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Semiconductor nanowires combine the material properties of semiconductors, which are ubiquitous in modern
technology, with nanoscale dimensions and as such, are firmly poised at the forefront of nanotechnology research.
The rich physics of semiconductor nanowire optics, in particular, arises from the increased interaction between light
and matter that occurs when light is confined to dimensions below the size of its wavelength, in other words, when
the nanowire serves as a light trapping optical cavity, which itself is also a source of light. Light confinement is taken
to new extremes by coupling to the surface plasmon modes of metallic nanostructures, where light acquires mixed
photonic and electronic character, and which may focus light to deep-subwavelength regions amenable to the
dimensions of the electron wave. This thesis examines how the integration of "plasmonic optical cavities" and
semiconductor nanowires leads to substantial modification (and enhancement) of the optical properties of the same,
resulting in orders-of-magnitude faster and more efficient light emission with colors that may be tuned as a function
of optical cavity geometry. Furthermore, this method is applied to nanowires composed of both direct and indirect
bandgap semiconductor materials resulting in applications such as light emission from high-energy states in light
emitting materials, highly enhanced broadband light emission from nominally non-light emitting (dark) materials,
and broadband (and anomalous) enhancement of light absorption in various materials, all the while maintaining the
unifying theme of employing integrated plasmonic-semiconductor optical cavities to achieve tailored optical
properties. We begin with a review of the electromagnetic properties of optical cavities, surface plasmon-enhanced
light emission in semiconductors, and the key physical properties of semiconductor nanowires. It goes without saying
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ABSTRACT

SURFACE PLASMON BASED ENGINEERING OF SEMICONDUCTOR

NANOWIRE OPTICS

Carlos Octavio Aspetti

Ritesh Agarwal, PhD
Semiconductor nanowires combine the material properties of semiconductors, which are
ubiquitous in modern technology, with nanoscale dimensioﬁ's_z__and as such, are firmly
poised at the forefront of nanotechnology research. The rich phS/sics of semiconductor
nanowire optics, in particular, arises from thé increased ..iri‘teraction between light and
matter that occurs when light is confined té dimensbné below the size of its wavelength,
in other words, when the nanowi_r_l_e serves as a light trapping optical cavity, which itself is
also a source of light. Light'-{'c;:i(_mﬁriement is taken to new extremes by coupling to the
surface plasmon mod_es"of .ﬁleta.llic nanostructures, where light acquires mixed photonic
and electronic_chara‘pter;.a.nd which may focus light to deep-subwavelength regions
amenable to the di;nensions of the electron wave. This thesis examines how the
integration of “pla.s.monic optical cavities” and semiconductor nanowires leads fo
substantial modification (and enhancement) of the optical properties of the same,
resulting in orders-of-magnitude faster and more efficient light emission with colors that
may be tuned as a function of optical cavity geometry. Furthermore, this method is
applied to nanowires composed of both direct and indirect bandgap semiconductor
materials resulting in applications such as light emission from high-energy states in light

emitting materials, highly enhanced broadband light emission from nominally non-light

v



emitting (dark) materials, and broadband (and anomalous) enhancement of light
absorption in various materials, all the while maintaining the unifying theme of
employing integrated plasmonic-semiconductor optical cavities to achieve tailored optical
propertics. We begin with a review of the electromagnetic properties of optical cavities,
surface plasmon-enhanced light emission in semiconductors, and the key physical
properties of semiconductor nanowires, It goes without saying that this thesis work

resides at the mterface between optical physics and materials science.
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LIST OF ILLUSTRATIONS

Figure 1.1 | Different all-dieleciric cavity paradigms and corresponding cavity Quantum
Electrodynamics parameters. The red dot corresponds to the position of the optical
emitter (quantum dot). For the full figure (including Rabi Splitting magnitude, efc.)
please refer to the original review article by Khitrova et. al. [Adapted from Reference 10]

Figure 1.2 | Boundary conditions for derivation of SPPs propagating in the x-direction.
The dielectric function varies in the z-direction only. [Adapted from Reference 12]

Figure 1.3 | a) Schematic of SPP propagating in x-direction showing coupled electron and
electromagnetic field oscillation. b} Evanescent decay of same SPP as a function of
distance into metal and dielectric. The SPP is highly confined to the interface and
demonstrates faster decay into the metal due to thelr lossy nature. [Adapted from
Reference 39]

Figure 1.4 | E vs. k diagram (dispersion) of SPPs-at a ﬂat metal dlelectl ic interface. The
metal is described by the dielectric function and has negligible damping (y = 0 and
therefore fm(e)} = 0). The solid lines describe. the real part of the wavevector denoting
propagating waves and the dotted lines . cmrespond to the imaginary part denoting loss.
{Adapted from Reference 12} i

Figure 1.5 | Rate of experimentally measured fluorescence counts (left axis) and Purcell
enhanced-spontaneous emission rate (right axis) as function of separation (z) between
ultra-low concentration (single molecule level) of Nile-blue, a fluorescent dye, emitting
at 650 nm and a Au sphere at tip of a Near Field Scanning Optical Microscope (as
depicted in inset). [Adapted from Reference 48]

Figure 1.6 | Number of 'ﬁubliéat'ions involving nanowires and quantum dots published
between 1996 and 2011, Results were obtained by performing an ISI keyword-based
search for each year.

Figure 1.7 | Computational electromagnetics simulations of electromagnetic modes in
semiconductor nanowires with k vector parallel and perpendicular to the nanowire long
axis. a) Full 3D finite element simulation of the electric field intensity profile of the HEy;
waveguided mode in CdS nanowire (diameter=200 nm, length=5 micron). The cross
section is taken parallel to the nanowire long axis and b) cross sections of CdS nanowires
of various diameter (inset) taken perpendicular to the nanowire long axis. ¢) Simulation
of the electric field profile of the TMs; WGM resonance in germanium nanowire
(diameter=110 nm). [Adapted from References 82 and 88]

Figure 1.8 | Lasing from CdS nanowire interfaced with Ag film. (a) Schematic of CdS-
on-Ag film geometry. b) photoluminescence spectrum of plasmonically-coupled CdS
demonstrating lasing action at the I, exciton line. (inset, left: transition from spontaneous
emission to lasing; inset, right: power dependence of emission and mode spacing vs.
length corresponding to an effective index of 11). ¢) Threshold intensity vs. nanowire
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diameter demonstrating lasing in plasmonically-coupled CdS below the photonic lasing
cutoff. d) Purcell enhancement for plasmonically-coupled CdS. [Adapted from Reference
301].

Figure 2.1 | Schematic of VLS process described in three steps. a) Precursor (PC) comes
into contact with catalyst particle above the eutectic temperature. b) Fictitious binary
phase diagram demonstrating supersaturation of catalyst with time. ¢) Solid precursor is
precipitated at the catalyst-substrate interface leading to vertical nanowire growth.

Figure 2.2 | 2) SEM micrograph of nanowire growth substrate (1 micron scale bar), (inset:
tip of nanowire and catalyst particle, 100 nm scale bar). b) SEM micrograph of individual
nanowire on substrate used for optical measurement. ¢) X-ray diffraction data for CdS
nanowire growth substrate in (a).

Figure 2.3 | a) Schematic of experimental setup involving pumping of CdS nanowire
above the band-gap and both body and end-emission. b) Optical image of nanowire on
measurement substrate. ¢} Same nanowire as (a) under laser excitation.

Figure 2.4 | Optical and morphological properties of VIS grown CdS nanowires. a)
Photoluminescence spectrum of unpassivated CdS nancwire (red curve) and SiO;-
passivated CdS nanowire (blue curve). b) Transmission electron microscope micrograph
of CdS nanowire coated with 5 nm of SiO» (top panel) and FTIR spectrum of uncoated
CdS nanowire (bottom panel, black culve) and passwated nanowire {bottom panel, blue
curve). :

Figure 3.1 | Schematic of E vs. k dispersion relation for an exciton in CdS, depicting the
exciton generation, IeIaxation and emission process (dark blue curve). Er, denotes the
laser excitation energy

Figure 3.2 | Characteri lzatlon of core-shell; CdS-Si0;-Ag nanowire. a) Schematic of core-
shell structure. b} TEM mlclognaph of ALD deposited SiQ; passivation layer. ¢) TEM
micrograph of 15 nm polycrystalline Ag coating. d) EDX elemental maps demonstrating
conformal coatings of all species.

Figure 3.3 | a) Photoluminescence measurements at 77 K for mefal-coated (magenta) and
bare (blue) nanowires. b} Photoluminescence for metal-coated nanowires with different
core diameters (legend: core nanowire diameter).

Figure 3.4 | Comparison between photoluminescence spectra of bare and passivated CdS
nanowire (blue curve) and metal-coated CdS nanowire (red curve), both with diameter,
d=60 nm. In order to provide a fair comparison of the photoluminescence intensities, we
take into account both in-coupling and out-coupling through the thin silver film with
respect to the bare nanowire. These were calculated to be 280% (enhancement) of the in-
coupling and 5% (reduction) in out-coupling using Lumerical, a commercial Finite
Difference Time Domain solver. Overall, a significant (~10x) increase in photon counts
is observed for the metal-coated nanowire. The in-coupling enhancement is due to
antenna effects whereas the decrease in out-coupling is due to ohmic losses.
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Figure 3.5 | a} Schematic of exciton generation, relaxation, and emission process for a
thermalized exciton (blue curve, left) and non-thermalized (hot}-exciton (green curve,
right) in CdS. Ep denotes the laser excitation energy. b) Photoluminescence spectra
associated with the diagram in (a) (also plotted in figure 3.4) and following the same
color code for a bare CdS nanowire (blue curve, bottom) and plasmonic-core shell CdS
nanowire {green curve, top). The bare CdS nanowire shows emission from thermalized
excitons while the metal-coated CdS nanowire cavity shows emission peaks
corresponding to non-thermalized (hot) excitons.

Figure 3.6 | Polarization dependence of the photoluminescence intensity as function of
angle, 8, from nanowire long-axis, taken by placing a linear polarizer in front of the
spectromefer for a) bare nanowire and b) metal-coated nanowire. From the polarization
of the A-exciton in figure 3.6a (which is polarized perpendicular to the c-axis of CdS) it
is determined that this batch of nanowires is grown with ¢-axis ~55° (dashed line at
bottom of polar plots) from the nanowire long axis (houzontal purple line at bottom of
polar plots).

Figure 3.7 | Schematic of naming conve_nﬁon ~for semiconductor nanowire
clectromagnetic modes. The black arrows couespond to the electric field polarization
with reference to the nanowire below (co]ored recl)

Figure 3.8 | Calculated magnetic field mtens&ty at 2. 556 eV (4 -LO hot excition/B-exciton
energy) for a) d=140 nm plasmonically-coupled nanowire and b) d=140 nm bare
nanowire. No electromagnetic mode is observed in the bare nanowire i this energy
range, White lines denote materia[ boundaries

Figure 3.9 | Size- dependent photolummescence spectra and simulation from
plasmonically-coupled core-shell CdS nanowires. a) Size-dependent enhancement of 4-
LO hot photoluminescence peak (open circles) and calculated field intensity per unlt area
(red curve) as a function of nanowire diameter. b-d) Simulated magnetic field (H%) and
electric field (E) intensity profiles, as a function of nanowire diameter for three resonant
sizes b) d=60 nin (aznnutha[ mode number, m=2) ¢) =100 nm (m=3), and d) 4=135 nmn
(m=4).

Figure 3.10 | a) Time resolved PL spectral map from ensemble of 300-500 nanowires
with average diameter 140+50 nm at room temperature (300 K). b) Time-resolved
integrated emission intensity for plasmonic (upper} and photonic (lower) nanowires.
Solid lines are an exponential fit to the data, Resulting radiative recombination lifetimes
of 7 ps and 1600 ps for plasmonically-coupled and bare nanowires respectively are
included next to the fitted curves.

Figure 3.11 | Experimentally obtained refractive index values for a) CdSe and b} Ge. The
real part of the refractive index (blue curves) and imaginary part (magenta curves) are
listed for the wavelength range over which absorption spectra were computed.

Figure 3.12 | Enhanced absorption with anomalous polarization dependence (with respect
to a bare CdSe nanowire) in a plasmonically-coupled CdSe nanowite. a, b) Absorption
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spectrum of (a) bare CdSe nanowire (d=60 nm) and (b} plasmonically-coupled CdSe
nanowire featuring absorption of TM polarized light (blue curve) and TE polarized light
(red curve). ¢) Frequency domain electric field intensity (|ER) profile of dipole surface
plasmon resonance due to TE excitation in plasmomcally coupled CdSe (log scale). d)
Frequency domain electric field intensity (J°) profile of fundamental WGM resonance
in plasmonically-coupled CdSe due to TM excitation (linear scale). e) Absorption spectra
of plasmonically-coupled CdSe under TE excitation with varying Ag shell thicknesses (in
range 10 nm to 30 nin).

Figure 3.13 | Enhanced absorption with anomalous polarization dependence (when
compared to a bare Ge nanowire) in a plasmonically-coupled Ge nanowire. a, b)
Absorption spectrum of (a) bare Ge nanowire (d=40 nm) and (b) plasmonically-coupled
Ge nanowire featuring absorption of TM polarized light (blue curve) and TE polarized
light (red curve). ¢) Frequency domain electric field intensity (IEI} profile of dipole
surface plasmon resonance due to TE excitation in plasmomcally coupled Ge (log scale).
d) Frequency domain electric field intensity (|Ef) profile of fundamental WGM
resonance in plasmonically-coupled Ge due to TM excitation (linear scale). ¢} Absorption
spectra of plasmonically-coupled Ge under TE excitation with varying Ag shell
thicknesses (in range 10 nm to 30 nm). —

Figure 4.1 | Schematic of electronic dispersion relation in Si depicting the excited charge
carrier generation (inagenta curve), relaxation, and emission processes (dark blue curves).

Figure 4.2 | Schematic of silicon nanowire coupled with silver nanocavity in “Q” shaped
configuration. The nanowire is-conformally coated by 3 nm of 8iO, via atomic layer
deposition, followed by 100 nm of Ag using electron beam evaporation at a slow
deposition rate (0.2 A/s).

Figure 4.3 | Q-cavity sdmon and assomated photoiummescence spectra. a) Scanning
electron mtcroscope mlcrograph of the Ag coated nanowire (Q-cavity). b-¢) Bright field
optical microscope ‘image of Q-cavity and corresponding image under CW laser
excitation. d) Photoluminescence spectrum of Q-cavity (¢=65 nm) and bare Si nanowire
coated with ~5 nm SiO2 only. There were no observable counts above noise level from
the the bare Si nanowire.

Figure 4.4 | UV excitation of Q-cavity silicon nanowire and proposed hot
photoluminescence mechanism. a) Photoluminescence from Q-cavity silicon nanowire
(d=45 nm) excited at 3.486 eV demonstrating broad luminescence up to the laser line. b)
Schematic of electronic dispersion in Si depicting carrier generation, relaxation, and
emission for thermalized carriers (blue curves) and a hot, i.e. non-thermalized carrier
(green curves). Excited electrons relax rapidly along the conduction branch to the X-point
via intra-band relaxation, which competes with LO-phonon scattering back to the light
line (k~0), thereby leading to a broad photoluminescence spectrum.

Figure 4.5 | Photoluminescence spectrum of resonantly sized cavity and experimental and
simulated spectra of cavity electromagnetic modes as a function of nanowire diameter. a)
Photoluminescence spectrum (magenta curve) of cavity at (¢=70 nm) which corresponds
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to dimensions that are resonant with the cavity modes (blue curve). The high efficiency
emission channels are labeled A, B, and C from high to low energy. b) Size-dependent
photoluminescence spectra of Q-cavity Si. The white dash lines represent selected off-
resonance simulated cavity spectra taken from (c). The yellow dash lines represent
resonant simulated cavity spectra corresponding to the experimentally measured size
(d=70 and d=55 nm) and are also plotted in (c). ¢) Simulated spectra of cavity modes at
various nanowire diameters in the range 4=40 nm-80 nm. The white dash lines
correspond to locations of the hot photoluminescence bands.

Figure 4.6 | Simulated cavity mode spectra of resonant-sized cavity (¢=70 nm). a-c)
Frequency domain profiles of the electric field intensity (log scale) of resonant peaks at a}
2.505 eV, b) 2.342 eV, and ¢) 2.179 ¢V respectively. d) Simulated field profile along the
St wire axis (corresponding to 2.505 ¢V, m=5 mode). The field profile is taken 15 nm
below the top surface in the antinode regions of the electric ﬁeld The decay length is
estimated to be ~200 nm.

Figure 4.7 | a) Photoluminescence spectrum of resonant (¢=70 nm) Q-cavity Si for
perpendicular and parallel polarizations (with respect to the nanowire long axis).
Numbers 1-5 represent different phonon-mediated hot photoluminescence events. b)
Photoluminescence spectrum for non-resonant (¢=50 nm) cavity also for perpendicular
and parallel polarizations. The perpendicular polarlzatlon reveals both cavity, “C”, modes
and hot photoluminescence, “P”, modes. The cavity modes are confirmed by the
simulated spectrum of the cavity electromagnetlc_modes

Figure 4.8 | a) Phonon dispersion of cr ystalline Si (adapted from Wei et.al.*®) The dashed
vertical lines indicate phonon modes in high density- of-states (~zero slope) regions.
Electronic dispersion of Si (adapted from Chelikowsky et. al.??), where dashed lines
demonstrate the corresponding electronic states at the same momentum values as high-
DOS phonons from a). a) and b) are used to explain the hot photoluminescence bands.

Figure 4.9 | Spontancous emission enhancement as function energy mismatch between Q-
cavity mode and phonon-mediated hot photoluminescence state for a) resonant size
nanowire (=70 nm) and b) non-resonant size nanowire (d=50 nm). The vertical dash
lines represent the positions of the hot photoluminescence bands reported in Figure 4.7a
and intersect with the curve corresponding to spontaneous emission enhancement of
those states.

Figure 5.1 | a) Schematic of silicon nanowire integrated with a 300 nm thick silver film to
form a plasmonic nanocavity (drawn to scale). The native oxide of silicon (Si0y) is used
to separate the active silicon core from the silver shell. b) Scanning electron microscope
(SEM) of silver coated silicon nanowire. ¢} Transmission electron microscope (TEM)
image of a representative bare silicon nanowire demonstrating 1.5-2.5 nm of native oxide
(denoted by dashed white lines) on the nanowire surface. d) Frequency domain spatial
distribution of the electric field intensity in Q-cavity Si (¢=150 nm) demonstrating high
order (m=9) mode (obtained via FDTD simulation) and e) corresponding magnetic field
intensity.
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Figure 5.2 | Photoluminescence spectrum of plasmonically-coupled silicon nanowire
(d=150 nm) plotted vs. a) absolute emission energy and b) energy shift from the laser line
for various excitation energies in the range 1.959 ¢V-2.708 eV. Spectra in (b) are plotted
with a constant offset of 2X10% counts for clarity. The dashed boxes labeled A and B
denote high-intensity emission bands. ¢) Schematic of the electronic dispersion of silicon
featuring carrier excitation (magenta arrows), intra-band relaxation and hot-luminescence
(green arrows) and radiative recombination from thermalized carriers (blue arrows). This
process is examined for relaxation towards the selected conduction band minima at both
the X-points (1.12 eV) and L-points (~2.1 eV).

Figure 5.3 | a) Magnified photoluminescence spectra of @=150 nm plasmonically-coupled
silicon nanowire in low energy region demonstrating emission below the silicon bandgap
at the L-point. (b-¢) Variation in spectral positions of subpeaks in photoluminescence
spectrum of plasmonically-coupled silicon nanowire. by variation in band A and ¢} band
B as a function of excitation energy for a single silicon nanowire size (d—ISO nm) d)
variation in spectral positions of band A and ¢) band B for several nanowire sizes as a
function of excitation energy. Black arrows denotes location of first high intensity peak.

Flgure 5.4 | Electromagnetic mode properties of plasmomcally—coupled silicon analyzed
via FDTD simulations and photoluminescence spectroscopy. a) nomenclature convention
for modes polarized parallel (TM) and perpendicular (TE) to the nanowire long-axis. b}
Variable-energy excitation photoluminescence spectra of ¢=150 nm Q-cavity silicon
nanowire juxtaposed with simulated cavity mode spectrum (orange curve). c-f) frequency
domain profiles of the electric intensity (log scale) for cavity modes ordered from highest
to lowest energy. g) Plot of quality. factor versus azimuthal index (m), for TE modes in
(b) and represented by the field profiles in (d-f).

Figure 5.5 | a-¢) Photoluminescence spectra of plasmonically-coupled nanowires excited
at various laser energics in the range 1.959 eV —2.708 ¢V for nanowires of size a) d=151
nm, b) d=153 nm, and ¢} d=156 nm (all spectra are offset by 25,000 counts for clarity).
The cavity mode spectrum of the @=151 nm nanowire is plotted on top of the
photoluminescence spectra (high in red to low in blue) using the same energy scale. The
variable energy excitation photoluminescence spectra demonstrate the role of mode
structure in modulating high intensity subpeaks. In addition to size-dependent peak
modulation, the modes, which red-shift with increasing size, also enable hot
luminescence at lower energies for larger nanowires. d) Photoluminescence spectrum in
low energy region (excited with 633 nm, He-Ne laser) for samples (a-c). €) Simulated
cavity mode spectra of plasmonically-coupled silicon nanowires with diameters in the
range ¢=150 nm to 160 nm as a function of energy.

Figure 5.6 | a) Temperature dependent photoluminescence spectra of plasmonically-
coupled silicon (for two different samples) in the range 77 K-300 K. Increase in overall
emission intensity with temperature follows expected trend for hot-luminescence from an
indirect bandgap material as the phonon population increases with increasing
temperature. b) Plot of total integrated counts as a function of temperature for samples
shown in (a).
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Figure 5.7 | Difference between the average emission energy and exciting laser energy
(i.e. the mean emission shift) plotted against excitation energy. The variation in mean
emigsion energy as function of size and excitation energy highlight the role of both cavity
modes and electronic structure in modulating the emission spectrum.

Figure 6.1 | Model of optical refrigeration for a 4-level system. |0} and |1) comprise the
electronic states of the ground state manifold separated by energy 6E,. |2) and [3)
comprise the excited state manifold separated by energy 6E,. W,e and W, are the
radiative and non-radiative decay rates respectively, while w; and w; correspond to the
phonon-mediated thermalization rate of the ground state and excited state manifolds
respectively. [Adapted from reference 10]

Figure 6.2 | Stokes and anti-Stokes Raman scattering for bare CdS nanowire (d~200 nm)
with 5 nm conformal Si0, coating. a) Raman spectrum featuring broad
photoluminescence peak centered at ~1157 em-1 (2.474 V) which is attributed to
excitonic emission from CdS. b) Magnified view of region near 2LLO Raman peaks in
both the Stokes and anti Stokes region. Spectra have been baseline corrected to eliminate
the photoluminescence background and provide accurate values of the Raman intensity.

Figure 6.3 | Stokes and anti-Stokes Raman scattering for metal coated CdS nanowire with
5 nm conformal SiO, coating and 300 nm Ag metal shell (green curves). a) Raman
spectrum featuring broad photoluminescence. peak centered at ~980 em’' (2452 ¢V)
which is attributed to excitonic emission from CdS. The spectrum of a bare (non-metal
coated) CdS nanowire is also plotted for comparison (black curve). b) Magnified view of
region near 21O Raman peaks in both the Stokes and anti Stokes region. Spectra have
been baseline corrected to eliminate the photoluminescence background and provide
accurate values of the Raman intensity.

Figure 6.4 | Atomic fof_ce microscopy of CdS nanobelts, a) AFM image of typical thick
CdS nanobelt with thickness of ~240 nm. b} AFM profiles of typical thick and thin CdS
nanobelts as discussed in section 6.2.

Figure 6.5 | Differential Luminescence Thermometry temperature calibration curve and
schematic of measurement scheme. a) Photoluminescence at several times in the range 0-
18 minutes for a CdS sample at a fixed temperature of 268 K. The photoluminescence
peak position reaches a steady state within ten minutes of stabilization of the sample
stage temperature. b) Photoluminescence spectra for a representative CdS samples at
various temperatures in the range 268 K to 312 K (plotted at 8 K intervals for clarity). ¢)
Plot of change in temperature, AT, vs. change in spectral peak position, AE, obtained
from the photoluminescence data in (b). The blue line represents a linear fit to the data. d}
schematic of measurement process using a pump laser (514.5 nm) for cooling and a low
power probe laser (473 nm) for monitoring the shift in the photoluminescence spectrum.

Figure 6.6 | Optical image of CdS nanobelt suspended over PMMA boxes (~9 um x 9
pm) with a ~4 pm separation. The bright emission from the nanobelt is anti-Stokes
photoluminescence resulting from excitation below the bandgap at (with the 514.5 nm
pump laser).
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Figure 6.7 | Anti Stokes photoluminescence in bare CdS nanobelts with thickness ¢~200-
300 nm. a) Photoluminescence in CdS nanobelt excited with the 514.5 nm line of a CW
laser (inset: optical image of anti Stokes photoluminescence excited with pump laser). b)
Magnified view of anti Stokes photoluminescence spectrum in CdS nanobelt featuring a
blue shift of ~1.74 meV (~0.3 nm), which reaches a steady state after 15 minutes of
excitation with the pump laser. ¢} Magnified view of anti Stokes photoluminescence
spectrum in CdS nanobelt featuring a blue shift of 2.6 meV (~0.5 nm) after 1 hour of
excitation with pump laser.

Figure 6.8 | Pump-probe differential luminescence thermometry of bare and passivated
CdS nanobelts. a) Stokes Photoluminescence spectra of a CdS nanobelt featuring the
spectrum at time =0 (black curve} and t=15 min (after pump excitation; red curve). The
difference spectrum (DLT curve) is plotted in magenta. ¢) Stokes Photoluminescence
spectra of a CdS nanocbelt passivated with SiO, featuring the spectrum at time t=0 (black
curve) and =10 min (red curve), The difference spectmm (DLT curve) is also plotted in
magenta. ;

Figure 6.9 | Probe photoluminescence peak position and sample stage temperature vs.
time for two bare CdS nanobelt samples m the temperatme range a) 307 K-311 K and b)
311 K-316K.

Figure 6.10 | Laser cooling of plasmonicaily-couple_d CdS in geometry optimized for top-
down excitation and measurement. a) Schematic of CdS integrated with a 15 nm thick Ag
film. Excitation is performed through the Ag film as denoted by the dark green and
purple arrows. Emission is also. measured through the substrate (bright green arrow). b)
Stokes Photoluminescence spectra of a CdS nanobelt featuring the spectrum at time 0
(black curve) and t=15 min (after pump excitation; red curve). The difference spectrum
(DLT curve) is plotted in magenta. ¢) Magnified view of anti-Stokes photoluminescence
(excited With probe laSer) of data presented in (b).

Figure 6.11 | Laser coohng of plasmonically-coupled CdS using inverted geometry. a)
Schematic of CdS integrated with a 300 nm thick silver film. Excitation is performed
through the subsirate as denoted by the dark green and purple arrows. Emission is also
measured through the substrate (bright green arrow). b-d) Magnified view of Anti-Stokes
photoluminescence (excited with probe laser) b) after 10 minutes of cooling, ¢) after 2
minutes of warm up time (after excitation with pump laser has ceased) and d) 5 minutes
of warm up time. The original probe photoluminescence spectrum at t=0 is plotted in
black in all three plots as a reference point.

Figure 7.1 | Photoluminescence of plasmonically-coupled Si nanowire (d~150 nm)
excited with the 457.8 nm laser line of an Argon-ion laser (continuous wave, blue curve)
and Ti:Sapphire laser (pulse width 140 f5, 80 MHz repetition rate) tuned to 458 nm
(magenta curve).
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Chapter 1. Introduction

Reproduced in part with permission from Reports on Progress in Physics, Volume 77,
Issue 8, Pages 1-20. Copyright 2014 ACS Publications

Reproduced in part with permission fiom the Journal of Physical Chemistry Letters
(accepted, October 2014)

1.1: Cavity Electromagnetics Primer: Light Emission in Optical Cavities

When we think of optics of materials, we typically recall phenomena such as
reflection and refraction, i.e. geometric optics. This is an example of the interaction
between light and matter, where light moves the free and bound charges in a material
giving rise to all the optical phenomena.' Yet, spmé of th_g; most.ilnteresting effects arise
when (i) light interacts with active 1ned:ia,';"it.1_l_e}t "i:s Inaté;ials which have electronic
resonances in the same spectral range of ‘t_h-‘é""im_:o.ﬁiiﬂg light, and (ii) when that light is
placed in a light-trapping box. In 1946, Edward Purcell was the first to realize that the
rate of light emission from a radi:atipg dipole (such as the electron-hole pair in a

semiconductor) is a function of the surroundings of that optical emitter.

Originéliy developed for radio-frequency operation, the enhanced spontaneous

emission rate of the emitter may be expressed as:
_3Q (X Eq. 1.1
]” - 4?1.2 V;n y{]

where y, is the spontaneous emission rate in free space, A is the wavelength of the
emitted radiation in the host medium, O is the quality factor of the electromagnetic mode

that couples to the optical emitter, and ¥, is the mode volume of the same.” The quality
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factor is a measure of the optical cavity to store electromagnetic energy; analogous fo
how a capacitor stores electrical energy. It can also be considered as a measure of how
long light is confined to the optical cavity before leaking into the vacuum. In the
denominator we find the mode volume, which can be expressed as:

_ Je@ME*(dPr Eq. 12
"o (E@E* (M nax

where £(r) is the dielectric constant of the material and E2(r) the electric field intensity.
This is a measure of the confinement of the electromag’netiéi field. It has the units of
volume and, in fact, is often quoted with respect _to.the .v.;)lume taken up by light in free
space, A>. The enhancement in the spontane'o-u_s__eh.i:.ission rate, ¥/¥, is known as the
Purcell factor, and depends on the ratio Q/V,;,'. In éthér words, in order to obtain highly
enhanced spontaneous emission rafés, we él}ould place optical emitters in environments
that have long lived modes}? (high Q) and where the optical modes are also highly
confined (low V). As_'expected, these two quantities are typically anti-correlated. The
smaller the mode vé-l.umé“,.'the more likely it is that light will leak out (lower Q) and vice
versa, Furthenﬁére,‘_:there is a fundamental limit on the mode volume of light, known as
the diffraction limit, where for example in the case of waveguided modes, light may not
be confined to dimensions much smaller than one-half its wavelength in the host medium
(this is also known as the “cutoff energy” in the waveguide literature).’ For
completeness’s sake, we note that the above expression assumes perfect spectral
matching between the emitter and the optical cavity mode. In reality, both spectral

overlap as well as spatial and polarization overlap between the optical emitter and
2




electromagnetic mode must be taken into account for accurate computation of the Purcell
factor* (see section 4.6). The physical origin of the Purcell effect is rooted in Fermi’s
golden rule, where the spontaneous emission rate of an optical emitter may be computed

as;

y =22 [ifld- B[ pho) B

and where {f l& -E(#) |i) is the transition dipole matrix element for the transition between
state fand state 7, and p(hw) is the photon density of states. Hei"e, the Q/V,, ratio from the
Purcell factor in classical terms may be related to the deﬁ'si_ty of photon states, p, in the
quantum electrodynamics picture. For an ins'ight_ful: dq_;:ivé:tion of the Purcell effect in
terms of classical parameters (as expreéSqd éboy;é:), but beginning with Fermi’s golden

rule, the reader is referred to a recent revieﬁ;,by Maier et al.®

Though it was in_itiai_l_;.ilé.\};lopea for radio-frequency operation, the Purcell effect
is a general principle tha§ can be a.}.)itr)lied across the electromagnetic spectrum. Advances
in nanofabrication .h..'ave | enabled the engineering of optical cavities with nanoscale
dimensions, thus funing their resonances to the nanoscale portion of the electromagnetic
spectrum (in terms of wavelength), or in other words, the UV-visible-near IR frequencies.
This is a boon from the perspective of semiconductor technology as many relevant
elemental and compound semiconductors (Ge, Si, InP, GaAs, etc.) feature band gaps and
light emission in this spectral range.® Implicit here is the fact that the electron-hole pairs

of semiconductors may function as optical emitters, the light emission of which may be




tuned as a function of the surroundings. As mentioned above, due to the fundamental
limit on the mode volume, and thus the size of the optical cavity, research has focused on
optimizing the quality factor of optical cavities.”® Figure 1.1 is a summary of
conventional optical cavities, where the light source is a semiconductor quantum dot that
is embedded in an optical cavity fabricated via top-down methods.® Optical cavities in the
Whispering Gallery Mode resonator geometry (where light is confined to the
circumference of a circular cavity) excel at hosting high O modes; 125 being one of the
highest Purcell factors achieved at optical frequency with a corresponding quality factor

of 12,000.° Quality factors as high as 10® have been achieved at IR frequency, to

Such Purcell enhancement schemes suffer from three main drawbacks. First, as
can be observed in figure 1.1, high 0 cavities feature large spatial footprints generally of
several microns limiting their applicability in nanotechnology. Secondly, in these cases
the optical emitter and optical,cavify are two separate entities which must be properly
aligned to achieve the desired results, and which adds another level of difficulty to their
fabrication. Finally, perhaps the most fundamental limitation on these high 0 cavities is
their limited operational bandwidth. A high quality factor, or long-lived mode in time
domain, equates to a narrow peak in frequency space, where the peak width, Af, is
related to the quality factor at the resonance frequency, f3, as Af = f,/Q. For the
previously mentioned high-Q resonator (Q=12,000), this equates to a mode width <1
meV, thereby placing a significant constraint on the operation of this hybrid optical
cavity-semiconductor device, If we are only interested in enhancing spontaneous

emission, then the best systems would be monolithically integrated optical cavity-
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semiconductor hybrid structures, which optimize Q/F,, not just through high O and low
¥V but rather through low Q, which equates to operation over a broad frequency range,
and uitralow mode volumes, significantly below the diffraction limit, thereby maintaining
the high Q/V,, ratio. Metals excel at confining light into deep-subwavelength dimensions,
where light couples to surface modes on the metal surface and acquires both photonic and
electronic character. This type of optical mode is termed the “surface plasmon” and will

be the focus of the next subsection.

Lenath = 42,2 pm:
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¥lum® 18,148 = 3 x10/aP 0.04 = (Unp? 0.3 = f6ll/n)? 0.07 = 8{/n)?
__30
o= I 114 441 36 125
#/2m {GH2) 0.008 42 44 34

Figure 1.1 | Different all-dielectric cavity paradigms and corresponding cavity Quantum
Electrodynamics parameters. The red dot corresponds to the position of the optical
emitter (quantum dot). For the full figure (including Rabi Splitting magnitude, etc.)
please refer to the original review article by Khitrova et. al."® [Adapted from Reference
10]




1.2: Surface Plasmons and their Role as Optical Cavities and Antennas

Metals excel at confining light into deep-subwavelength dimensions. When light
(photon) is incident on the surface of a metal (in the spectral region where the metal has
negative values of permittivity), the surface electrons and photon may form a strongly
coupled system, also known as the surface plasmon polariton (SPP)."! The surface
electrons serve to “anchor” the light to the surface of the metal resulting in an
electromagnetic mode that may orﬁy propagate on the surface of the metal. The SPP
features a dispersion relation that is similar in form to that of other strongly coupled
systems (such as the exciton-polariton in semiconductors') and which dictates its physical
properties. For a detailed description of SPPs the reader is referred to section 12,1, Ina
similar fashion, localized surface plasmons (I.SPs) are non-propagating modes, which
may be excited in deep-subwaveléngth strucltures where the light-matter interaction may
be treated quasistatically.' Pi;ysically speaking, the key difference between SPPs and
LSPs is that L.SPs are not bound fo the same dispersion relation as SPPs, which facilitates
their excitation from the far-field" (see section 1.2.1). Both are surface plasmon (SP)
resonances. Given ihat ratio of surface to volume increases as the dimensions of the
system shrink, at the nanoscale, the optical properties of metals are dominated by SP

resonances.

' For a general overview of strong light-matter coupling and its observation in

semiconductors, the reader is referred to C. F. Klinghshirn’s “Semiconductor Optics”, 3"

ed., Chapters 5 and 6.
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