Young’s modulus at higher temperatures[2]. The
temperature of the FCNR device was calibrated by increasing the temperature of the cryostat
from 160 to 300 K (Figure ), which showed a linear red-shift in the eigenfrequency of the
cantilever. The slope of -0.389 Hz/K obtained using this calibration was used to measure
the temperature change of the cantilever system during laser refrigeration experiments. The
maximum blue-shift in the eigenfrequency as a function of laser irradiance of the was +20.6
Hz at an irradiance of 0.97 MW /cm?, compared to the lowest irradiance of 0.04 MW /cm?.
Based on the isothermal temperature calibration, ignoring temperature gradients and other
optomechanical effects on the cantilever due to increased irradiance, this blue-shift of +20.6
Hz corresponds to a temperature change of 53 K below room temperature (assuming a

negligible change in temperature at a laser irradiance of 0.04 MW /cm?).

To evaluate the effect on the eigenfrequency at other wavelengths, a 980 nm and a 1020 nm
laser spots were co-focused. The thermomechanical noise spectra of a representative device
were measured using both wavelengths Figure [4.3p shows that with increasing 1020 nm laser
irradiance the eigenfrequency blue-shifts, indicating that the device cools. In contrast, using

a 980nm laser leads to a heating-induced red-shift of the cantilever’s eigenfrequency with
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increasing irradiance. To limit damage to the device the 980 nm irradiance was maintained

below 0.2 MW /cm?.

To obtain the absolute change in temperature it is important to view the system through
a modified Euler-Bernoulli beam theory and include the effects of the laser trapping forces|[0]
on the Yb:LiYF, crystal, which acts as a spring at the end of the cantilever. With increased
irradiances, due to the increased force constant of the spring, the eigenfrequency of the

cantilever increases. The analytical model to evaluate this effect was discussed previously

(Section [2.5.2)).

To experimentally probe the effects of the laser trapping forces, the power-dependent
eigenfrequency measurements were performed at a constant cryostat temperature of 77 K.
At temperatures as low as 77 K, the cooling efficiency of the Yb:LiYF, crystal decreases due
to diminishing resonant absorption and red-shifting of the mean fluorescence wavelength[59].
Due to negligible cooling with increased irradiance, and with the equilibrium temperature
being maintained by the crysostat, it is assumed that any blue-shift in the eigenfrequency of
the system was solely due to the greater laser trapping force at higher irradiance. Therefore,
the excessive blue-shift at room temperature (6 +/- 2.2 Hz ) can be attributed to the change
in Young’s modulus due to cooling of the CASNR cantilever. According to this calibration,
the cantilever’s temperature is reduced 15.4 4 /- 5.6 K below room temperature. Since can-
tilever eigenfrequencies are calibrated at isothermal conditions, the temperatures measured
via cantilever eigenfrequencies during laser-refrigeration do not directly measure the coldest
point within the cantilever, but rather a lower bound of the absolute minimum achievable
temperature decrease[2]. This is a consequence of temperature gradients within the cantilever
that lead to gradients of the cantilever’s Young’s modulus. Based on finite element eigen-
frequency modeling of the cantilever with a spatially varying Young’s modulus, the coldest
point in the cantilever can be calculated. Below a steady-state heat-transfer model of the
laser-cooled cantilever system is presented to quantify how thermal gradients within CdASNR

cantilevers affect eigenfrequency measurements during laser refrigeration experiments.
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Figure 4.3: a) Temperature calibration of the CASNR with Yb:LiYF, obtained by measuring
the frequency shift f — fo (fo = 3653.6 Hz) as a function of the cryostat temperature. The
data points take into account the uncertainties in measurement by averaging the frequency
value obtained from six thermomechanical noise spectra recorded at the given temperature.
The error bars represent one standard deviation. b) Eigenfrequency measurements using co-
focused 980 and 1020 nm lasers. The data points take into account the uncertainties in mea-
surement by averaging the frequency value obtained from six thermomechanical noise spectra

recorded at the given laser power. The error bars represent one standard deviation.[79)



76

r AT=-236K

Figure 4.4: a) The geometry of FCNR system used for analytical and finite element heat
transfer modeling. b) The steady state temperature along the length of the CASNR calcu-
lated using analytical one dimensional solution obtained assuming all of the cooling power

produced by the LiYF, crystal flows through the CASNR cross section at L..[79]

4.1.83 Heat transfer in laser-cooled cantilever system

A cantilever of length ‘L’ width ‘W’  and thickness ‘H’ is modeled with a LiYF, crystal
placed at the free end (see Figure ) The LiYF, crystal is approximated as a cuboid with
sides of Hyrp = 6, Lyrr = 7.5 and Wyrr = 6 pum, such that the volume and aspect ratio
were similar to the tetragonal bi-pyramidal LiYF, crystal used experimentally.

At steady state the temperature distribution in the nanoribbon satisfies the energy equa-

tion given by:
o?’T  0*T  9*T
=0. 4.1
0x? * Oy? + 022 0 (4.1)

Heat transfer to the surroundings by conduction and convection is absent due to the vacuum
surrounding the cantilever. Radiant (blackbody) energy transfer to or from the surroundings

is negligible due to the relatively low temperatures of the cantilever and its small surface
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area. Therefore, the heat flow within the cantilever is one-dimensional and equation (4.1)

reduces to:
d*T
— =0 4.2
dx? ’ (42)
which has the general solution:
T(x) = Ciz+ Cs. (4.3)

Assuming negligible interfacial resistance between the cantilever and the underlying sili-
con substrate, the temperature at the silicon/CdS interface (x = 0) is the cryostat tempera-
ture Ty. Consequently, the boundary condition at the base of the nanoribbon is 7'(0) = Tg.
If all of the heat generated in the LiYF, crystal is transferred to or from the CASNR across
the interface at x = L., the heat flux at the interface is given by:

ar c
ho(Le) = }?W’

(4.4)

in which Q. is the rate of heat removal from the LiYF, crystal, and & is the thermal con-
ductivity of CdS.
Applying the boundary conditions, the temperature distribution in the CdASNR, becomes:

T(a) = o

It is assumed that the relatively large thermal conductivity of the LiYF, crystal (~6 W/(m
K)) will lead to a nearly uniform temperature (Figure [4.4p) in the crystal given by:
T(L.) = Q. L.+ Tp. (4.6)
kHW

The rate of laser energy absorbed per unit volume Q" = Q.ps/V is given by:

dn'n"

XoZo

Q" = (E-E*). (4.7)

Here n = n’ —in” is the complex refractive index of the medium, Ay is the wavelength in
vacuum, Zj is the free space impedance (Z, = 376.73 2), and E* is the complex conjugate

of the electric field vector within the LiYF, crystal. Upconverted, anti-Stokes luminescence
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follows laser absorption, cooling the crystal. The absorption of the incident laser by the
underlying CdS cantilever is neglected due to its small thickness (154 nm) and low absorption
coefficient at 1020 nm (6.7x107'® cm™') relative to what has been reported[59] for LiYF,

(~lem™1).

4.1.4  Discussion for thermometry of CdASNR with Yb:LiYF,

Given that eigenfrequency measurements can only provide a lower bound of the cantilever’s
temperature, a more direct approach must be used to measure the temperature at the end
of the cantilever. Differential luminescence thermometry (DLT)[13] [75] was used to measure
the temperature of the LiYF, at the end of the cantilever based on using a Boltzmann
distribution to analyze emission from different crystal-field (Stark) levels. A temperature
drop of 23.6 K below room temperature (AT,.x) was measured at an irradiance (Iy) of 0.97
MW /cm? corresponding to an incident power Py = 40.1 mW and spot radius wy = 1.15 pum.
Using the measured value of T(L.) — Ty = 23.6 K, H = 150 nm, W = 2.5 um, L. = 53
pm, and £ = 20 W/(m K)[99], A cooling power of Q. = 3.34 x 10°® W was calculated. The
resultant temperature gradient along the length of the device is shown in Figure |4.4b. Based
on the temperature gradient, by modeling a spatially varying Young’s modulus, the coldest
point in the cantilever from eigenfrequency measurements was calculated to be between 26
and 58 K below room temperature. This agrees well with the coldest temperature measured
using DLT.

An absorption coefficient and cooling efficiency of 0.61 cm~! and 1.5%, respectively, have
been reported previously for a bulk LiYF, crystal doped with 10% Yb-ions.[59] Based on
this absorption coefficient, considering full illumination of the Yb:LiYF, crystal, a maximum
cooling power of 2.2 W would be generated when irradiated by a 40.1 mW pump laser.
This cooling power is smaller than the experimental cooling power reported above. The
discrepancy can be explained by two factors related to the symmetric morphology of the
LiYF, microcrystals. First, the size of the LiYF, microcrystals is within the Mie-regime for

light scattering and internal optical fields may be enhanced considerably due to morphology



79

dependent cavity resonances. Two-dimensional finite-difference time-domain calculations
show that the internal optical power within a LiYF, microcrystal can be twice as large
as the incident power due to internal cavity resonances. Consequently, first-order linear
absorption calculations may underestimate the cooling power due to an underestimation of
the internal optical power of the pumping laser. Second, a combination of light-scattering
and multiple internal reflections of the pump beam within the microcrystal can excite a
larger volume of the crystal compared to the incident spot size. In addition the fluorescence
is emitted throughout LiYF, microcrystal, including far from where the excitation laser is
focused.

This experiment demonstrate an approach to decrease the temperature of a nanoscale
semiconductor optomechanical resonator by >20K below room temperature using solid-state
laser refrigeration of a Yb:LiYF, crystal. Thermometry and calibration of the fabricated de-
vice are performed using two independent methods - optomechanical eigenfrequencies and
differential luminescence thermometry, respectively - which compare well with each other.
A modified Euler-Bernoulli model is used to account for the laser trapping forces, and the
measured temperatures are validated using heat transfer theory. A maximum drop in tem-
perature of 23.6 K below room temperature was measured near the tip of the cantilever.
Among other applications in scanning probe microscopy and exploration of quantum effects
at mesoscopic length scales[I17], optical refrigeration of a mechanical resonator could have
significant implications for weak force and precision mass sensing applications[I15] [116], in
the development of composite materials for radiation balanced lasers[I19], and local tem-
perature control in integrated photonic devices[I12, [I13]. In the future, solid-state laser
refrigeration may also assist in the cooling of optomechanical devices by enabling the use of

higher laser irradiances in the absence of detrimental laser heating.
4.2 Laser Refrigeration of NV~ Quantum Sensors

The negatively-charged nitrogen vacancy (NV~) centre in diamond is a remarkable op-

tical quantum sensor for a range of applications including, nanoscale thermometry[125],
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magnetometry[120], 127, [128], single photon generation[129, [130], quantum computing[131],
and communication|[I32]. However, to date the performance of these techniques using NV~
centres has been limited by the thermally-induced spectral wandering of NV~ centre pho-
toluminescence due to detrimental photothermal heating[7]. This section demonstrates that
solid-state laser refrigeration can be used to enable rapid (ms) optical temperature control of
nitrogen vacancy doped nanodiamond (NV~:ND) quantum sensors in both atmospheric and
in vacuo conditions. Nanodiamonds are attached to a 10% Yb:LiYF, ceramic microcrystal
by van der Waals bonding. The fluoride crystal was cooled through the efficient emission of
upconverted infrared photons[133] excited by a focused 1020 nm laser beam. Heat transfer
to the ceramic microcrystal cooled the adjacent NV~—:NDs by 27 K at ~10~3 Torr.

The temperature of the NV™:NDs was measured using DWF thermometry|[78]. Stabiliza-
tion of thermally-induced spectral wandering of the NV~ ZPL is achieved by modulating the
1020 nm laser irradiance. The demonstrated cooling of NV™:NDs using an optically cooled
microcrystal opens up new possibilities for rapid feedback-controlled cooling of a wide range

of nanoscale quantum materials.

4.2.1 Background: NV~ center doped nanodiamond quantum sensors

Nanodiamonds with negatively charged nitrogen vacancy centres (NV~:NDs) are widely
known for their remarkable optical properties and have generated interest as key materi-
als for quantum information science,[I31] nanoscale thermometry,[125] magnetometry, [120]
and many other applications.[I34] NV~ spin systems have long (ms) coherence times at room
temperature and their spin-readouts are readily accessible by visible lasers and microwave
(MW) radiation. Optical levitation of nanodiamonds offers the additional advantage of ex-
treme isolation, which is conducive to achieving ultra-high quality factor mechanical oscilla-
tion and longer spin coherence times for potential applications such as detectors in advanced
cosmological observatories that study areas such as dark matter,[135] quantum gravity, [136]
and gravitational waves.[137]

Diamonds doped with nitrogen are prone to photothermal heating due to the background
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absorption of point defects including substitutional nitrogen (P;) centres and both neutral
(NVY) and negatively charged (NV™) nitrogen vacancy centres. This photothermal heating
can lead to unintended particle ejection from an optical trap, or cause the graphitization and
even burning of the trapped particle.[7] The absence of conductive and convective pathways
for removing excess heat from the optically-trapped particle in vacuo magnifies the effect
of photothermal heating. Recent theoretical models[57] suggest that the direct radiative
cooling of microdiamonds trapped in vacuum may be possible, but direct laser refrigeration
of diamond remains to be demonstrated experimentally.

The recent cooling of fluoride-based ceramics to sub-cryogenic temperatures suggests
that the indirect laser refrigeration of diamonds may be possible.[13] Both microcrystals and
nanocrystals of Yb:LiYF, and Yb:NaYF, have previously been shown to cool in vacuum|[75]
and also in physiological media.[23, 19] However, to date solid-state laser refrigeration has
not been demonstrated to modulate the temperature of nanoscale quantum sensors.

In this section the laser refrigeration of NV™:NDs is demonstrated. The refrigeration is
based on anti-Stokes luminescence from an underlying micrometer-scale Yb:LiYF, crystal.
The use of micrometer-scale ceramics enables steady-state temperatures to be reached rapidly
within microseconds to milliseconds[I38] which is comparable to the electron spin coherence
time of the NV~ centre.[I39] The internal temperature of the NV™:NDs are made using non-
contact optical thermometry. First, a Debye-Waller factor (DWF) thermometry approach[78]
is used which is based on the the temperature-dependent ratio of the emission from the
NV~ centre’s zero-phonon to that of phonon overtones. Second, the internal temperature
of the Yb:LiYF,4 microcrystal lattice was measured using two-band differential luminescence

thermometry (TB-DLT) based on emission from Yb ions.[65].

4.2.2 NV—:ND DWEF thermometry setup

Thermal isolation of the laser cooled crystal was crucial for more efficient cooling for a given
laser irradiance. Therefore, the cooling microcrystals with NV~:NDs were placed at the end

of a single-crystalline CdS nanoribbon cantilever[79] that was suspended off of the edge of
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Figure 4.5: a) A schematic of the photoluminescence measurement setup. TEC-CCD, FL,
VND, M, NF, SPF, and BS refer to thermoelectrically-cooled charge coupled device, focusing
lens, variable neutral density filter, silver mirror, 532 nm notch filter, 1000 nm short pass
filter, and beam splitter, respectively. b) An illustration of the cadmium sulfide nanoribbon
(CdS NR) cantilever device suspended in vacuum using a silicon substrate. A 10% ytterbium
doped lithium yttrium fluoride (Yb:LiYF,) crystal with nanodiamonds (NV~:NDs) dropcast
on it is attached to the free end of the cantilever device. Subsequent inset on the right shows
the ¢) SEM of a representative Yb:LiYF, crystal with NV—:NDs dropcast on it (colored
for illustrative purposes). Representative NV~:NDs on different facets of the the Yb:LiYF,

crystal are indicated using black arrows. [79]
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a silicon substrate. The small contact and cross-sectional area of the cantilever minimizes
the heat conduction losses from the microcrystal. The CdS nanoribbon is ~110 nm thick in
the direction of light propagation, and is optically transparent at 1020 nm (and relatively
transparent at 532 nm) which minimizes any additional heating due to its low absorption

L o539 nm=1362 cm ™). An illustration of the device

coefficient (1020 nm = 6.7 x 10713 cm™
used for quantum temperature sensing is shown in Figure [£.5b. A representative scanning
electron micrograph of the Yb:LiYF, crystal coated with NV~—:NDs is shown in Figure [4.5¢.
Nanodiamonds were coated onto the Yb:LiYF, crystal with a number density of ~3.741
pm=2,

In the NV~ generation process, nitrogen initially enters the diamond lattice as a sub-
stitutional impurity during ion implantation (usually <200 ppm). Subsequent radiation
damage induced by a variety of sources such as a beam of high-energy neutrons, electrons,
or ions is used to create vacancies.[I40] Annealing of the irradiated diamond at T>850 °C
causes thermal diffusion of the vacancies. This results in the appearance of the desirable
NV~ complexes.[140] However, not all the nitrogen atoms are converted to the NV~ centres,
inducing a variety of undesirable defects.

In addition to the photothermal heat generated from the broad phonon overtones of NV~
centres, other surface or lattice defects within NV™:NDs may contribute to photothermal
heating. Both electron paramagnetic resonance (EPR) and a superresolution infrared absorp-
tion spectroscopy technique called infrared photothermal heterodyne imaging (IR-PHI)[141]

have confirmed the presence of various defects (P, B-centres, A-centres and B2-aggregates)

within ensemble and individual NV™:ND particles, respsectively.

4.2.3 DWEF thermometry of NV~ :NDs

Debye-Waller factor thermometry[78] was used to measure the temperature of irradiated
NV7:ND quantum sensors by calibrating the ratio of the ZPL emission relative to the adja-
cent phonon side bands (Izpr,/lovertone). In Figure , the black line shows the composite

spectrum from the sample when both the 532 and 1020 nm beams were incident. Since the
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Figure 4.6: a) The composite PL spectrum, when both 1020 and 532 nm lasers are on, is

shown in black. The contribution from the upconverted *Fy /2 emission from Er** impurity

ions is shown using a dotted purple line. The subtracted spectrum and the fitting function

are shown using a green and dashed red line, respectively. b) The natural log of the DWF

is plotted versus the temperature squared. A linear fit (dashed green line) to the data is

used to extract Tp and S. ¢) The corresponding calibrated temperatures obtained from the

measured value of In(Izpr,/Iovertone) from the processed spectra are plotted for various laser

irradiances of 1020 nm while the 532 nm laser is kept consistently at an irradiance of 0.073

MW /em?. The inset shows a close up of the background subtracted PL spectra in the ZPL

region (~638 nm), and the Lorentzian component of the ZPL fit as the 1020 nm irradiance

is increased from 0 and 2.29 MW /cm? are shown in red and blue, respectively. [79)]
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NV~ emission spectrum was crucial in obtaining the temperature of the NV7:NDs using
the DWF technique, the background *Fg, emission from the Er*t impurities (dotted purple
line) overlapping with the emission of the NV~ centre was subtracted from the composite
spectrum (black line) at the respective intensity of 1020 nm laser used to obtain the emission
profile from the NV~ centres (green line). The ZPL was fit using a function consisting of
a linear background and a Lorentzian around the ZPL (dashed red line) and the integrated
intensity of the ZPL peak (Izpy), centred at 638 nm, was obtained from the amplitude of
the Lorentzian component. The emission intensity from the phonon side bands (Zovertone)
was obtained by subtracting the ZPL area from the integrated area of the spectrum. As the
temperature of the cryostat was changed from 200-300 K, the DWF was calculated and plot-
ted against temperature squared (Figure ) The data points were fit to the calibration
function (dashed green line) discussed in Plakhotnik et al.[T8] to obtain the Debye temper-
ature (Tp=1132.6 K) and the electron-phonon coupling parameter (S=4.38). These values
were used as a calibration for subsequent measurements. Figure [4.0c shows the calibrated
temperature of the NV™:NDs at various 1020 nm laser irradiances, where a continuous wave
(CW) 532 nm laser at an irradiance of 0.073 MW /cm? was used as a probe beam to ex-
cite the NV~ centres. As the 1020 nm laser irradiance was increased, an immediate drop
in temperature and subsequent saturation trend was observed. A maximum temperature
change of 27.7(43.8) K measured at 2.12 MW /cm? of 1020 nm laser irradiance using DWF

thermometry agrees well with the temperature change of the Yb:LiYF, microcrystal.

Therefore, the cooling power generated by Yb:LiYF, microcrystal in vacuum allowed net
cooling of the attached NV~:NDs by 27.7(£3.8) K. The photothermal heating of NV~:NDs
from the 532 nm probe laser was measured to be 25.6 mK/uW at zero 1020 nm irradiance.
Heating from the probe laser can be reduced by using low probe laser irradiances on the
order of 10 KW /cm? along with sensitive detectors. The inset of Figure shows a close
up of the background-subtracted PL spectra in the ZPL region (~638 nm). The ZPL fit at
two 1020 nm irradiances is shown. As the irradiance is increased, the cooling induced blue-

shift of the ZPL peak is observed from the respective fits. Tuning the 1020 nm irradiance
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allows for the stabilization of thermally-induced spectral wandering of the NV~ centre’s ZPL.
A feedback loop can therefore be established so that the red-shifts in ZPL due to heating
can be sensed optically and counteracted by increasing (cooling) pump laser intensities. The
NV~:ND temperature may be adjusted 3-6 orders of magnitude faster than a large cryostat’s
temperature considering the micro-millisecond timescales taken by the microcrystal to reach

steady state temperatures.

4.2.4  Two-band differential luminescence thermometry of Yb:LiYF,

The internal temperature of the Yb:LiYF, microcrystal lattice was measured using two-
band differential luminescence thermometry (TB-DLT') based on emission from Yb ions.[65]
This approach involves integrating the near-infrared emission of crystal field transitions of
Yb3" ions and using a temperature-dependent Boltzmann distribution (see section .
Photoluminesnce spectra were collected and normalized with respect to the 960 nm peak
(Es — Ei), obtained from a 10% Yb:LiYF, microcrystal, excited at 0.09 (black) and 1.05
MW /cm? (red) irradiances, are shown in Figure [4.7h. The area under the dominant peaks,
representing the transitions Eg — E; (960 nm) and E5 — E3 (993 nm) from Yb** ions in the
LiYF, host, have been labeled as I; and I, respectively. The temperature of the Yb:LiYFy
crystal can be determined using a ratiometric analysis of the fluorescence spectra.

The natural log of the ratio (I;/I2) as a function of laser irradiance is plotted in Figure
[4.7b. As the laser irradiance increases, the ratio decreases, indicating cooling of the Yb:LiYF,
crystal. The lowest irradiance (0.09 MW /cm?) was used for calibration. The temperature
change of the Yb:LiYF, crystal was measured to be 15 K below room temperature, at an
irradiance of 1.05 MW /cm?. At the same laser irradiance, the temperature change measured
in the NV7:NDs with DWF was 19K.

In summary, the indirect laser refrigeration of nanodiamond quantum sensors via van der
Waals attachment to ceramic laser-cooling microcrystals is demonstrated in vacuum. We
use complementary non-contact thermometry methods (DWF and TB-DLT) to demonstrate

solid-state laser refrigeration as a rapid (ms) approach for controlling the temperature of
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Figure 4.7: a) Intense anti-Stokes emission from the Yb*' ions in the Yb:LiYF, crystal,
using the resonant 1020 nm excitation with irradiances 0.09 (black) and 1.05 MW /cm?
(red). Major peaks at 960 (Fg-F1), 972 (Fs5-E;) and 993 (E5-FE3) nm were observed. The
ratio of integrated emission from the Eg — F; (960 nm) and E5 — F3 (993 nm), represented
by I; and I respectively, are shown using yellow highlights. The ratio of I; and I, was used
to obtain the temperature within the Yb:LiYF, crystal. b) The natural log of ratio of I; and
I, is plotted against the 1020 nm laser irradiance. The decrease in the ratio with increasing
irradiance indicates lower temperatures at higher irradiances. The right y-axis shows the

calibrated temperatures. [79]
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nanoscale quantum materials near room temperature. A 27 K drop in the internal tempera-
ture of the NV7:NDs was measured in vacuum. This allows for the stabilization of thermal
spectral wandering of the NV~ ZPL by tuning the 1020 nm irradiance. Laser refrigera-
tion of NV7:NDs will enable rapid feedback temperature control of quantum materials for
a wide range of quantum sensing and communication applications. These results may also
enable new experimental possibilities in quantum information science including single-beam
laser trapping[110], [7T], 142], precision sensing of temperature,[125] magnetic fields,[126] dark
matter,[I35] and quantum gravity.[137]

4.3 LiYF, on nitride nanobeam optical cavity

A silicon nitride nanobeam cavity device was obtained from Chen et al.[143] The nanobeam
cavity has the same design parameter as in the original authors’ previous work[I44]. A
Yb:LiYF, microcrystal was carefully transfered on to the device using a nanomanipulator.
The dark field and the bright field image of the device after the Yb:LiYF, crystal was placed
on it is shown in the Figure and its inset, respectively.

The device is characterized under a confocal microscopy setup. A dark field optical
image of a silicon nitride nanobeam cavity with a Yb:LiYF, microcrystal placed on it is
shown in Figure 4.8l A 1020 nm cooling laser was focused on the Yb:LiYF, microcrystal
and is highlighted using a red circle. The nanobeam cavity is probed through a pair of
grating couplers as the input and output ports. The input grating coupler incident with a
focused supercontinuum source is highlighted using a green circle. The yellow circle shows
the transmitted light from the other end of the nanobeam cavity as the output port. The
light from within the yellow circle was isolated using an iris and sent to the spectrometer.
A sharp cavity resonance is observed near 747 nm. The spectra measured at 20 and 50 °C
are shown in Figure [£.8b. The spectra of the cavity resonance peak measured at various
temperatures was fit using a Lorentz function. The fits are shown in Figure using a blue
and green dashed line for 20 and 50° C spectra, respectively. The inset shows the shift in

average fitted peak position of five different spectra at each temperature with respect to the
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microcrystal placed on it. Red circle: 1020 nm laser spot; Green circle: input port; Yellow
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20 °C measurement. The error bars represent one standard deviation. The cavity resonance
red-shifts at higher temperatures, enabling the measurement of the internal temperature of
the silicon nitride material. A heating calibration slope of 1.45E-3 nm/K was obtained. The
resonance spectra were measured at room temperature using various 1020 nm laser powers
and were fit using the Lorentz function. The average peak position for five spectra at each
laser power are plotted in Figure 4.8d. The error bars represent one standard deviation.
The internal temperature of SizNy can be measured via its thermooptic coefficient (dn/dt)
by observing the transmitted eigenmodes of a waveguide-coupled SizN44 nanobeam cavity
to which a Yb:LiYF, crystal is attached. The internal temperature of the SizN, cavity is
shown to decrease by 1.84 °C with increasing 1020 nm excitation, despite the presence of a
thick underlying silicon substrate which is susceptible to heating from the transmitted 1020
nm laser beam. As the laser power is increased, the heating of the underlying substrate due

to the transmitted 1020 nm laser power starts dominating.
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Chapter 5
EXPLORATION OF COLOR CENTERS

5.1 Intrinsic laser refrigeration of semiconductors

In the past chapter, a significant advancement in the area of laser refrigeration was demon-
strated by refrigerating a CdSNR semiconductor load using a Yb:LiYF, microcrystal. How-
ever, intrinsic cooling of the semiconductor itself was not achieved. As stated in the in-
troductory sections, internal cooling of a semiconductor is still an attractive scientific goal
to achieve. This is because, when compared to 10%Yb:LiYF,; (MAT ~89 K)[I3], semi-
conductors have theoretically been proposed to have a MAT in the 10 K regime[52]. In
semiconductors, the Fermi-Dirac statistics ensure that the carrier population in the valence

band is not depleted at low temperatures[145].

5.1.1 Laser refrigeration of semiconductors through color centers

In semiconductors, the requirements for external quantum efficiency are stringent. In addi-
tion, semiconductor physical properties remain major obstacles in achieving intrinsic laser
refrigeration: high optical fluorescence absorption and a high real part of refractive index,
which decreases the photon-escape efficiency. Given the success of laser-cooling lanthanide
point defects within fluoride ceramic host crystals, it is worth considering cooling point de-
fects in semiconductors. Recently there has been a theoretical interest in solid-state laser
refrigeration of point defects in diamond [57].

Kern et al. [57] have shown that diamond microcrystals containing SiV and NV could
achieve a maximum temperature drop of 21K and 60K, respectively, below room temperature.
Their models suggest that it may be possible to achieve net cooling in diamonds using SiV

and NV doping. It is shown that microcrystals of diamonds with a diameter <200 um
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doped with either SiV- and NV- may be optically refrigerated by isolating individual crystals
through optical traps or electrodynamic traps in vacuum. This may be extended in other
media as previously demonstrated cooling in physiological medium using optical RE-doped
materials[19] 23], [75].

Kern et al. [57] have shown that a maximum temperature drop (A7) from room temper-
ature of 21 and 60 K may be possible in microdiamond crystals doped with SiV- and NV~
centers. For this to be possible, defects will require near-unit quantum efficiencies. In their
parametric study with varying quantum efficiency, the cooling of these materials drastically
reduced with a relatively small decrease in the EQE (from 1 to 0.97). Therefore identifying
and suppressing the sources of nonradiative relaxation will be essential in order to realize
net cooling.

Anti-Stokes fluorescence has been observed experimentally in several color centers in dia-
mond including the H3 center[146], the SiV~ center[I47], and also NV~ and GeV~ centers|[148]
using standard optical spectroscopy techniques. These recent results motivate future ex-
perimental efforts towards observing solid-state laser refrigeration in diamond through color
centers.

When color center such as NV~ fluoresce, a large number of phonons are produced. This
causes an undesirable loss in the cooling efficiency and also prevents the use of lower wave-
length light sources. As a solution, Kern et al. [57] suggest exploration of ZPL emission
enhancement with respect to the over all emisison from the phonon side bands. A few
methods such as Purcell effect[I49] or resonant methods using Mie scattering, Fabry-Perot
enhancement and whispering gallery modes (WGM) may help in tuning the emission to

preferably occur in the ZPL band.
5.2 Resonant excitation in NV~ :NDs

In this experiment, a solution of NV~ doped NDs (Adamas) in water was drop-casted on a
glass coverslip (No. 1) with SiOy microsphere particles 9.4 ym in diameter each (Cospheric).

The solution was dried in an oven at 80 °C. The glass spheres coalesced and self assembled
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Figure 5.1: a) A dark-field optical image of SiOs spheres coated with NV~:NDs with back
light on b) and back light off. The blue circle shows the focal spot location of the incident
532 nm laser. c¢) A dark-field image of the same sample when the laser spot is carefully

adjusted to excite the edge of another sphere. [in preparation]

into a hexagonally packed monolayer as shown in the dark field optical image in Figure
and b. A 532 nm excitation beam was focused at the blue circle and the sample was
imaged after filtering the scattered laser light using a 532 nm notch filter. Figure [5.1b shows
the optical image of the sample with the lamp light switched off. An intense glowing ring
of NV7:NDs florescence enhanced due to the whispering gallery modes was observed from
around a sphere when the edge of the sphere was excited with a 532 nm laser spot focused
at its edge. The emission intensified further when the laser spot location was adjusted such
that a coupled resonant mode was excited across a linear chain within multiple spheres as

shown in Figure [5.1pb.

The spectra from these emission is measured and is shown in Figure 5.2k, b and c. The
enhanced spectrum (Figure a) corresponding to the excitation scheme shown in Figure
[5.1h,b consists of typical NV~ spectral features with emission enhanced in certain wavelength

bands at regular intervals. The overall integrated intensity was nearly 4-6 times higher than
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Figure 5.2: a) The room temperature PL spectra from NV~:NDs using the excitation scheme
in Figure , b and b) using the excitation scheme shown in Figure . ¢) A 660-720 nm

close up of the spectrum shown in b. [in preparation]

the emission observed compared to when the sphere is excited at the center. Figure [5.2b
shows the spectrum recorded by using a 1200 lines/mm grating. It shows the sharp resonant
modes corresponding to the excitation scheme shown in Figure [f.Ie. A close up of the
spectrum in the 660-720 nm range is shown in Figure[5.2b. The peak widths range from 0.88

to 1.4 nm.

5.2.1 Photothermal Heating of NV~ :NDs on SiOy Microspheres

Due to the limited access to a tunable laser source, only photothermal heating experiments
with a CW 532 nm laser were conducted on individual ND coated SiOs spheres. The cooling
performance was not evaluated. The samples were prepared as discussed in the previous
section. A smaller quantity of spheres was used in this case to locate isolated individual
spheres. For calibrating the change in DWF with temperature, the coverslip was attached to
a cryostat chamber using a double sided copper tape. A single isolated sphere coated with
NDs (Figure [5.3h) was located and a 532 nm beam was focused to a diffraction limited laser
spot at the area shown using the yellow circle in the inset of Figure [5.3p. The back-scattered

light was filtered using a 532 nm notch filter and focused into the slit of a spectrometer. The
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NV~ doped NDs placed on a glass coverslip. The location of the 532 nm spot is shown in

the inset using a yellow circle. b) The emission spectrum measured at 340 K, while the other

parameters remained constant. The spectra were fit using the method discussed in section

2.8.1| The individual components are shown using filled areas and the sum total of all the

fit components is shown in red. ¢) The natural log of DWF is plotted against temperature

squared. The dotted line shows a fit to the eq. [in preparation]
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Figure 5.4: a) The emission spectrum measured using 95 W and b) 1300 pW of 532 nm
focused diffraction limited spot. The spectra were fit using the method discussed in section
The individual components are shown using filled areas and the sum total of all the fit
components is shown in red. ¢) The temperatures obtained using the calibration shown in

Figure at various laser powers. [in preparation]

emission spectra measured at room temperature (297 K) and 340 K using a 95 uW laser
power are shown in Figure and b, respectively. The spectra consisted of consecutive
peaks and valleys due to the enhanced emission at selected wavelengths from the whispering
gallery modes. Due to the presence of this interference, the individual fit to the ZPL line
was not possible. Therefore the DWF was calculated using the composite function amplitude
fitting method discussed in section The DWF values for each temperature are shown in
Figure[5.3c. At each temperature, six individual spectra were measured and fit to obtain the
DWF values. The average value is shown using the data points and the error bars represent
one standard deviation. A fit to this data using the equation eq. is shown using a red
dashed line. The Debye temperature (1) and the electron-phonon coupling (s) parameters

obtained were 1214.8 K and 3.86, respectively.

In the experiment to measure the photothermal heating, six spectra were measured at

each laser power. The representative spectra and the respective fits at 532 nm laser powers
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95 and 1300 ©W is shown in Figure and b, respectively. Little difference is qualitatively
observable in these spectra, however the DWF calculation can be used to resolve the small
changes. The DWF was calculated using the six spectra at each laser power and the average
at the corresponding laser power is plotted in Figure [5.4 The errorbars represent one
standard deviation. The DWF was converted to the calibrated absolute temperature using
the calibration shown in Figure 5.3¢. A temperature increase of nearly 8 K was recorded
from lowest laser power to the highest laser power. However, since the lowest laser power
is relatively noisier due to the smaller signal to noise ratio, the average DWF overestimates
the temperature. The expected temperature at such low laser powers is expected to be
around the room temperature (297 K) £1 K. Therefore the overall temperature increase at

the highest laser power of 1250 uW is closer to 10 K.

5.2.2  Analytical heat transfer theory for spheres with local sources

The local heating sources (NDs) on the non-absorbing SiOy medium can be modeled using
the spherical heat transfer theory discussed in this section. If the number of NDs is known,
by obtaining the location of individual ND, the following analytical heat transfer theory may
be used to estimate the power generated by each ND particle.

For a sphere shaped geometry (Figure , a solution of the heat-transfer equation is

derived below.
The energy equation that applies is expressed in spherical coordinates as:

9T T 1 T 1 9T
&2 —“8[8<28 )+ 0 (sin98—)+ T\ | S(r.0.6), (5.1)

ot — 2 ar\" ar ) Tsin0 o0 90 ) " sin®6 952

for a sphere type geometry, where p is the mass density, C is its specific heat capacity
per unit mass and k4 is its thermal conductivity of the sphere. The sphere is surrounded by
a stagnant fluid (k) on all sides and the temperature far away from the boundaries is 7.

Symmetry is assumed about the y axis. It is convenient to write the energy equation for the
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Figure 5.5: Geometry and the spherical coordinate system used to obtain the analytical heat

transfer solution of of the geometry with point sources.

geometry in dimensionless form as:

©_1|19 3:28—@ + +—1 9 Sinea—@ + 1 82—9 o (5.2)
or 2|0z Ox sin 6 06 00 sin? @ 0¢? '
where the dimensionless parameters are defined by
T —Ty Kt r Sa?
O = TOO ,T—m,x—a,d—m, (53)

where S is the source function which is given as the rate of heat generation (Q) at the
coordinates P(z1,01,¢1) per unit volume. If the volume of the localized source is V, =
a®z?Ax(A6)?, the dimensionless source is given as
o= 5 ¢ : (5.4)
RsTaoaxisin Oy Axy(Af;)?

where the dimensions of the localized source in each coordinate are Az, Af; and Ag,

Assuming the source spans equally in # and ¢, the dimension is given as

/ Ve
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For the temperatures involved here radiant energy transfer is negligible. The boundary
conditions are given by:

90, ha(Tleea—To) . . 00
/{s%(l) = K_ST = BZ@(l), 8_¢)

where the Biot number is Bi = _T? and h is the heat transfer coefficient. For a sphere

(0,7) =0, (5.6)

in a stagnant medium, the Nusselt number Nu = 2ah/ky. This gives ha = K.

The solution may be written in terms of orthonormal eigenfunctions to give

where the eigenfunctions Up,(x), Vm(&) and W,,(¢) are given by

Ulm(l') = jl()\lmx) = JZJF ()\lml'), (58)
2)\1
where the eigenvalues \;,, satisfy
(l -1+ Bl)jl - 1<>‘l,m) - )\l7mjl(>\lm>7 (59)
Vin(0) = P.(2), where z = cosf and I,n =0,1,2...;1 > n, (5.10)

where P!(z) are the Associated Legendre polynomials with order n and degree .

W, (¢) = cos(ng) for n =0,1,2, ... (5.11)
(5.12)

The coefficients Ay, (7) are given by

91 — )\2 z1+Az1  pAOL pPl+A¢
¢10
/2Ulm( Wn(el)

o(z',8',¢") da'df'dg’,
Ut || HVzn||2||Wn||2
The norms are given as
! [+ n)!
Unll? = Uy (7)1 Vn2:(— W, || = . 5.14
(o] /O:cmu:)], Wil = e IVl == (5.14)
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Figure 5.6: a) The steady state state temperature change within a 10 um glass sphere with
a 1 W localized heat source (P) was placed at P(5um, 144°,54°) along the radial direction,
b) along the # direction and c) along the ¢ direction. The source span is shown in all three

axial directions in red. [in preparation]

Calculations for steady state temperatures were performed for a glass sphere of radius
10 pm with thermal conductivity(,), specific heat capacity(C) and mass density (p) taken
as 1.38 W/(m K), 630 J/(Kg K) and 2200 Kg/m?, respectively. The glass sphere was
levitated in a stagnant air medium of conductivity (k;) 0.024 W/(m K). Experimentally,
this may be achieved using laser trapping. A 1 W localized heat source (P) was placed at
P(5um, 144°,54°). The source spanned 500 nm, 8.5° and 2.14° in the x, # and ¢ coordinates.

The steady state temperatures along the three coordinate directions passing orthogonally

throught the center of the source are shown in Figure [5.6|

The temperature change gradient within the sphere is smaller compared to the overall
temperature change. This is because of the low thermal conductivity of the surrounding
stagnant medium, resulting in a small Bi number. To visualize the gradient of change in
temperature with time, the Figure shows the temperature change gradient within the

sphere along the radial direction. The temperature reaches steady state temperatures in
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Figure 5.7: a) The time dependent temperature gradient along the radial direction for the 10
pum glass sphere. b) The maximum temperature change within the sphere is plotted against

time to visualise the time scale dynamics. [in preparation]

very long time scales of 20 ms. This is primarily due to the low thermal conductivity of the

surrounding fluid.

5.2.8  Analytical heat transfer theory for cylinders with local sources

For a cylinder shaped geometry (Figure , a solution of the heat-transfer equation is
derived below.
The energy equation that applies is expressed in cylindrical coordinates as:

- 0T
Pca

10", (5.15)

=K

10 ( aT) 1 0°T  O0°T

vor\lar ) TR T

for the cylinder type geometry, where p is the mass density, C is its specific heat capacity per
unit mass and sy, is its thermal conductivity. The cylinder is attached to a large conductive
heat sink at temperature T; across one of the circular faces and is surrounded by a fluid of
thermal conductivity x; around all of the other surfaces. For a half-cylinder geometry with

symmetry about 8 = 0, 7 of height H, radius a and 0 < 6 < 7, it is convenient to write the
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Figure 5.8: Geometry and the cylindrical coordinate system used to obtain the analytical
heat transfer solution of of the half-cylinder geometry with a localized source shown using
a red sphere. The substrate and the glass coverslip at room temperature is shown using a

yellow and a grey slab, respectively.

energy equation for the geometry in dimensionless form given by.

ou 10 (. 0U 1 0°U 0*U
iy Y B | — — 5.16
or L@f( %)t |t et .
where the dimensionless parameters are defined by
T-1T, Kt r z Q" H?
_ = M el =2 5= 1

where Q" is the energy of source per unit volume per unit time for a source of @) (Watt)
at £g,00, (g, distributed uniformly over a volume of size dr,df and dz in the cylindrical

coordinates. It is given as

- Q

V" = Coddadd] [7Tag (5.18)

For the temperatures involved here radiant energy transfer is negligible. The boundary
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conditions are given by:

ou oU , ou ou
8_6(0797C77-) = 07 (9—£<1’9’ CaT) = _BZCU(laea <a7)7 %(ga 07677—) = %(577(7<a7—) = 07
(5.19)
and
ou .
U(,0,0,7) =0, 8—C(§,0, 1,7)=—-DBi;U,0,1,7), (5.20)

where Bi, and Bi; are Biot numbers corresponding to the surfaces at £ = 1 and ¢ = 1,
respectively. The Biot number for the radial direction (Bi. = ah/ky), which is the ratio
of heat transfer conducted away from a material to the heat transferred within a material.
It is related to the appropriate heat transfer coefficient, h = Nukys/2a, for heat transfer to
the surrounding medium. The heat transfer coefficient for convective and conductive heat
transfer is usually written in terms of the dimensionless Nusselt number, Nu, for cylinders
in a stagnant fluid yields Nu = 2ah/ky; = 0.34.[150] Similarly, in the z-direction, the Biot
number is given as Biy = Hk/Axgkp, where Axg is the distance of the circular surface
from the coverslip.

The solution may be written in terms of orthonormal eigenfunctions to give

UE0,6,7) =3 ) A7) X () Yen () W2 (), (5.21)

where the eigenfunctions Xj,,,(€), Y,,(6) and W, (¢) are given by

Y, (0) = cos(m#) for m =0,1,2, ..., (5.23)
Zn(¢) = sin(wi(), (5.24)

where ji,,, satisfies

L[ Tm—1(tum)] = (m — Big)Jp () for I,m =0,1,2, ... (5.25)
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and w,, satisfies

Wy, cos(wy,) = —Biysin(w,) for n =0,1,2, ... (5.26)

The coefficients Ay, (7) are given by

2[1 — & o2 G
A1) = 2 eXP AT / / / (5.27)
lmn

/ / nglm(f
0
(& O HY ||2 HZ ||2

dg dg'dc’.

where the primes indicate dummy variables of integration, A\? == b*u? +w?, where b = H/a,

Imn —

and the norms are given by

1
|1 X|)* = / T (im&)]2dE for I,m =0,1,2, ..., (5.28)
0

) 27 for m =0
Youll* = (5.29)
T form=1,2,3,...

1
| Zn|? = /0 [sin(wnC')]de' forn=0,1,2,... (5.30)

The integration limits are given as

€1,6 = o — dE)2, Eo+ dE)2 (5.31)
01,05 = 0 — d0/2, O + df/2 (5.32)
G, G = Co — d(/2, (o +d¢/2 (5.33)

The calculations were performed for diamond cylindrical pillar of radius and height =
10pm which may be fabricated using either focused ion beam milling or traditional clean
room vertical etching methods such as deep reactive ion etching (DRIE). The pillar is affixed

on one of its circular surfaces to a large conductive diamond substrate is considered for
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Figure 5.9: The steady state temperature distributions for a symmetric half-cylinder geom-
etry with a single point source calculated along the radial, angular and z-directions using
analytical (black) and finite element methods (red dashed line). The source location and

spans are shown in red. [in preparation]
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the heat transfer calculations. The physical constants, thermal conductivity, specific heat
capacity and the mass density of the diamond medium are given as x, = 2200 W/(m k), C' =
630 J/(kg K) and p = 4860 Kg/m?. The pillar is surrounded by a stagnant air medium (r;
= 0.024 W/(m K)) on all the sides and coverslip 1 mm away from the top circular surface
of the cylinder is maintained at room temperature. A 1 mW localized source is placed at
a radial position of x = 6 um, § = 108° and z = 6um which spans 1 pgm, 19.1 ° and 1 um
in the respective 3 axial directions. The temperature change gradients calculated using the
analytical theory discussed above are shown in the Figure 5.9k, b and ¢ along the respective
axial directions z, 6 and z (Black lines), passing through the center of the source location
respectively. The corresponding temperature changes calculated using the same parameters
in COMSOL (finite-element analysis) are shown using a red-dashed line. Both the methods
agree with each other.

The time dependent temperature change gradients along the radial direction passing
through the center of the localized source is shown in Figure [5.10h. The overall temperature
gradient within the geometry is significant despite the large difference between the thermal
conductivity of the material and the surrounding stagnant fluid because a large amount
of heat transfer occurs in the z-direction towards the substrate kept at room temperature.
The maximum temperatures within the volume with time is plotted in Figure [5.10p. The
temperature change reaches a steady state very rapidly (<1 us) considering the large size of
the diamond cylinder. This is due to the rapid heat transport pathway along the negative

z-direction towards the substrate at room temperature.
5.3 H3 centers for laser refrigeration

In diamonds, H3 center is a nitrogen—vacancy—nitrogen chain that is formed when a vacancy
is trapped next to the A-aggregate of nitrogen. It is a photostable defect which emits brightly
in the range of 500-700 nm with a ZPL at 503 nm with the corresponding wide emission
from the phonon side bands. It requires excitation irradiances of more tha 10 MW /cm?

for saturation. In addition to being highly photostable, it has been shown to perform as
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Figure 5.10: The temperature distributions for a symmetric half-cylinder geometry with a

single point source calculated along the radial, angular and z-directions using analytical and

finite element methods. [in preparation]
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a tunable laser with practically unlimited shelf life in the visible range of 500-600 nm[I51].
Considering action and its bright emission, H3 center appears to be a great candidate for
further exploration for radiation balanced lasers where anti-Stokes fluorescence may be used

to cool a solid-state laser gain media internally to negate the heat produced in it.
5.4 H3 diamond heating experiments

An optical setup shown in Figure designed to collect the emission from macroscopic
diamonds excited locally was used to explore the photothermal properties of the H3 center,
two diamond samples (shown in Figure and c) were studied. The optical setup for the
excitation of the diamond sample uses focused laser spots of a green CW 532 nm or a blue
455 nm. The laser beams were focused using a 50X long working distance objective and
the back scattered emission was collected using the same objective. The transmitted part
of the emission from a beam splitter (BS) was filtered using a notch filter (NF) to remove
the scattered 532 nm photons or 500 nm long pass filter to remove the 455 nm light. The
emission was then reflected using a mirror (M) and focused into the spectrometer slit using a
focusing lens (FL). A thermoelectrically cooled charge coupled device (TEC-CCD) was used
to record the spectra. Additionally, a 20 pum thick insulated copper wire loop was added
near the focal spot to induce a variable frequency microwave (MW) source to measure the
optically detected magnetic resonance.

The diamond sample shown in Figure was hexagonal in shape (H3) and predomi-
nantly contained nitrogen defects in the form of H3-centers or NVN-centers. It was yellow
around the central area and the areas away from the center had a red/purple hue. The area
with the red/purple hue was believed to have a higher proportion of NV? and NV~ centers.
For the purposes of these experiments, the central area (white circle), which is shown to
have a high proportion of H3 center to other defects, was used. The second sample shown in
Figure Figure was triangular in shape (NV) and had a bright red/purple hue overall.
The samples were affixed to the cryostat stage using a double-side copper tape. The focal

spot of lasers was maintained 10 pum below the top surface of the diamonds. The focal
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Figure 5.11: a) The optical setup for the excitation of the diamond sample using a focused
532 or 455 nm laser spot. The back scattered part of the emission is collected using the
50X long working distance objective (50X obj.), transmitted through a beam splitter (BS),
filtered using a notch filter (NF) or 500 nm long pass filter, reflected using a mirror (M) and
focused into the spectrometer slit using a focusing lens (FL). A thermoelectrically cooled
charge coupled device (TEC-CCD) was used to record the spectrum. b) The H3 diamond
sample with predominant nitrogen doping in the form of NVN or H3 centers, and ¢) the NV
diamond with predominantly NV centers. The white circle represents the area where the 532
nm spot was focused on the respective diamond. d) A schematic showing the mobilization
and integration of substitutional nitrogen (C-centers or P1 centers) with NVO and NV-

centers at high pressure and temperature to form NVN or H3 centers. [in preparation]
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volume heated and probed using the lasers was limited to <100 pm?®. Also, considering the
highly absorptive thick diamond sample compared to the laser spot size, the divergent beam
reaching the lower part of the diamond substrate was very low in irradiance and caused
negligible heating of the copper tape. The mechanism with which the H3-centers are formed
in a diamond are shown in Figure [5.11d. The H3 diamond was treated at high-pressure
and high-temperature (~ 1600 °C) [152] conditions at which the NV® and NV~ were mobile

enough to seek the P; substitutional nitrogen defects and form the NVN or H3 centers.

The stokes part of the emission spectra was collected from the H3 and NV diamonds using
a 532 nm excitation are shown in black and red in Figure [5.12] respectively. The emission
wavelength of NV? and NV~ ZPLs are marked using a yellow and red dashed line centered
at 575 and 638 nm, respectively. The counts are normalized using the laser power used
and the collection time. A 11 times higher integrated emission intensity was measured from
the NV diamond. The significantly high magnitude of emission compared to the H3 sample
shows that a significantly higher concentration of NV centers are present within the NV
diamond. The inset of Figure shows the modulation in the emission intensity from the
NV diamond using a microwave (MW) frequency sweep from 2.86 to 2.88 GHz. A stronger
(as compared to a weaker) emission is seen when the excitation from the excited state to the
ground state while the NV~ center is in the my=0 state (versus the weakest emission when
the MW is resonant with the with my = £1 states). The weaker emission associated with
m, = +1 results from a stronger non-radiative coupling to the singlet energy level through
intersystem crossing. This is described in more detail in the section 2.9 And the splitting
in the my = +1 (weakest emission) states is due to the combination of pseudo magnetic field
created by strains within the sample. The anti-Stokes part of the emission spectra collected
from the H3 and NV diamonds using a 532 nm excitation is shown in black and red in Figure
5.12b, respectively. Strong anti-Stokes emission from the H3 centers is observed in the H3
diamond, while it is completely absent in the NV diamond. A green dashed line shows the
H3 ZPL center wavelength at 503 nm with the red-shifted wide Gaussian phonon side band.

The presence of anti Stokes fluoresence is exciting in the context of laser refrigeration and
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Figure 5.12: a) Normalized room temperature spectra of NV? and NV~ emission from both
H3 (black) and NV (red) center using a 1 mW 532 nm laser excitation spot. The inset shows
the ODMR spectrum measured from the NV diamond. b) The anti-Stokes wavelength band
spectra for both the H3 (black) and NV (red) samples using 532 nm excitation. c¢) Normalized
room temperature full-range spectra using a 455 nm laser excitation spot. d) Measured and
exponential fitted lifetime data for H3 sample in the 680 and 530 nm bands and NV sample
in the 680 nm band. The 'R’ and ’D’ in the legend represent the rise and decay times from

the double-exponential and exponential fits. [in preparation]
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motivates conducting experiments in the future to evaluate the efficiency of this process at
different excitation wavelengths. The spectra was cut off at 527 nm due to the notch filter
used to remove the scattered 532 nm laser. The Stokes part of the emission spectra from
the H3 and NV diamond spots measured using a focused 455 nm laser excitation is shown in
Figurd5.12 black and red, respectively. The emission from the H3 diamond predominantly
consist of emission from the H3 ZPL at 503 nm and a broad phonon overtone emission
with a center around 530 nm, representing a relatively high concentration of the H3 centers
in the sample. The instrument induced intensity variation with wavelength was corrected
using the method described in section to obtain the mean wavelength at 546.8 nm.
This is important for laser refrigeration applications as only wavelengths red-shifted to this
wavelength can be used to observe net cooling of diamonds through H3 centers doped in
them. The emission from the NV diamond predominantly consists of the emission from the
NVO0 ZPL at 575 nm and a broad phonon overtone centered around 680 nm. The weak NV-
ZPL emission at 638 nm is due to strong photoionization of NV~ centers to NV using the
455 nm laser. The emission from the NV center primarily occured from the NV centers
where a large emission intensity (~36.3%) was from the NV?. The large emission intensity
from the NV indicates the efficient ionization of NV~ due to the high energy of the incident
laser (455 nm). A very small amount of emission intensity in the NV diamond was from the
H3 center due to the very low concentration of H3 centers in this sample. This is indicated

using a grey box and the close up is shown in the inset of Figure |5.12c.

Lifetime measurements were conducted on the H3 diamond around the 530 (maximum
of H3 center phonon overtone emission) and 680 (maximum of NV-center phonon overtones)
was measured using an unfocused 405 nm excitation pulse (Figure [5.12{d). A 20 and 10 nm
bands pass filter was used around the 680 nm and 530 nm band measurements, respectively.
The measurements using an unfocused 405 nm excitation are shown in black and green,
respectively. Double exponential fit to the 530 nm band decay spectrum show 9.8 and 2.1
ns decay components, corresponding to the fast and slow decay times of H3 luminescence

from the defects in near and far away from A-aggregates, respectively. The time scales are
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smaller than the intrinsic H3 lifetimes of ~16.7 ns[153]. The short decay time component (2.1
ns) can be attributed to heavy quenching of H3 luminescence to other luminescent defects.
Since an H3 centre is created from an A-aggregate plus a vacancy, or NV centers and P,
centers, the spatial correlations are likely between the H3 centres and the A-aggregates, or
NV centers[154]. The A-aggregates act as quenching centers, decreasing the lifetime of the
H3 ensembles in closer proximity to them[I54]. The 680 nm band emission shows a rise and
a decay component with timescales of 5.8 and 16.9 ns, corresponding to excitation of the
NV centers from the trapped H3 emission (like reabsorption and photon recycling effects in
perovsike materials[155]) and the intrinsic NV~ center lifetime, respectively. The lifetime
of emission in the 20 nm band around the 680 nm for the NV diamond sample is shown in
Figure (cyan). The data fits well to a single exponential with a decay time of 19.4
ns. This is much longer than the intrinsic lifetime of the NV~ center (12-13.5 ns [156, [157]),
but much closer to the 21 ns intrinsic lifetime of the NV° center[I58]. The high emission
percentage from the NV in the NV diamond sample’s spectrum due to blue light excitation

as seen in Figure [5.12c may contribute to these long time scales.

The room temperature emission spectra of the NV diamond sample were measured at 6
different laser irradiances are shown in Figurd5.13] The measured counts were normalized
using the laser power and acquisition times are shown on the y-axis. The vertical green
dotted line signifies an arbitrary separation of the emission spectra such that - the left and
right sides indicated using red and black lines represent the wavelength ranges in which
the predominant amount of emission originates from the NV center and NV, respectively.
However, since the phonon overtones from the NV° are convoluted with the NV~, a more
sophisticated technique is required to measure the percentage of emission from the NV° as
compared to the total emission. To calculate this, the method of fitting several spectra for
the NV? and NV~ ZPLs and the overtones described in section 2.8.1] was used. The sum of
the amplitudes of Ly and Gg — Gy fit to the normalized spectra gave the emission from the
NV centers. The sum of amplitudes from the fit of all the other peaks gave the emission

from the NV~ centers. The percentage of the respective charge state emission from NV° and
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Figure 5.14: a) DWF temperature calibrations for the H3 and b) NV diamond samples. c)

The irradiance dependent calibrated temperatures for the H3 and d) NV diamond samples.

NV~ was calculated and is plotted in Figure and d, respectively. At higher irradiances
the NV~ is dynamically ionized to NV (and back) at a faster rate[I59], causing the relative
percentage of emission from the NV? to rise from 12 to 18 % as the laser power increases
from 81 to 2050 4W. The decrease in the dynamic population of the NV~ suggests that the

absorption by NV~ would progressively become smaller at higher irradiances as shown by

Subedi et al.[160].

The temperature dependent measurement of the DWF on the H3 diamond was done
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using a 12 KW/cm? 532 nm laser irradiance. A fit to the DWF equation is shown using a
black dashed line (Figure ), which gives the Debye temperature Tp = 1133.7 K and the
electron-phonon coupling parameter S = 3.41. The same measurement was repeated on the
NV diamond. A fit to the DWF equation is shown using a red dashed line (Figure )
which gives Tp = 1164.3 K and S = 3.46. These values were used to calibrate the laser
irradiance dependent measurements to obtain the change in temperature as shown in Figure
and d respectively. The overall temperature change near the laser hot spot in the H3
diamond is close to 5 K at the highest irradiance. However at the same laser irradiance
the NV diamond heats to temperatures 50 K higher than the room temperature. Note that
the NV diamond sample does not heat linearly with the increase in laser irradiance, as one
would expect for a material with constant absorption coefficient at a particular wavelength.
The decrease in the dynamic population of the NV~ as shown in the previous figure suggests
that the change in absorption with increased irradiance may be the reason for this.

The 10-times smaller heating effect in the H3 diamond can be attributed to the signifi-
cantly lesser amount of NV centers in the sample as discussed above. This is encouraging for
further exploration of methods to convert NV centers to H3 centers in a diamond sample.
The ability to maintain a relatively high stable population of H3 centers in a sample may
result in minimized heating which is advantageous considering its importance as a lasing
medium. Additionally, the presence of anti-Stokes emission from the H3 center motivates its

further exploration as a laser refrigeration color center for radiation balance lasers.
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Chapter 6

CONCLUSIONS

The first chapter introduced the concept of photothermal heating to motivate the need
for minimising its undesirable consequences. Following that laser refrigeration was discussed
with an emphasis on semiconductor nanoscale devices. The second chapter gives a general
overview of the process involved in calculating the steady state temperature and its transient
dynamics. It was found that, despite having considered extremely low thermal conductance
at the interfaces, the time scales to reach steady state temperatures for nanoscale materials
such as the CdSNRs used by Zhang et al.[I] are nearly 4-5 orders of magnitude faster than
reported. The chapter also introduces the challenges involved with temperature measure-
ment of nanoscale materials and goes on to discuss a variety of non-contact temperature
measurement methods, their advantages, disadvantages and other details involved in the
accurate interpretation of temperatures using the respective measurement techniques. The
discrepancy in the time scales may be explained because some of the limitations of the PPLT
thermometry method may not have been accounted for by Zhang et al.[I]. When measur-
ing temperatures using PPLT, it is important to account for the dependence of band-edge

energies on the carrier excitation densities.

The laser refrigeration of CdASNRs was attempted in chapter 3, where various other com-
plementary thermometry methods, optomechanical thermometry and Raman anti-Stokes
Stokes ratio thermometry were used to measure the temperature of CdASNRs in rectangular
or wedge shaped geometries. Laser refrigeration was not achieved. Analytical heat trans-
fer theories developed to understand the transient temperature gradients in three different
geometries (cantilever, wedge and bridge). To counteract the effects of photothermal heat-

ing in CdSNRs, experiments using 10% Yb:LiYF, have been discussed in chapter 4. By



118

mounting a 10% Yb:LiYF,; microcrystal at the end of a CASNR, laser refrigeration of the
semiconductor nanoribbon was observed. A temperature drop of 20 K was measured using
two complementary thermometry methods, optomechanical and ratiometric thermometry.
Both the methods agree well with each other. Lastly, nanodiamond quantum sensors doped
with NV~ centers were cooled by 27 K by attaching them to the 10% Yb:LiYF, microcrystal.

In chapter 5, the possibility of intrinsic laser refrigeration of semiconductors was explored
by conducting experiments on NV doped diamonds on a silica microspheres. The silica acts
as a whispering gallery mode resonator, causing enhancement of emission intensity in certain
wavelength bands. Careful tuning of this cavity may be a great direction for the exploration
of ZPL enhancement and possibly realizing laser refrigeration of diamonds using NV centers.
The experiments in this work were only limited to photothermal heating. The analytical
heat transfer theory for spherical geometries with localized heat sources was developed.
In addition a cylindrical theory was developed to assist the future efforts planned for the
exploration of the laser refrigeration performance of NV center performance in cylindrical
cavities.

In chapter 5, the H3 centers were also introduced and 10 times reduced heating was
observed in a macroscopic diamond sample with high concentration of H3 centers compared
to a sample with predominantly NV centers. In addition, anti-Stokes emission was observed
from H3 centers. In the context of previous reports on H3 centers used for lasing[I51], these
experiments motivate further exploration of H3 centers for realization of radiation balanced

lasers.
6.1 Future directions

In the many experiments with thermometry, I found DWF and ODMR thermometry methods
to be the most reliable and convinient methods to use. The reliability arises firstly from
the presence of existing foundational literature. Secondly, the fitting of DWF calibration
data produces fundamental material parameters such as Debye temperature, electron-phonon

coupling parameters. These parameters are not sensitive to many external conditions and
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lead to temperature calibrations that are reliable even at varying conditions such as laser
irradiances.

Optically detected magnetic resonance is another such method that can measure temper-
atures reliably. At present the ODMR system uses a proof-of-concept computer algorithm
which produces a microwave source that varies in frequency continuously through an antenna.
In my experiments, this has caused the broadening of the ODMR features and has been un-
reliable in measuring temperatures accurately. In addition, the proof-of-concept scheme also
requires a high microwave power source, which adds more complications in the measurement.
For the next iteration of this project, I recommend modifying the existing algorithm to the
one that uses microwave pulses and records the APD signal during the pulse. This will help
decrease the broadening and also increase the signal to noise ratio, enabling the use of much

lower microwave powers to obtain more accurate temperature measurements.

The H3 defect in diamond was introduced as a candidate for the exploration of laser
refrigeration in wide band gap materials. I foresee many challenges before laser refrigeration
is achieved using this center. Firstly, the defect emits a large proportion of photons through
phonon processes. This means that a large quantity of phonons are dumped into the system
when photons red-shifted from the ZPL are emitted. As discussed previously, Purcell en-
hancement and other resonant cavities may be a few pathways to enhance the emission from
the ZPL band as compared to the phonon side bands. Secondly, the present methods used
for the synthesis of H3 defects naturally introduce a large percentage of other defects such
as A-aggregates and NV centers. This is detrimental because the laser that is to be used for
laser refrigeration will need to pump at wavelengths greater than 547 nm and will inevitably
get absorbed by NV? ir NV~ centers. This is due to the large absorption of NV in this
wavelength band compared to the absorption cross section of H3 which is several orders of
magnitude smaller. Hence, the synthesis methods for exclusively producing H3 defects will
need to be explored. Finally, in macroscopic samples, the high refractive index of diamond
will cause emission trapping, hence reducing the extraction efficiency drastically. Therefore

the use of smart photon extraction techniques will be required. This may also be addressed
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by the use of nanodiamonds doped with H3 defects for exploring laser refrigeration. Before
these larger goals are pursued, it is essential that more preliminary measurements be done
on the H3 samples using a tunable laser source to evaluate the efficiency of the anti-Stokes

process using the LITMOS test[161].
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Appendix A
HEAT TRANSFER

A.1 Heat transfer theory

The energy equation for this electromagnetically heated ribbon is given by

20T *T  9*T  O*T
pC ( + + )+Q’”, (A1)

— = K
ot ox?  Oy*> 022
in which p is the nanoribbon density, C' is its specific heat, x is its thermal conductivity, and

Q" is the rate of heat generated per unit volume, which is related to the electric field vector,

E, of the laser beam by
2n'n”

mo__
=

Here n = n’ —in” is the complex refractive index of the medium, \q is the wavelength in

(E-E). (A.2)

vacuo, Zy is the free space impedance (Z; = 376.73 ohms), and E* is the complex conjugate
of the electric field vector. For CdS at a wavelength of 532 nm, n = 2.5513 — 70.0057657
[95]. The small imaginary component of the refractive index indicates weak absorption of
the electromagnetic radiation.

We assume that the Gaussian beam impinges on the nanoribbon on its centerline with
the beam located at axial position y = Ly and its beam waist, wy, located at the surface
of the nanoribbon (z = 0). For a weakly convergent beam polarized in the x-direction and
propagating in the z-direction through a thin slab the electric vector of the beam can be

approximated by[162]:

2

E(r,z) = £Egexp ( — %) exp(—ikz), (A.3)

0

in which Z is the unit vector in the x-direction, Ej is the electric field amplitude at r = 0,

r is the radial distance from the center of the beam, and wg is the beam waist radius. The
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wavenumber, k, is, in general, complex and is defined by
k=K —ik" = —(n' —in"), (A.4)

The incident irradiance, Iy, equals the time-averaged magnitude of the Poynting vector, (S),

where the Poynting vector is defined by
S=E x H, (A.5)
and H* is the complex conjugate of the magnetic vector, H, given by

Hir,2) = i B0 2), (A.6)

in which g is the unit vector in the y-direction, and Z; is the impedance in vacuum. The

incident irradiance is related to the total power of the beam, F,, by

1
PO = §7rfow§. (A?)

Using these results, the irradiance transmitted to the nanoribbon is given by

I(r,z) = Io(l — Rile;p](%—/\ék”H)) exp (— %) exp(—2k"2), (A.8)

in which R, is the wavelength-dependent reflectivity of the beam and the 1/(1 —
Ry exp(—2k"H)) term takes into account multiple internal reflections within the CdSNR.
Substituting in the energy equation and applying orthogonality of eigenfunctions, we obtain
the following differential equation

dApmn (T

1 1 1
() = [ [ s X Zacragatac. (1)

The solution for the coefficients Ay, (7) can be obtained by applying an integrating factor,

and the steady state solution is obtained by taking the limit as 7 — oo to give

1 1 1 1
A — ! !~ ! / ! / / /. A
IW;EAAAMMW@WWMMM% (A.10)
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A.2 Electrical conductivity for an electromagnetic heat source

In an electrical circuit the power (P) is equal to the current (I) multiplied by voltage (V).

Then, the rate of heat generated per unit volume (L) is given as:
L=j-E=(cF)- E, (A.11)

where o, 7 and F are the electrical conductivity, current density and electric field, respec-
tively.

In ideal dielectrics there is no direct current, only displacement currents j(w) = €(w) -
dFE /dt may occur for alternating voltages or electrical fields. Here ¢(w) is frequency dependent

dielectric function. We thus have

Jj(w) = €e(w) - d[ECOi—teM] =c(w) i -w- B =ew) i -w-Ew). (A.12)

For a complex dielectric function, ¢(w) = € (w)+i€”(w), the current density can be written
as

jw=w-"-Ew)+i-w-€-FEw). (A.13)

Equating the real parts of Eq. [A.11]and [A.13] the rate of heat generation per unit volume

(L) can be written as

2
gy . E, (A.14)
Ao

where )\ is the wavelength of light. Since the complex dielectric function is the square

L= ("wE)-FE = (e

of the complex refractive index (n’ + in”), by equating the imaginary parts we can rewrite

Eq. as
L = (2n'n") (i—W)E - E. (A.15)

0

Therefore, the conductivity (o) can be written in terms of the refractive index as

4 1.1
o= ( W;LO” ) (A.16)
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A.3 The double quadrature

The double integral defined by

2L2k,// 2 12
=2k / / exp( ’ )Xz(é) Vo (o )dE'di (A17)

is zero for sufficiently large value of r. For example, the exponential term decreases to 1%
of its value at the origin for » = 1.5174w, unless this value exceeds W/2. Consequently, the
maximum value of  may be taken to be W/2. It is convenient to carry out the integration

in cylindrical coordinates. Thus,

ALK /71' /W/Q (—27“,2>
I, = I ex X (Y, () rdr'de’, A18
=gt [ [ e (S )X (A18)
in which
1 ! Lo — 0
f':§+%sin0’,n’:% (A.19)

Letting u' = 2(7'/wg)? and ' = wo(v//2)"/? in Egs. (A.18 and |A.19) the double integral

transforms to

w2 LkK" T W2/2uf
I = gy o /0 /0 exp (=) Xy (&)Y (n)du'de, (A.20)
where
1 / L /
§'= Q;g sing ) = fo - % %COS g'. (A.21)

The double integral was evaluated using python.

A.4 Analytical to Numerical with Python - Cylinder

import numpy as np

import pandas as pd

3 from scipy.special import jn as jv

from math import factorial

5 import matplotlib.pyplot as plt

6

from numpy import pi, sin, cos, sqrt

7 from mpl_toolkits.mplot3d import axes3d



37 Bif

from matplotlib import cm
%matplotlib inline

plt.rcParams[’figure.figsize’] = [15,

L = 10e-6
Rmax = 10e-6

5 meshR = 50

meshTheta = 50
meshZ = 50

r = np.linspace (0,Rmax ,meshR)

xi = r/Rmax

theta = np.linspace(O,np.pi,meshTheta)

2z = np.linspace(0,L,meshZ)

zeta = z/L

kappa = 2100
rho = 4860
C = 630

global Bi

kf = 0.024

Bi = kf/kappa

Bic = 0.34*(kf/kappa)

i delx = 1000e-6

(L/delx) *(kf/kappa)
#Bi = 10000

tau (kappa*t)/(rho*CxL**2)

5]

st = 1 # Time in seconds
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def Xfunc(mu,m,xi):

return jv(m,mu*xi)

5 def Xeigfunc(zm,m):

return xm*(jv(m-1,xm)) - (m-Bic)*jv(m,xm)

; def Yfunc(m,theta):

return cos(m*theta)

def Ynormfunc(m,intyx):
if m==0:
intyy = Yfunc(m,intyx) **2
integ = 2*np.trapz(intyy,intyx)
return 2x*pi
@lle® s
intyy = Yfunc(m,intyx) **2

integ = np.trapz(intyy,intyx)

return pi

def Zfunc(omega,zeta):

return sin(omega*zeta)

5 def Zeigfunc(xm):

return xm*np.cos(xm)+Bif*np.sin(xm)

; def Znormfunc(n,intzx):

intzy Zfunc (omega[n],intzx) **2

integ np.trapz (intzy, intzx)

return integ



73 # Finds the roots of a function y(x). Takes in x and y arrays of the

eigenfunction.

74 def rootfinder (xm,ym):

75

76

90

96

97

98

99

100

101

102

103

104

eigl = 1000
eigM = 1000

lam = np.zeros (eigM)

count = 0

for j in range(0,len(ym)-1):

lam

lam

#plt

#plt.
#plt.
#plt.
#plt.

retu

numl 2

2

numm

2

numn

Xm = np.

omega =

if np.sign(ym[jl) !'= np.sign(ym[j+1]):

xml, xm2, yml, ym2 = xm[j], xm[j+1], ym[jl, ym[j+1]

m = (ym2-yml)/(xm2-xml)
lam[count] = (-ymi+(m*xml))/m

count = count+1

np.trim_zeros (lam)

[s for s in lam if str(s) !'= ’nan’]

.plot (xm, ym)
x1im (0,0.001)

title("X-eigenvalue function")

show ()

rn lam

0

0

0

linspace (0, numn*10,100000)

rootfinder (xm,Zeigfunc (xm)) [0:numn]

print (omega)

Xm = np.

linspace (0,numl*10,100000)

scatter (lam, np.zeros(np.size(lam)), color=’red’)
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109

110

116

117

119

136

mu = np.zeros ((numl,numm))

for mm in range (0,numm) :
mul:,mm] = rootfinder (xm,Xeigfunc (xm,mm)) [0:numl]
print ("Mu_1 for m={}".format(mm), mul:,mm])

#print ("\nMu size: ", np.shape(mu))

plt.rcParams[’figure.figsize’] = [7, 5]

XFUNC = np.zeros ((numl ,numm,len(xi)))
for 1 in range(0,numl) :
for m in range (0,numm) :

XFUNC[1,m,:] = Xfunc(mul[l,m],m,xi)

m=0
for 1 in range (0,numl) :
plt.plot(xi,XFUNC[l,m,:], label="1={}".format (1))
#plt.legend ()
plt.title("X-eigenfunction for 1={}".format(1l))

plt.show ()

def normXfunc(mu,omega,xi):
XintY = xi*Xfunc (mu,omega, xi) **2
normXi = np.trapz(XintY,xi)

return normXi

normX = np.zeros ((numl,numm))
for 1 in range (0,numl):
for m in range (0,numm) :
normX[1l] = normXfunc(mul[l,m],m,xi)

#print (normX)

m=0

7 for 1 in range (0,5):
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147

149

150

160

161

162

163

164

165

166

167

168

169

170

plt.plot (xi,XFUNC[1,m,:]/normX[1,m],

#plt.legend ()

label="1={}".format (1))

plt.title("Normalized X-eigenfunction for 1={}".format (1))

plt.show ()
plt.rcParams[’figure.figsize’] = [15,
YFUNC = np.zeros ((numm,len(theta)))

for m in range (0,numm) :

YFUNC [m,

]

Yfunc (m, theta)

for m in range (0,numm) :

plt.plot (theta,YFUNC[m,:]/Ynormfunc (m, theta),label="m={}".format (m))
#plt.legend ()

plt.title("Y-eigenfunction")

plt.show ()
plt.rcParams[’figure.figsize’] = [15,
7 ZFUNC = np.zeros ((numn,len(zeta)))

for n in range (0,numn) :

ZFUNC[n, :]

Zfunc (omega[n],zeta)

for n in range (O,numn):

5]

5]

plt.plot(zeta,ZFUNC[n,:]/Znormfunc(n,zeta),label="n={}".format (n))

#plt.legend ()

plt.title("Z-eigenfunction")

plt.show
Xpos =
zpos = O.

thetapos

0.

O
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189

190

191

194

195

196

197

198

199

200

201

5 Qz

dr = 0.1
dz = 0.1
; dtheta = 0.2/xpos

print (’dr’,dr*Rmax, ’dtheta’, dtheta*x180/np.pi,’dz’, dzx*L)
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print (’xpos’,xpos*Rmax,’theta pos’, thetapos*pi*180/np.pi,’zpos’, zpos*L)

s Q = 1le-3/(dr*Rmax*dz*L*xpos*Rmax*dtheta)

#Q = 1e18
vol = (dr*Rmax*dz*L*xxpos*Rmax*dtheta)

print (’Volume (um3)’, volx1el8)

2 print ("Source in W/m3", Q)

Qx = [xpos-dr/2, xpos+dr/2]
Qy

[(thetapos*np.pi)-dtheta/2, (thetapos*np.pi)+dtheta/2]

[zpos-dz/2, zpos+dz/2]

7 intxx = np.linspace(Qx[0],Qx[1] ,meshR)
;. intyx = np.linspace(Qy[0],Qy[1] ,meshTheta)

intzx = np.linspace(Qz[0],Qz[1],meshZ)

sigma = Q*L**2/(kappa*Tinf)

a = L/Rmax

print (’Calculating ALMN’)

Almn = np.zeros ((numl,numm,numn))

for 11 in range (0,numl):

for mm in range (0, numm) :
for nn in range (0, numn) :

lamvals = (a*mu[ll,mm])**2+(omega[nn]) **2
#integ = 2*np.trapz(intxx*Xfunc(mu[ll],intxx) **2,intxx)*
np.trapz(Yfunc (mm, intyx) ,intyx) *
np.trapz (Zfunc (omega[nn],intzx) ,intzx)/

(normXfunc(mu[1ll],intxx) *
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Ynormfunc (mm) *Znormfunc (nn) )

integ = 2*np.trapz(intxx*Xfunc(mul[ll ,mm],mm,intxx) ,intxx) *
np.trapz (Yfunc (mm,intyx) ,intyx)*

np.trapz (Zfunc (omega[nn],intzx) ,intzx)/

(normXfunc (mu[ll,mm] ,mm,xi) *

Ynormfunc (mm, theta)*Znormfunc (nn, zeta))

Almn[11 ,mm,nn]=(1/lamvals)*sigma*integ

Ux = np.zeros ((numl ,numm,numn,meshR))
print (’Calculating UX’)
5 for 11 in range (0,numl):
for mm in range (0,numm):
for nn in range (0,numn):
for ii in range (0,meshR):
Ux[11,mm,nn,:] = Almn[1l,mm,nn]*XFUNC[11l,mm, :]*
YFUNC [mm, int (thetapos*meshTheta) ] *
ZFUNC [nn,int (zpos*meshZ)]
print (’Calculating Uy’)
Uy = np.zeros ((numl,numm,numn,meshTheta))
for 11 in range(0,numl):
for mm in range (0O,numm) :
for nn in range (0,numn):
for ii in range (0,meshTheta):
Uy[1ll,mm,nn,:] =
Almn[11 ,mm,nn] *XFUNC[11l ,mm,int (xpos*meshR)]=*
YFUNC [mm , : ] *
ZFUNC [nn,int (zpos*meshZ)]
print (’Calculating Uz’)
Uz = np.zeros ((numl ,numm,numn,meshZ))
for 11 in range (0,numl):
for mm in range (0, numm) :

for nn in range (0,numn):
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for ii in range (0,meshZ):
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Uz[11l ,mm,nn,:] = Almn[1l,mm,nn]*XFUNC[1l,mm,int (xpos*meshR

#dataT = pd.read_csv("cyl_theta.csv",

#xFEA = dataX[:,0]

246 #UXFEA = dataX[:,1]

#TFEA = dataTl[:,0]

248 #UTFEA = dataT[:,1]

260

261

262

263

264

265

266

#zFEA = dataZl[:,0]
#UzFEA = dataz[:,1]
#plt.plot (xFEA ,UxFEA)

plt.rcParams[’figure.figsize’] = [12, 4]

plt.plot(xi*Rmax, Ux2, ’k-’, linewidth=5,

#plt.plot (XxFEA,UxFEA, ’r--’, linewidth=3,

)]
YFUNC [mm, int (thetapos*meshTheta) ]*
ZFUNC [nn, :]
#dataX = pd.read_csv("cyl_x.csv", skiprows=7).values
3 #dataZ = pd.read_csv("cyl_z.csv", skiprows=7).values

skiprows=7) .values

Ux2 = np.sum(np.sum(np.sum(Ux, axis=2),axis=1),axis =0)*Tinf
Uy2 = np.sum(np.sum(np.sumn(Uy, axis=2),axis=1),axis =0)*Tinf
; Uz2 = np.sum(np.sum(np.sum(Uz, axis=2),axis=1),axis =0)*Tinf

label=’Analytical’)

label=’Finite element’)

plt.title(’$\Delta T$ vs. x, $Bi_c$={:.2E}, $t$={:.2E}s,

Volume={:.2E}m$°"3$’.format (Bic,t,vol))
plt.xlabel (’Radius (m)’, fontsize=20)
plt.ylabel (’$\Delta T$ (K)’, fontsize=20)
plt.xticks(fontsize=20)

plt.yticks(fontsize=20)

plt.axvspan(Qx [0] *Rmax, Qx[1]*Rmax, facecolor=’r’,

alpha=0.2,

label=’Source = {:.2E} W/$\mu m~3%$’.format (Q/1e18))

7 plt.legend(fontsize=18)

#plt.ylim(0,1.6)



plt.show ()

plt.plot(theta*180/np.pi, Uy2, ’k-’, linewidth=5, label=’Analytical’)
#plt.plot (TFEA,UTFEA,’r--’, linewidth=3, label=’Finite element’)
plt.title(’$\Delta T$ vs. $\\theta$, $t$={:.2f}s’.format (t))
plt.xlabel (’Angle ($"{\circ}$)’, fontsize=20)

plt.ylabel (’$\Delta T$ (K)’, fontsize=20)

s plt.xticks(fontsize=20)

277 plt.yticks (fontsize=20)

289

290

291

292

; plt.axvspan(Qy [0]*180/np.pi, Qy[1]1*180/np.pi, facecolor=’r’, alpha=0.2,

label=’Source = {:.2E} W/$\mu m~3$’.format(Q/1e18))
plt.legend (fontsize=18)

#plt.ylim(0,1.6)

plt.show ()

plt.plot(zetaxL, Uz2, ’k-’, linewidth=5, label=’Analytical’)

#plt.plot (zFEA ,UzFEA,’r--’, linewidth=3, label=’Finite element’)

s plt.title(’$\Delta T$ vs. z, $Bi_£f$={:.2E}, $t$={:.2f}s’.format (Bif,t))

plt.xlabel (’Height (m)’, fontsize=20)

plt.ylabel (’$\Delta T$ (K)’, fontsize=20)

plt.xticks(fontsize=20)

plt.yticks(fontsize=20)

plt.axvspan(Qz [0]*L, Qz[1]*L, facecolor=’r’, alpha=0.2, label=’Source =
{:.2E} W/$\mu m~3$’.format (Q/1e18))

; plt.legend(fontsize=18)

#plt.ylim(0,1.6)

plt.show ()

A.4.1 Time dependent calculations

import numpy as np
from scipy.special import jv, yv, lpmn, lpmv, spherical_jn
from math import factorial

import matplotlib.pyplot as plt
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from numpy import pi, sin, cos, sqrt
from mpl_toolkits.mplot3d import axes3d
from matplotlib import cm

/matplotlib inline

plt.rcParams[’figure.figsize’] = [15, 5]

ts = np.logspace(-13,-4,15)
Utot = np.zeros((meshR,len(ts)))

for ti in range(0,len(ts)):

t = ts[ti] # Time in seconds
print (’Calculating for t = ’,t,’ seconds’)

tau = (kappa*t)/(rho*CxLx*x2)

print (’Calculating ALMN’)
Almn = np.zeros ((numl,numm,numn))
for 11 in range (0, numl):
for mm in range (0,numm) :
for nn in range (0,numn):

lamvals = (a*mul[ll,mm]) **2+(omega[nn]) **2

#integ = 2*np.trapz(intxx*Xfunc (mu[ll],intxx) **2,intxx)*

np.trapz(Yfunc(mm,intyx) ,intyx)*
np.trapz (Zfunc (omega[nn],intzx) ,intzx)/
(normXfunc(mul[ll],intxx)*Ynormfunc (mm)*Znormfunc (nn))

integ =

149

2xnp.trapz (intxx*Xfunc (mu[ll ,mm] ,mm, intxx) ,intxx) *np.trap

z(Yfunc (mm, intyx) ,intyx)*np.trapz (Zfunc (omega [nn],intzx),

intzx)/(normXfunc (mul[ll,mm] ,mm,xi)*Ynormfunc (mm, theta)*Zn

ormfunc (nn, zeta))

Almn[11 ,mm,nn]=((1-np.exp(-lamvals*tau))/lamvals)*sigma*

integ
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Ux = np.zeros ((numl ,numm,numn,meshR))
print (’Calculating UX’)
for 11 in range (0,numl):
for mm in range (0,numm) :
for nn in range (0,numn):
for ii in range (0,meshR):
Ux[11l,mm,nn,:] = Almn[1ll,mm,nn]*XFUNC[11l,mm, :]*
YFUNC [mm , int (thetapos*meshTheta)]x*
ZFUNC [nn,int (zpos*meshZ)]

Utot[:,ti] = np.sum(np.sum(np.sum(Ux, axis=2),axis=1),axis =0)*Tinf
plt.plot (xi*Rmax, Utot[:,ti], label=’Time = {} s’.format(t))
plt.title(’$\Delta T$ vs. x, S({}, 90$°0% deg, {}) = {} W/m$"3%’.
format (0.5%Rmax ,0.5*L,Q))

plt.xlabel (’Radius (m)’, fontsize=20)

plt.ylabel (’$\Delta T$ (K)’, fontsize=20)

plt.xticks(fontsize=20)

plt.yticks (fontsize=20)

#plt.ylim(0,0.070)

plt.legend(fontsize=12)

s plt.show ()
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Appendix B
DATA ANALYSIS WITH PYTHON

B.1 GUI ipywidgets

Python has a package called ”ipywidgets” which can be used to make interactive graphical
user interface for the user of your code. In addition to helping the user interface with the
code, the GUI also helps with, for instance, a live visualization of your initial parameters
that you would use for fitting as you change the values in an input box. This is helpful for
fitting curves with better initial guesses, or for simplifying the file selection process for data

analysis.
B.2 Flile Select Button

Running the following will output a button which can be used to select multiple files for

processing.

import traitlets
import os
import pandas as pd

import matplotlib.pyplot as plt

5 import numpy as np

from tkinter import Tk, filedialog
from ipywidgets import *
from IPython.display import clear_output, display, Javascript

from IPython.core.display import display, HTML

# Function for creating select files dialogue
def select_files(b):

root = Tk()
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14 root .withdraw () # Hide the main
window
15 root.call(’wm’, ’attributes’, ’.’, ’-topmost’, True) # Raise the

root to the top of all windows.
16 b.files = filedialog.askopenfilename (multiple=True) # List of
selected fileswill be set to b.value

17 f = b.files

18 b.description = "Files Selected"
19 b.icon = "check-square-o"
20 b.style.button_color = "lightgreen"

21 #clear_output ()
22 # Adding the dot variable helps you access
23 # the variable value outside the function.

24 select_files.selectfs = SelectMultiple (options=f, value=[f[0]],

25 disabled=False, layout=Layout(width=’>100%’, height=’>300px’))
26 print ("Selected files:")
27 display(select_files.selectfs)

20 fileselect = Button(description="File Select")
30 fileselect.icon = "square-o"
31 fileselect.style.button_color = "orange"

30 fileselect.on_click(select_files)

51 display(fileselect)
Once the files are selected the path string list can be inserted into a variable f using the
following code.
1 f = select_files.selectfs.value
A loop can be therefore be added to process the files sequentially by looping through the

following. In this case, the i» ASCII file with two columns is read and plotted one after

another. Additional analysis to be done on each data file may be added inside the loop.

1 for i in range(0,len(f)):



N

N

fx =

x = pd.read_csv(fx,

y = pd.read_csv(fx,

plt.plot(x,y)

plt.show ()

sep=None,

sep=None,

select_files.selectfs.valuel[i]

B.3 Defining NV emission fitting model

L1
L2
G1
G2
G3
G4
G5
G6
G7
G8
G9

LorentzianModel (prefix="L1")

LorentzianModel (prefix=’"L2")

GaussianModel (prefix="G1’)

GaussianModel (prefix=’G2’)

GaussianModel (prefix=’G3’)

GaussianModel (prefix=’G4’)

GaussianModel (prefix=’G5’)

GaussianModel (prefix="G6’)

GaussianModel (prefix=’G7’)

GaussianModel (prefix=’G8’)

GaussianModel (prefix=’G9’)

model = L1+G1+G2+G3+G4+G5+L2+G6+G7+G8+G9

params = Parameters ()

def plotter (xargs,

5 Pnames

params.

params.

params

params.

params

params.

model . param_names

add (Pnames [0] ,

add (Pnames [1],

.add (Pnames [2] ,

add (Pnames [3],

.add (Pnames [4] ,

add (Pnames [5],

**kwargs) :

value=Llamp.
value=L1lcen.

value=L1lsig.

value=Glamp.
value=Glcen.

value=Glsig.

value
value

value

value
value

value

>

>

B

>

>

s

engine=’python’).values[:,0]

engine=’python’).values[:,0]

vary=True)
vary=False)

vary=False)

vary=True)
vary=False)

vary=False)
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params.

params

params.

params

params.

params.

params.

params.

params

params.

params

params.

params

params.

params.

params.

params.

params

params.

params

params.

params

params.

params.

add (Pnames [6] ,

.add (Pnames [7] ,

add (Pnames [8],

.add (Pnames [9],

add (Pnames [10] ,
add (Pnames [11],

add (Pnames [12],
add (Pnames [13],

.add (Pnames [14],

add (Pnames [15] ,

.add (Pnames [16],

add (Pnames [17],

.add (Pnames [18],

add (Pnames [19],

add (Pnames [20] ,

add (Pnames [21],
add (Pnames [22],

.add (Pnames [23] ,

add (Pnames [24] ,

.add (Pnames [25] ,

add (Pnames [26] ,

.add (Pnames [27] ,

add (Pnames [28] ,
add (Pnames [29],

value=G3amp

value=G2amp
value=G2cen

value=G2sig

value=G3cen.

value=G3sig.

value=G4amp.
value=G4cen.

value=G4sig.

value=Gb5amp.
value=Gbcen.

value=Gbsig.

value=L2amp.
value=L2cen.

value=L2sig.

value=G6amp.
value=G6cen.

value=G6sig.

value=G7amp .
value=G7cen.

value=G7sig.

value=G8amp .
value=G8cen.

value=G8sig.

.value,
.value,

.value,

.value,

value

value

value
value

value

value
value

value

value
value

value

value
value

value

value
value

value

value
value

value

B

-

-

vary=True)
vary=False)

vary=False)

vary=True)

vary=False)

vary=False)

vary=True)
vary=False)

vary=False)

vary=True)
vary=False)

vary=False)

vary=True)
vary=False)

vary=False)

vary=True)
vary=False)

vary=False)

vary=True)
vary=False)

vary=False)

vary=True)
vary=False)

vary=False)
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90

st

5 en

"
[

<
]

xev

params.add (Pnames [30] , value=G9amp.value,
params .add (Pnames [31], value=G9cen.value,

params .add (Pnames [32] , value=G9sig.value,
init = model.eval(params, X=xev)
plt.scatter(xev, y, s=3)

out = model.fit(y, params, x=xev)

components = out.eval_components (x=xev)

vary=True)
vary=False)

vary=False)

for model_name, model_value in components.items():

plt.fill (xev, model_value, alpha=0.1)

plt.title(’2050$\mu$W - 532 nm’, fontsize=16)

plt.xlabel (’Energy (eV)’, fontsize=18)

plt.ylabel (’Intensity (arb. units)’, fontsize=18)

plt.xticks (fontsize=18)

plt.yticks(fontsize=18)

plt.plot(xev, init, ’k--’, label="Initial guess", alpha=1)

plt.plot(xev, out.best_fit, ’r-’)

plt.show ()

print (out.fit_report(min_correl=0.5))

s f=selectFiles.files

pd.read_csv(f[0], sep=None, engine=’python’).values[st:en,0]

pd.read_csv(f[0], sep=None, engine=’python’).values[st:en,1]

= 1240/x

Licen = BoundedFloatText(value=1.94515987152471, min=np.min(xev),
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100
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2> max=np.max (xev), step=abs(xev[1]-xev[0]), description=’Llcen’)

Lisig = BoundedFloatText (value=0.006, min=0.002, max=0.02, step=0.0005,

description=’Lilsig’)

5 Llamp = BoundedFloatText (value=129, min=0, max=np.max(y), step=1,

description=’Llamp’)

Glsig = BoundedFloatText(value=0.028, min=0.02, max=0.1, step=0.001,
description=’Glsig’)

Glamp = BoundedFloatText(value=2261, min=0, max=np.max(y), step=1,
description=’Glamp’)

Glcen = BoundedFloatText(value=1.87719923672072, min=np.min(xev),

max=np.max (xev), step=abs(xev[1]-xev[0]), description=’Glcen’)

5 G2sig = BoundedFloatText(value=0.028, min=0.02, max=0.1, step=0.001,

description=’G2sig’)

7 G2amp = BoundedFloatText (value=2509, min=0, max=np.max(y), step=1,

description=’G2amp’)
G2cen = BoundedFloatText(value=1.81723397071721, min=np.min(xev),

max=np.max(xev), step=abs(xev[1]-xev[0]), description=’G2cen’)

G3sig = BoundedFloatText(value=0.028, min=0.02, max=0.1, step=0.001,
description=’G3sig’)

G3amp = BoundedFloatText(value=1764, min=0, max=np.max(y), step=1,
description=’G3amp’)

G3cen = BoundedFloatText(value=1.76037801480277, min=np.min(xev),

7 max=np.max (xev), step=abs(xev[1]-xev[0]), description=’G3cen’)

G4sig = BoundedFloatText(value=0.042, min=0.02, max=0.3, step=0.001,

description=’G4sig’)

G4amp = BoundedFloatText(value=2015, min=0, max=np.max(y), step=1,
description=’G4amp’)

G4cen = BoundedFloatText(value=1.70574299466623, min=np.min(xev),

max=np.max (xev), step=abs(xev[1]-xev[0]), description=’G4cen’)
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150

157

G5sig = BoundedFloatText(value=0.061, min=0.02, max=0.4, step=0.001,
description=’Gb5sig’)

Gbamp = BoundedFloatText(value=1352, min=0, max=np.max(y), step=1,
description=’G5amp’)

G5cen = BoundedFloatText(value=1.62889861675062, min=np.min(xev),

max=np.max (xev), step=abs(xev[1]-xev[0]), description=’G5cen’)

L2cen = BoundedFloatText(value=2.15437202180363, min=np.min(xev),
max=np.max (xev), step=abs(xev[1]-xev[0]), description=’L2cen’)

L2sig = BoundedFloatText(value=0.0105, min=0.002, max=0.02, step=0.0005,

5 description=’L2sig’)

L2amp = BoundedFloatText(value=163.6, min=0, max=np.max(y), step=1,

description=’L2amp’)

G6sig = BoundedFloatText(value=0.024, min=0.02, max=0.4, step=0.001,
description=’G6sig’)

G6amp = BoundedFloatText(value=242, min=0, max=np.max(y), step=1,
description=’G6amp’)

G6cen = BoundedFloatText(value=2.11128586771222, min=np.min(xev),

max=np.max (xev), step=abs(xev[1]-xev[0]), description=’G6cen’)

G7sig = BoundedFloatText(value=0.026, min=0.02, max=0.4, step=0.001,

7 description=’G7sig’)

G7amp = BoundedFloatText(value=355, min=0, max=np.max(y), step=1,
description=’G7amp’)
G7cen = BoundedFloatText(value=2.05665084757569, min=np.min(xev),

max=np.max (xev), step=abs(xev[1]-xev[0]), description=’G7cen’)

G8sig = BoundedFloatText(value=0.028, min=0.02, max=0.4, step=0.001,
description=’G8sig’)
G8amp = BoundedFloatText(value=607, min=0, max=np.max(y), step=1,

description=’G8amp’)
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157 GBcen = BoundedFloatText(value=1.99535302010543, min=np.min(xev), max=np.
max (xev), step=abs(xev[1]-xev[0]), description=’G8cen’)

158

150 G9sig = BoundedFloatText(value=0.028, min=0.02, max=0.4, step=0.001,

160 description=’G9sig’)

161 G9amp = BoundedFloatText(value=1057, min=0, max=np.max(y), step=1,

162 description=’G9amp’)

163 G9cen = BoundedFloatText(value=1.93494356694633, min=np.min(xev),

164 max=np.max (xev), step=abs(xev[1]-xev[0]), description=’G9cen’)

165

166 H1 = HBox ([Llamp, Li1sig, Lilcen])

167 H2 = HBox ([Glamp, Gisig, Gilcen])

16s H3 = HBox ([G2amp, G2sig, G2cen])

1o H4 = HBox ([G3amp, G3sig, G3cen])

170 H6 = HBox ([G4amp, G4sig, G4cen])

171 H6 = HBox ([Gbamp, Gbsig, Gbcenl])

172 H7 = HBox ([L2amp, L2sig, L2cen])

173 H8 = HBox ([G6amp, G6sig, G6cen])

174 H9 = HBox ([G7amp, G7sig, G7cen])

175 H10

HBox ([G8amp, G8sig, G8cenl])
176 H11 = HBox ([G9amp, G9sig, G9cen])

179 V1 = VBox ([H1,H2,H3,H4,H5,H6,H7 ,H8,H9,H10,H11])

150 w=interactive_output (plotter, {’Llamp’:Llamp, ’Lisig’:Llsig,
181 ’Llcen’:Llcen, ’Glamp’:Glamp, ’Glsig’:Glsig, ’Glcen’:Glcen,
182 >G2amp’ :G2amp, ’G2sig’:G2sig, ’G2cen’:G2cen, ’G3amp’:G3amp,
183 *G3sig’:G3sig, ’G3cen’:G3cen, ’G4amp’:G4amp, ’G4sig’:G4sig,
184 >G4cen’:G4cen, ’GSamp’:GSamp, ’Gb5sig’:Gbsig, ’Gb5cen’:Gbcen,
185 *L2amp’ :L2amp, ’L2sig’:L2sig, ’Llcen’:L2cen, ’G6amp’:G6amp,
186 ’G6sig’:G6sig, ’G6cen’:G6cen, ’G7amp’:G7amp, ’G7sig’:G7sig,
187 *G7cen’:G7cen, ’G8amp’:G8amp, ’G8sig’:G8sig, ’G8cen’:G8cen,
188 >G9amp’ :G9amp, ’G9sig’:G9sig, ’G9cen’:G9cenl)
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display (V1,w)
OkButton = Button(description="0K")
OkButton.on_click(run_all)

display (OkButton)

HARBHHHHARAFFAAFFAAAH AR AR R BB BB B HHHHHHAASAAAAH AR R R AR BB BB R R R HHHAHHHSSH S S HH
# This function retrieves the powers from the file name by searching for
# st_532 and st_1020 in the filenames
# f is the list of files, this need not be entered as long as the
# variable f contains all the filenames.
# st_532 takes in the string that is to be searched in each file name.
# len_532 is the length of parameter value after the st_532.
def parout(st_532,len_532,f=f):
pow532 = []
for iy in range(0,len(f)):
start_532 = f[iy].find(st_532)+len(st_532)
pow532.append (f[iy] [start_532:start_532+1len_532])

return powb32

HAHHHHBHARAHFFFAFAAA AR AR AR BB BB R R HHHHAASFAAAH AR AR AR BB BB R R R B HF A SIS HFAAHHAHH
# This function retrieves the powers from the file name by searching for
# st_532 and st_1020 in the filenames
# f is the list of files, this need not be entered as long as the
# variable f contains all the filenames.
# st_532 takes in the string that is to be searched in each file name.
# len_532 is the length of parameter value after the st_532.
def parout(st_532,len_532,f=f):
pow532 = []
for iy in range(0,len(f)):
start_532 = f[iy].find(st_532)+len(st_532)
pow532.append (f[iy] [start_532:start_532+1len_532])

return powb32
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B.4 Fitting NV spectra sequentially

%matplotlib inline

DWFs = np.zeros(len(f))

NVOareas np.zeros (len(f))

NVmareas np.zeros (len(f))

j=0

#gains parout (’ms_"’,3)

#times = parout(’nm_’,3)

# Enter the string before the laser power entry in the file name
#st_1020 = ’532ex_’

# Enter the length of the laser power string

#len_1020 = 5

#powl1020 = parout(st_1020,len_1020)

4+ #powl1020 = np.array([float(ix) for ix in powl1020])

#print (gains, times, powl1020)

for j in range(0,len(f)):
#norm = float (powl1020[j])*float(gains[j])*float(times[j])
x = pd.read_csv(f[j]l, sep=None, engine=’python’).values[st:en,0]
#y = pd.read_csv(f[j], sep=None, engine=’python’).values[st:en,1]/norm
y = pd.read_csv(f[j]l, sep=None, engine=’python’).values[st:en,1]
xev = 1240/x

print ("File:",f[j])
head, tail = os.path.split(£[j])

out = model.fit(y, params, x=xev)
plt.rcParams[’figure.figsize’] = [5, 5]
plt.scatter(xev, y, s=3)

#plt.plot(xev, init, ’k--’, label="Initial guess", alpha=0.5)
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plt.plot(xev, out.best_fit, ’r-’)

components = out.eval_components (x=xev)
for model_name, model_value in components.items():

plt.fill (xev, model_value, alpha=0.1)

plt.title(tail, fontsize=12)

plt.xlabel (’Energy (eV)’, fontsize=18)

plt.ylabel (’Intensity (arb. units)’, fontsize=18)
plt.xticks(fontsize=18)

plt.yticks(fontsize=18)

plt.show ()
areanames = [Pnames[i] for i in range (0, len(Pnames), 3)]
Pareas = np.zeros(len(areanames))

for i in range(0,len(areanames)) :
Pareas[i] = out.best_values[areanames[i]]

print (areanames [i] ,out.best_values [areanames[i]])

NVmareas [j] = Pareas[0]+Pareas[1]+Pareas[2]+Pareas[3]+Pareas [4]+
Pareas [5]

NVOareas [j] = Pareas[6]+Pareas [7]+Pareas [8]+Pareas [9]+Pareas[10]
ZPL = Pareas [0]

overtones = np.sum(Pareas)-ZPL

DWF1ln = np.log(ZPL/overtones)

DWFs[j] = DWFln

print ("1n(DWF): ", DWF1ln)

B.5 Radiation Pressure Calculations

The radiation pressure depends on the energy fluxes of the absorbed, reflected, and radiantly
emitted energy. For the relatively low temperatures involved here and because the emissivity

of CdSNR is very low for a wavelength of 532 nm the radiantly emitted energy is negligible



162

compared with the absorbed and reflected contributions.

For a wave that is completely absorbed the radiation pressure is given by

Pabs = fT)\C<S>7 (Bl)

in which f is the fraction absorbed, T} is the wavelength-dependent transmission coefficient,

and c is the velocity of light. For a thin fiber of thickness H, the fraction of light absorbed is
f=1—exp(—2k"H). (B.2)

For a CdS fiber with a thickness of 110 nm and for a wavelength of 532 nm, f = 0.0148.

The radiation pressure resulting from reflection is given by

IR\(S
Pooj= AC< >, (B.3)

where R, is the reflection coefficient which depends on the polarization of the laser beam
and its wavelength, and T), = 1 — R,. For CdS, using a wavelength of 532 nm, R, = 0.20315.

Consequently, the total radiation pressure becomes

) p1 = my + 2m0 L (B.4)

C C

Praa = (fTx+ 2R))

The approximation (S) is given by

(S) = Iy exp (_jf) (B.5)

0

Consequently, the force on the fiber becomes

_f(1=Ry) 4+ 2R, 2m pW/2 _9p2
b= c /0 /o eXP( " )rdrd@
e 2+ i {1 — exp <_Wj>] (B.6)
¢ 2wk

Thus, for the given geometry and optical parameters mentioned in the manuscript, a force of

3.21x107* and 1.65x107!2 N is obtained for a laser power of 35 and 1800 uW respectively.
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The deflection (d,42) for a uniform rectangular cantilever of length L and moment of inertia
I = (WH?3)/12, with a load F acting at the end of the cantilever is given by,

FL?

5max = SE—I (B?)

A maximum deflection at the end of the cantilever of dimensions L = 35 um, W = 2.3 ym
and H = 0.11 ym and E = 45 GPa of 0,0, = 3.9x107 m and 2x107° m were calculated
for loads of 3.21x10~'* and 1.65x107'2 N, respectively.
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Appendix C
PYTHON MEEP

Python meep is run in Jupyter notebook using the meep environment in Linux. Please

refer to the Python MEEP documentation to get started.

C.1 Focused Gaussian beam and 2D geometries

# http://maxwellrules.com/index.php/2018/02/28/gaussian-beams/
# Propagates in both directions, and has the beam waist displaced from the

source position

import meep as mp

import math

import cmath

import numpy as np

import matplotlib.pyplot as plt

import numpy as np

resolution = 15 # pixels per um
cell_x = 30
cell_y = 20
timest = 200

cell_size = mp.Vector3(cell_x,cell_y,0)

7 pml_layers = [mp.PML(thickness=1.0)]

lambdaO = 0.670

fcen = 1/lambdaO # center frequency of CW source (wavelength is 1 um)



7 nl

2> tilt_angle

165

math.radians (0) # angle of tilted beam

k = mp.Vector3(y=2*np.pi*fcen).rotate(mp.Vector3(z=1),tilt_angle)

wO = 1.15

dist_to_waist

= 1.456
n2 = le-6
n = nl+l1j*n2

= 9 #z

epsO = 8.854e-12

eps = n*x*2

epsinf = np.real(eps)

dcond = fcen*2*np.pi*np.imag(eps)/epsinf

zr = math.pi*lxfcen*xwQx**2

20 = 376.73

rad = 9.42/2

#YLF

vertices =

#rectangle

#vertices =

[mp.
mp .

mp

mp .

37 L = 10
W =25
angle = math.radians (0)

Vector3(-L/2,0) .rotate(mp.Vector3(z=1) ,angle),
Vector3(0,W/2) .rotate(mp.Vector3(z=1) ,angle),
.Vector3(L/2,0) .rotate(mp.Vector3(z=1),angle),

Vector3(0,-W/2) .rotate(mp.Vector3(z=1) ,angle),]

[mp.Vector3(-L/2,W/2) .rotate(mp.Vector3(z=1) ,angle), mp.

Vector3(L/2,W/2) .rotate(mp.Vector3(z=1) ,angle), mp.Vector3(L/2,-W/2).

rotate (mp.Vector3(z=1) ,angle), mp.Vector3(-L/2,-W/2) .rotate(mp.Vector3(

z=1) ,angle) ,]

def gaussian_beam(zr, k, z):
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52 def _gaussian_beam(x):

ot

zprime = z/zr

54 return (1/np.sqrt(l+zprime**2))*np.exp(-k.norm () *x.norm() **x2/(2*zr
*(1l+zprime**2)))*np.exp(-1j*xzprime*k.norm()*x.norm () **2/(2xzr*(1l+zprime
*%2)))*np.exp(1lj*np.arctan2(z,zr))*np.exp(-1j*k.dot (x))

55 return _gaussian_beam

56

57 src_pt = mp.Vector3(y=9)

55 sources = [mp.Source(src=mp.ContinuousSource(fcen, fwidth=0.2*xfcen),

59 component=mp.Ez,

60 center=src_pt,

61 size=mp.Vector3(20),

62 amp_func=gaussian_beam(zr,k,dist_to_waist))]

¢« geometry = [mp.Prism(vertices, height=0, center=mp.Vector3(L/4,0),

material=mp.Medium(epsilon=epsinf, D_conductivity=dcond))]

66 non_pml_vol = mp.Volume (center=mp.Vector3(), size=mp.Vector3(cell_x-2,

cell_y-2,0))

6s sim = mp.Simulation(cell_size=cell_size,

69 sources=sources,

70 geometry=geometry,

71 k_point=k,

72 boundary_layers=pml_layers,

73 resolution=resolution)

75 #sim.run(mp.in_volume (particle_vol, mp.to_appended ("ez_particle",
76 mp.at_every (0.6, mp.output_efield_z))),until=200)
77 sim.run(mp.to_appended("ez", mp.at_every (0.6, mp.output_efield_z)),

7¢ until=timest)

so eps_data = sim.get_array(vol=non_pml_vol, center=mp.Vector3(),
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size=cell_size, component=mp.Dielectric)

ez_data = sim.get_array(vol=non_pml_vol, component=mp.Ez)

; (Ex,Ey,Ez) = [sim.get_array(vol=non_pml_vol, component=c, cmplx=True)

for ¢ in [mp.Ex, mp.Ey, mp.Ez]]

(x,y,z,w) = sim.get_array_metadata(vol=non_pml_vol)

energy_density = np.real(eps_data*(np.conj(Ex)*Ex + np.conj(Ey)*Ey +
np.conj (Ez)*Ez))

energy = np.sum(wxenergy_density)

C.2 Reading MEEP output and plotting

import hbpy

import numpy as np

import matplotlib.pyplot as plt

import numpy as np

from mpl_toolkits.axes_gridl import make_axes_locatable
from matplotlib.colors import LogNorm

from matplotlib.ticker import Multiplelocator

filename = ’ez.hb’

f = hbpy.File(filename, ’r’)

# List all groups
print ("Keys: %s" % f.keys())

imag_group_key = 1list(f.keys()) [0]

5 real_group_key = list(f.keys()) [1]

7 datashape = np.shape(f[real_group_keyl)

print (datashape)

ez_real f[real_group_key]

ez_imag = f[imag_group_key]

time = 300
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ezreal_timel50 ez_reall[:,:,time]

ezimag_timel50 = ez_imagl[:,:,time]

fig, (axl, ax2, ax3) = plt.subplots(1,3, figsize=[15,4.4])

fig.suptitle(’Electric fields in a YLF (s=5 $\mu$m), $\lambda$=1000 nm’,

fontsize=20)

axl.set_title(’ez_real’)

# Display image, ‘aspect=’auto’‘ makes it fill the whole

axes ¢ (ax3)

iml = axl.imshow(np.flipud(eps_data.transpose()), aspect=’auto’,

cmap=’binary’, extent=[-(cell_x-2)/2,(cell_x-2)/2,
-(cell_y-2)/2,(cell_y-2)/2]1)

iml = axl.imshow(np.flipud(np.transpose(ezreal_timel50)),
cmap=’seismic’, extent=[-(cell_x-2)/2,(cell_x-2)/2,
-(cell_y-2)/2,(cell_y-2)/2], alpha=0.8)

axl.set_xlabel("x coordinate ($\mu$m)")

axl.set_ylabel("y coordinate ($\mu$m)")

# Create divider for existing axes instance
dividerl = make_axes_locatable (axl)

# Append axes to the right of ax3, with 20% width of ax3

caxl = dividerl.append_axes ("right", size="10%", pad=0.05)

7 # Create colorbar in the appended axes

# Tick locations can be set with the kwarg ‘ticks*
# and the format of the ticklabels with kwarg ‘format °

cbarl = plt.colorbar(iml, cax=caxl, format="%.2f")

ax2.set_title(’ez_imag’)
ax2.set_xlabel("x coordinate ($\mu$m)")

ax2.set_ylabel("y coordinate ($\mu$m)")

aspect=’auto’,

im2 = ax2.imshow(np.flipud(eps_data.transpose()), aspect=’auto’,

cmap=’binary’, extent=[-(cell_x-2)/2,(cell_x-2)/2,
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-(cell_y-2)/2,(cell_y-2)/2])

im2 = ax2.imshow(np.flipud(np.transpose(ezimag_timel50)), aspect=’auto’,
cmap=’seismic’, extent=[-(cell_x-2)/2,(cell_x-2)/2,
-(cell_y-2)/2,(cell_y-2)/2], alpha=0.8)

divider2 = make_axes_locatable (ax2)

; cax2 = divider2.append_axes("right", size="10%", pad=0.05)

cbar2 = plt.colorbar(im2, cax=cax2, format="7.2f")

ax3.set_title(’Energy’)

7 ax3.set_xlabel ("x coordinate ($\mu$m)")

ax3.set_ylabel("y coordinate ($\mu$m)")

im3 = ax3.imshow(np.flipud(eps_data.transpose()), aspect=’auto’,
cmap=’binary’, extent=[-(cell_x-2)/2,(cell_x-2)/2,
-(cell_y-2)/2,(cell_y-2)/21)

im3 = ax3.imshow(np.flipud(np.transpose(energy_density)), aspect=’auto’,
cmap=’jet’, extent=[-(cell_x-2)/2,(cell_x-2)/2,
-(cell_y-2)/2,(cell_y-2)/2], alpha=0.8 , vmin=0, vmax=0.36)

#im3 = ax3.imshow(np.flipud(np.transpose(np.real ((ezreal_timel50+1j*
ezimag_timel50)*(ezreal_timel50-1j*ezimag_timel50)))),
aspect=’auto’, cmap=’jet’, extent=[-10,10, -9,9], alpha=0.8)
divider3 = make_axes_locatable (ax3)

cax3 = divider3.append_axes ("right", size="10%", pad=0.05)

cbar3 = plt.colorbar(im3, cax=cax3)

plt.tight_layout ()

# Make space for title

5 plt.subplots_adjust (top=0.85)

plt.show ()

f.close ()



C.3 3D Focused Gaussian propagation with hexagonal prism

import
import
import
import

import

thickne
for i i
res
cel
cel
cel

tim

cel

pml

lam
rec
rec
rec

fce

dis

nl
n2

n =

meep as mp
math
cmath
numpy as np

matplotlib.pyplot as plt

ss = [890, 920, 950]

n range (0,len(thickness)):

olution = 30 # pixels per um
1_x =5
1.y = 5
l1_z =5
est = 75

l_size = mp.Vector3(cell_x,cell_y,cell_z)

_layers = [mp.PML(thickness=1.0,direction=mp.Z)]
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bda0 = 1.020

t_h = 2

t_w = 2

t_.1l = 2

n = 1/lambda0 # center frequency of CW source (wavelength is 1 um)

mp.Vector3(z=2*np.pix*xfcen)

= 1.15

t_to_waist = (cell_z/2)-1 #z

1.4705

3.34e-6

nl+1j*n2
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10

eps0O = 8.854e-12

eps = n**2

epsinf = np.real (eps)

dcond = fcen*2*np.pi*np.imag(eps)/epsinf
zr = math.pi*lxfcen*wO**2

20 = 376.73

def gaussian_beam(zr, k, z):
def _gaussian_beam(x):
zprime = z/zr
return (1/np.sqrt(l+zprime*#*2))*np.exp(-k.norm () *x.norm() **2
/(2%zr*(l+zprime**2)))*np.exp(-1j*zprime*k.norm () *x.norm () **
2/(2*zr*x(1+zprime**2)))*np.exp(lj*np.arctan2(z,zr))*
np.exp(-1j*k.dot(x))

return _gaussian_beam

src_pt = mp.Vector3(z=(cell_z/2)-1)

sources = [mp.Source(src=mp.ContinuousSource(fcen, fwidth=0.2*fcen),
component=mp.Ey,
center=src_pt,
size=mp.Vector3(cell_x, cell_y, 0),

amp_func=gaussian_beam(zr,k,dist_to_waist))]

hexht = thickness[i]/1000

r = 0.5

vertices = [mp.Vector3(-r,0),
mp.Vector3(-r/2,r*math.sqrt (3)/2),
mp.Vector3(r/2,r*math.sqrt (3)/2),
mp.Vector3(r,0),
mp.Vector3(r/2,-r*math.sqrt (3)/2),
mp.Vector3(-r/2,-r*math.sqrt (3)/2),]

geometry = [mp.Prism(vertices, height=hexht, center=mp.Vector3(),

171
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material=mp.Medium (epsilon=epsinf, D_conductivity=dcond))]

particle_vol = mp.Volume (center=mp.Vector3(), size=mp.Vector3(rect_w,
rect_h,rect_1))
non_pml_vol = mp.Volume(center=mp.Vector3(), size=mp.Vector3(cell_x,

cell_y,cell_z-2))

sim = mp.Simulation(cell_size=cell_size,
sources=sources,
k_point=k,
boundary_layers=pml_layers,
geometry=geometry,

resolution=resolution)

fnameprefix = "H-{0:0=4d}nm".format (int (hexht=*1000) )
sim.run(mp.at_beginning (mp.with_prefix (fnameprefix ,mp.output_epsilon)
),mp.at_end (mp.with_prefix (fnameprefix ,mp.output_efield_y)),

until=timest)

C.4 Plotting electric fields

import matplotlib.pyplot as plt

from mpl_toolkits.axes_gridl import make_axes_locatable
from matplotlib.colors import LogNorm

from matplotlib.ticker import Multiplelocator

import hbpy

import numpy as np

import matplotlib.pyplot as plt

#cell_x

#cell_y

]
ol (e o

#cell_=z

#timest = 75

plt.rcParams [’figure.figsize’] = [10, 10]
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#i = 1
#thickness =

totegys = np

[530, 590, 650, 710, 770, 830, 890, 950]

zeros (len(thickness))

for i in range (0,len(thickness)):

fname = "H-{0:0=4d}nm-ey-{1:0=6d}.00.h5".format (thickness[i],timest)
feps = "H-{0:0=4d}nm-eps-000000.00.h5".format (thickness[i])

print ("Reading: ", fname)

#fname = ’ey_W_2000nm_H_{0:0=4d}nm.h5’.format (thickness[i])

#feps =

)

eps_W_2000nm_H_{0:0=4d}nm.h5’.format (thickness [i])

fey = hbpy.File(fname, ’r’)

fepsn =

h5py.File(feps, ’r’)

# List all groups

#print ("Keys: %s" % fepsn.keys())

epsgk =

imag_group_key

real_group_key

datashap

1

e

ist (fepsn.keys ()) [0]

list (fey.keys ()) [0]

list(fey.keys (D)) [1]

= np.shape(fepsnlepsgk])

xshp, yshp, zshp = (datashape)

eps_data

= np.array(fepsnlepsgkl)

#print (’Datashape:’,datashape)

ez_real
ez_imag

egy = mnp

egyhex

xcoord =

np.array (fey[real_group_key])
np.array (fey[imag_group_key])
real ((ez_real+lj*ez_imag)*(ez_real-1j*xez_imag))

np.where (eps_data!=1, egy, 0)

np.linspace(-cell_x/2,cell_x/2,len(egyhex[:,int (yshp/2),

int (zshp/2)1))

173



68

69

174

ycoord = np.linspace(-cell_y/2,cell_y/2,len(egyhex[int(xshp/2),:,
int (zshp/2)1))

zcoord = np.linspace(-cell_z/2,cell_z/2,len(egyhex[int(xshp/2),

int (yshp/2) ,:1))

totalegy = np.trapz(np.trapz(np.trapz(egyhex,zcoord) ,ycoord) ,xcoord)

totegys[i] = totalegy

plt.title(’E.Ex/E$_0$ along the center line in z direction’)

# Display image, ‘aspect=’auto’‘ makes it fill the whole ‘axes‘ (ax3)

#iml = axl.imshow(np.flipud(np.transpose(np.real(eps_datal:,100,:]1)))
, interpolation=’spline36’, aspect=’auto’, cmap=’binary’,

extent=[-10,10, -9,9])

plt.plot(zcoord ,np.flipud(np.transpose (egyhex[int (xshp/2),
int (yshp/2) ,:1)), label=thickness[i])
plt.legend(title=’Thickness (nm)’)

plt.xlabel("z coordinate ($\mu$m)")

plt.ylabel ("E.Ex/E$_0$")

# Create divider for existing axes instance

plt.show ()
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