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Coupling Plasmonic Cavities to Quantum Emitters

ABSTRACT

Nano-plasmonic devices can have a wide variety of applications that rely on strongly enhanced
optical fields confined well below the diffraction limit. The applications could be surface-enhanced
Raman scattering, nanoscale nonlinear optics, optical tweezing, large Purcell enhancement and
fluorescence enhancement. Here first we demonstrated the fabrication of 10-nm gap silver bowtie
apertures based on e-beam lithography and lift-off process, which are conventionally fabricated by
lower-throughput focused ion beam. The aperture can have mode area as small as 0.002 (A/n)?,
showing that they are good plasmonic nano-cavities for emitter coupling. Then, due to highly con-
centrated field, these bowtie apertures were used to optically trap individual, 30 nm silica coated
quantum dots (scQD), with a relatively low continuous wave trapping flux of 1.56 MW/cm? at 1064
nm. This platform might enable single quantum dot absorption spectrum measurements.

Last, we applied plasmonic nano-cavities for other quantum emitter, silicon vacancy (SiV) center
in diamond. We designed circular plasmonic apertures to have Purcell enhancement on SiV center
in diamond. SiV centers inside can have lifetime as short as 0.2 ns, which represents a ~9-fold reduc-
tion over a ~1.8 ns value typical for SiV in bulk diamond. Due to low internal quantum efficiency of
SiV center, the Purcell enhancement could be larger than the measured lifetime reduction. Also, SiV

in the plasmonic apertures can have linewidth as narrow as 330 MHz, which is comparable to the
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transform-limited linewidth. The spectral diffusion is within the linewidth (£ 100 MHz), showing

that our devices can have applications in quantum optics.
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Introduction

Metal nanostructures separated by nanometer-scale gaps can have plasmonic resonances
which locally enhance the optical field intensity by several orders of magnitude in sub-
diffraction volumes®'°. These nano-plasmonic devices have a wide variety of applications
11,12,

in systems that rely on strong optical fields, such as surface-enhanced Raman scattering

nanoscale nonlinear optics™**, optical tweezing'®", fluorescence enhancement™, and large



19,20 Plasmonic field enhancement becomes

Purcell enhancement of quantum emitters
much stronger as the gap size is reduced to nanometer scale. This effect has been demon-
strated in various applications: Purcell enhancements larger than 1000 were achieved us-
ing silver nanowires or nanocubes on metal films with spacing of s to 15 nm™*°; surface-
enhanced Raman scattering increases by orders of magnitude when the gap of gold dimers
decreases™ because of the fourth power dependence of electric field; and optical trapping
simulations show that tapered s-nm gap coaxial apertures could trap 2-nm dielectric par-
ticles with reasonable laser powers™. Thus, a controllable, high yield method to fabricate
plasmonic structures with small critical dimensions is a key enabling technology for the
applications.

In this thesis, we demonstrated the fabrication of narrow-gap plasmonic apertures, and
applied them in optical tweezing and Purcell enhancement of solid state quantum emit-
ters. In chapter 2, rather than using the conventional focused ion beam, we fabricated 10-
nm gap plasmonic bowtie apertures using e-beam lithography and lift-off. This large-scale
fabrication enables us to have cavity design optimization and experimentation. In chapter
3, we applied our bowtie apertures to optically trap 30 nm quantum dots with moderate
trapping laser intensity of 1.56 MW/cm? at 1064 nm. This platform could be used to study

single dot broadband absorption spectrum. In chapter 4, we fabricated plasmonic nanocav-

ity to have Purcell enhancement on silicon vacancy center in diamond. Maximum lifetime



reduction of 9 was measured. We also observed the SiV with transform-limited linewidth
and highly reduced spectral diffusion. This shows that our devices could enhance SiV flu-
orescence while preserving quantum properties, which is critical towards future quantum

applications.



Narrow-Gap Plasmonic Apertures

Figure of merits like field enhancement or mode volume in plasmonic structure usually
critically depend on the metal gap distance. There has been much work done to achieve
ultrasmall gaps in metal structures. Currently, sub-1o-nm gap plasmonic nanostructures
can be fabricated by atomic layer deposition followed by ion milling**, angled deposition?,

self-assembly of nanoparticles**, chromium expansion with a second lithography®, and



template stripping from a silicon substrate>””. Among all plasmonic nanostructures, the
bowtie apertures (see Figure 2.1) are one of the more widely used plasmonic resonator

structures, having been applied to optical trapping***

, sub-diffraction optical lithogra-
phy*, and molecular fluorescence enhancement®. Focused ion beam (FIB) milling is a tech-
nique often used to achieve narrow-gap plasmonic aperture devices. For example, Ga*- FIB
has been used to fabricate coaxial* and bowtie” apertures with gap sizes down to 30 nm.
However, realizing smaller gaps can be challenging due to the finite ion beam size and ion-
substrate interaction®. Recently researchers have used milling-based He*-ion lithography
(HIL) to produce apertures with even smaller gap sizes, down to 8 nm in coaxial shapes®
and s nm in dimers****°. HIL provides better spatial resolution and lateral smoothness
than Ga™ based FIB*. However, both of these techniques are serial in nature, and fabri-
cation of large arrays of devices is challenging. Electron beam lithography (EBL), followed
by lift-off or ion milling, is a more scalable approach, capable of producing high resolution
features at much a higher production rate. For example, sub-tonm features were recently
developed on hydrogen silsesquioxane (HSQ) EBL resist****. Furthermore, metal struc-
tures with sub-10 nm features have been demonstrated on silicon *° and silicon nitride mem-
brane substrates*>**. However, the thickness of the metal layer that could be patterned

(by lift-off) in these works was limited to ~ 30 nm*°, which is not sufficient to support

non-zeroth order Fabry-Perot type resonances in bowtie nanoapertures *»*+. Furthermore,



thicker metal films are needed to tune the resonance of these modes.

In this work, we developed a modified EBL lift-off process to fabricate large arrays of
bowtie apertures with nanoscale gaps and resonances that can theoretically be tuned by con-
trolling the thickness of the metal layer*. Using this approach, we fabricated 150 nm thick
silver bowtie apertures with gap sizes down to 11 nm (aspect ratio ~ 14 : 1). This is better
than what has previously been achieved with coaxial metal aperture using Ga™-ion based
FIB (30 nm gap, aspect ratio ~ 3 : 1) and is comparable to results obtained with He based
FIB (8 nm gap, aspect ratio ~ 13 : 1)*. Besides, the mode area of the 11-nm-gap aperture
is estimated to be as small as 0.002 (A/n)* using numerical modeling. More importantly,
our approach is scalable and allows for realization of many devices in parallel. For example,
we show that by varying the geometry of the bowties, resonances can be designed to span
wide wavelength range, from 470 to 687 nm on one sample. Quality factors of ~ 12 were
measured. We believe that the devices demonstrated in this work will find application in

studying and engineering light-matter interactions.

2.1 DESIGN

Figure 2.1 (a) shows the schematic of the designed bowtie aperture in thin silver film, assum-
ing the sidewall is vertical. The light incident on the aperture having polarization across

the gap will be mainly coupled to the fundamental gap mode, which is concentrated inside
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Figure 2.1: (a) The schematic and numerical modeling of the designed bowtie and the fundamental gap mode field inten-
sity distribution. Side view field profile shows the Fabry-Perot like resonance with one node inside. G is the gap width, L
is the gap length, a is the arm length, and 3 is the angle of the arm. Here L = 82 nm, G = 30 nm, a = 150 nm, and 3 = 30°. (b)
SEM image of a bowtie aperture with G = 11 nm, overlapped with field intensity enhancement profiles at its resonance
wavelength. It can be seen that this aperture can have an intensity enhancement as high as 1300. The scale bars are all
100 nm.

the gap. Figure 2.1 (b) shows the mode profile for the 11 nm-gap aperture at its resonance
wavelength, obtained using three-dimensional (3-D) finite-difference time-domain (FDTD)
simulations (Lumerical), overlaid on the scanning electron microscope (SEM) image of

the fabricated structure. The maximum field intensity inside the aperture is found to be

~ 1, 300 times stronger than the incident light outside the aperture, according to the sim-
ulations. Using the definition of energy density in dispersive medium and mode area*’,
notice that because silver is a highly dispersive medium in visible region, the electric field
energy density formula is modified to have derivative on ¢ as well:

Al e) = [ [ R[]y [ R[22 ] (o



The mode area can be calculated to be as small as 0.002 (A/n)* (normalized to the field at
the center of the aperture, (xo,,)). A is the aperture resonance wavelength, which is 840 nm.
This means the mode area is only 38 x 38 nm?. We note that the gap mode of bow-tie aper-
tures is always guided no matter how small the gap is (as long as the guided wavelength is
below the cutoff, which is defined by the aperture outline), which is not the case in circular
apertures*’. This means that the mode area can be made extremely small and is only limited
by the extent to which small gaps to be fabricated. However, a trade-off between mode area
and loss due to absorption by the metal needs to be considered.

If we solve the Maxwell equation on the interface between a dielectric and metal, we
can find a special TM mode. This special TM mode is a surface plasmon polariton (SPP)
mode. One important feature of the SPP mode is that it is exponentially decayed in both
dielectric and metal material, so that it is extremely confined on the interface. This results
in the capability of high field enhancement and small mode area, which gives plasmonics
having applications in the areas mentioned above. Its dispersion curve is show in Figure
2.2". We can see its wavevector is larger than the free space one, so the mode index is larger
than the dielectric one.

Now we see a common structure which is metal-insulator-metal (MIM). The SPP modes
on both interfaces couple with each other and form new even and odd modes. From an en-

ergy confinement point of view, the fundamental odd mode is more interesting because it
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Figure 2.2: Calculated dispersion curve of the fundamental coupled SPP mode of a silver-air-silver structure for an air
core size of 100 nm (dashed gray curve), 50 nm (dashed black curve), and 25 nm (solid black curver). The dispersion of SPP
mode in single silver-air interface is also shown (solid gray curve) .

has no geometric cutoft when the dielectric core size approaches to zero. The odd mode is
the one with higher index than the SPP mode. When the dielectric core size decreases, the
coupling becomes stronger and the index becomes higher (Figure 2.2). We also saw this in
our apertures, which will be discussed in the section 2.4. The gap mode in our bowtie aper-
tures is similar to this odd mode in MIM structure: It is also an odd mode and the energy is
concentrated and uniformly distributed inside the gap. This feature gives our bowtie plas-
monic apertures great opportunities to couple with quantum emitters.

The wave-guided gap mode is sandwiched between two interfaces - one between the air
and aperture and the other between silicon nitride and aperture. We used a fabricated air

bowtie aperture in a 250-nm thick Ag film as an example. The transmission spectrum of



the fabricated bowtie is simulated and has two Fabry-Perot resonances at 3357 and 1151 nm
(Figure 2.3). From the number of nodes in their cross section mode profile, we can judge
that they are Fabry-Perot resonances with o™ and 1** order. The o™ order resonance is also
called the antenna resonance, which totally depends on the aperture/antenna size . If we
want to shift the o™ order resonance to visible region, the aperture size would be too small,
and it is tricky to fabricate. Because we planned to couple these plasmonic nano-resonators

to visible quantum emitters, we chose to utilize the 1** order resonance.

2.2 FABRICATION

The fabrication procedure used is outlined in Figure 2.4 (a). Our devices are fabricated

on so nm thick silicon nitride membranes in order to reduce the resist exposure to back-
scattered electrons, and thus improve the resolution of our EBL step. We spin-coated the
negative-tone HSQ electron resist (FOX-16, Dow Corning), forming a 0.8 to 1 um thick
resist film on top of so nm silicon nitride membrane with a silicon scaffold (Norcada InC.).
EBL is used (Elionix ELS-Fi25) to pattern bowtie apertures, and the e-beam dosage is from
3360 to 4128 uC/cm’. Then, the sample was developed in tetramethylammonium hydrox-
ide for 17 seconds, leaving behind ~ 8oo nm tall bowtie posts. The e-beam resist post side-
wall is almost vertical, which implies that there is virtually no electron back-scattering from

the substrate (left of Figure 2.4 (b)). Next, electron beam evaporation (Denton) was used to
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Figure 2.3: (a)The SEM picture of the bowtie, fabricated on 250nm Ag film. (b) The transmission simulation of the bowtie
aperture in (a). The aperture acts as a low Q and small mode volume cavity. It shows mainly two resonances in 1151nm
and 3357nm. The insets are their cross section mode profile, proving that they are Fabry-Perot like resonances. The 1%
order one can be tuned by film thickness. The 0™ order resonance can be tuned by the aperture overall size.
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evaporate a2 nm layer of titanium followed by a 150 nm layer of silver. Figure 2.4 (b) shows
that silver nanoparticles are deposited on the resist sidewall as well, which causes the in-
complete lift-off process. To mitigate this, we used a swab soaked with IPA to gently scrub
the sample after the evaporation. This step breaks and removes the silver particle-coated
posts just above the silver surface. Finally, we submerged the sample in 5:1 BOE (buffered
oxide etch) for 130 seconds to remove the resist inside the aperture. Using this procedure we
could increase the yield of clear bowtie aperture production to almost 100% while realizing
thousands of devices on a single chip. We also demonstrated that this method is suitable for
realization of bowtie apertures in thicker silver films: for example, we could fabricate 28 nm-
gap bowtie apertures in 250 nm thick silver film (Figure 2.5) and 8 nm-gap apertures in 90
nm thick silver layer(Figure 2.6). This is very challenging to accomplish using focused ion
beam milling.

A few heuristics about e-beam writing bowtie posts are also worth mentioning. If the
e-beam dosage is too large, the gap size G and aperture itself will increase. However if the
dosage is too low, the gap will be closed and the two wings of the bowtie will be discon-
nected. For the same dosage, G reduces as gap length L increases (due to the proximity ef-
fect), and can eventually become zero (the wings get disconnected) if L is too large. There-
fore, using the same EBL pattern, the gap size can be tuned by controlling the dosage and

gap length. In general, 20-nm gap bowties are easily achievable while the yield of 10-nm gap
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Figure 2.4: (a) Schematic of the modified lift-off process used to fabricate our devices. The two SEM images are the top
view of the device in step 2 and 4. Notice that the final gap is smaller than the gap of the metal deposited on top of resist.
(b) Left: Side view of the device in step 2. The metal evaporation step results in silver particles being deposited on the
sidewall, which can compromise the lift-off process. Right panel shows the particles aggregating around the aperture
after the lift-off, thus rendering the aperture unusable. To prevent this scrubbing with IPA soaked swab is used, as shown
in (a). The scale bars are all 100 nm.
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250 nm Ag

Figure 2.5: The bowtie apertures fabricated in 250 nm thick silver film. The smallest gap we can achieve is 28 nm.

Figure 2.6: The bowtie apertures fabricated in 90 nm thick silver film. The smallest gap we can achieve is 8 nm.
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bowties is lower.

2.3 TRANSMISSION MEASUREMENTS

The optical properties of fabricated bowtie apertures were first characterized with a stan-
dard optical microscope in transmission mode (Leica DMRX). Light from the halogen
lamp is passed through a polarizer to align the polarization across the gap. As seen in the
color image in Figure 2.10 (a), different apertures transmit different colors of light in the vis-
ible wavelength range. The resonant transmission can be attributed to low-Q Fabry-Perot
modes supported by the aperture terminated by air on one side and silicon nitride mem-
brane on the other side. To quantify these resonances, transmission spectra were measured
in a home-built setup (Figure 2.7) using a spectrometer (Horiba iHR 550 with Synapse
CCD array). A broadband light source spanning 440 to 9oo nm was generated by a halo-
gen lamp (Figure 2.8), and a polarizer was used to orient the polarization across the gap. A
0.8 NA objective (~ 1um collection spot size) was used to collect the transmission from
individual apertures. This transmitted light was coupled to a fiber which was sent to either
an avalanche photodiode (APD) or spectrometer. A piezo stage was used to precisely posi-
tion the aperture on the collection focal spot as measured by the APD. Transmission data
were normalized to the spectrum obtained with the sample removed. The 150 nm thick sil-

ver film transmits >25 times less power than the aperture, so we do not expect direct silver
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Figure 2.7: Schematic of apparatus for measuring the transmission of bowtie apertures.

transmission to influence the spectra shown below.

The most direct way to tune resonance wavelength is to change the silver film thickness,
thus changing the length of the Fabry-Perot-like cavity. However, for a given sample, the
film thickness is fixed, so here we demonstrated resonance tuning via control of the lateral
gap dimensions of the aperture. The bowtie waveguide mode index (Figure 2.9) decreases
with decreasing L and increasing G, causing resonance blue shift. Figure 2.10 (a) shows the
transmission optical microscope image of a bowtie array in which we sweep G and L. In
horizontal direction, from left to right, we increased the gap size G. In vertical direction,
from bottom to top, we decreased the gap length L, which due to the nature of EBL also

increases the gap size (Figure 2.1 (b), 2.10 (¢)-(d)), as discussed above. The used EBL dosage
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Figure 2.8: The spectrum of the halogen lamp light source, which is peaked around 700 nm.

is 3360 uC/cm’. As shown in the optical image (Figure 2.10 (a)), the aperture color is blue-
shifted toward the top-right (small L and large G). This array also demonstrates the high
yield production capability of our fabrication technique. Figure 2.10 (e) shows the experi-
mental transmission spectra of the apertures circled in (a), and quantitatively demonstrate
resonance tuning from 684 nm to 565 nm. The smallest-gap bowtie we can fabricate is 11
nm. We also simulated the transmission spectra of these five apertures and the results match
well. The detailed simulation method is described in the later paragraph. Also more experi-
mental example of gradual resonance tuning in aperture array is shown in Figure 2.11.

To further increase the resonance tuning range, we also fabricated bowtie devices with
a smaller outline. The smaller outline will tune the resonance towards shorter wavelength,

without increasing the gap and thus sacrificing the enhancement. Figure 2.12 (a)-(c) show
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Figure 2.9: (a) Calculated mode index versus gap size G while L is fixed at 50 nm. (b) Mode index versus L while G is fixed at
50 nm. The index is calculated in infinitely long aperture waveguide, and the wavelength is set to be 700 nm. It shows that
we can engineer the resonance by adjusting the bowtie dimensions.

the SEM images of three smaller bowtie apertures along with their color recorded with the
transmission microscope. The measured transmission spectra show resonances at 470, 539,
and 6os nm for the three apertures, which match the blue, cyan, and orange color, respec-
tively, measured using the transmission microscope. Notice that Figure 2.12(b) and 2.10(b)
have similar resonance wavelengths, but 2.12(b) has smaller gap and thus higher field en-
hancement due to smaller outline design. Despite the rough granular boundaries of the
apertures, the resonances show quality factors larger than 6. The smallest aperture has the
highest quality factor of all the measured devices at 11.8. However, it is also the dimmest

among the three due to the smallest overall size.
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Figure 2.10: (a) The transmission optical image of the bowtie array fabricated in 150 nm thick silver layer: gap size G
changes with column, and gap length L changes with row. Both decreasing L and increasing G will make the resonance
blue-shifted. This array shows that the aperture resonance can be tuned smoothly via changing the lateral gap dimen-
sions. Notice that the perceived color has a yellow hue due to the yellow halogen lamp light source used in this experi-
ment. (b-d) SEM images of three measured bowtie nanoresonators in (a). The SEM image of the orange circled aperture
is shown in Fig. 2.1(b). The e-beam dosage is 3360 /,LC/cmz, and the scale bars are all 100 nm. (e) The transmission spec-
trum of five representative apertures circled in (a), normalized by the emission spectrum of the source. The resonance
can be tuned continuously from 565 to 684 nm. (f) The simulated transmission of the five apertures with walls slanted
at 20 degrees and rounded top corners with 75 nm radius of curvature in the model. It shows good agreement with the
experiments. The colors used in the spectra lines correspond to the circle colors in (a).
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Figure 2.11: Another array example showing the gradual tuning: The apertures here are fabricated with 4128 {U,C/cmz
e-beam dosage, which is higher than the ones shown in Figure 2.10 (a) The transmission optical image of the bowtie array.
Both decreasing L and increasing G will make the resonance blue-shifted, so the color is blue-shifted toward the top-right.
(b) The transmission spectrum of five representative apertures circled in (a), normalized by the emission spectrum of the

source. The resonance can be tuned continuously from 566 to 668 nm. The colors used in the spectrum lines correspond
to the circle colors in (a).
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Figure 2.12: Resonances can be tuned further blue-shifted by shrinking the overall bowtie outline. (a-c) The SEM images
of the three measured bowtie nanoresonators. On top right of each image is the optical image under the transmission
optical microscope, showing the color of blue, cyan, and orange. The silver thickness is 150 nm, and the scale bars are

all 100 nm. (d) The measured transmission spectra of the three apertures, normalized by the emission spectrum of the
source. They correspond to the optical images well. The blue resonance has the highest Q factor, which is 11.8.
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2.4 TRANSMISSION SIMULATION

Q factors we measured are typically 6-8, and are near an order of magnitude smaller than
the theoretically predicted material Q of 40-60 in this wavelength range**. This suggests
our devices’ Q factors are mainly limited by the sidewall tapering, surface imperfection,
and the radiation loss at the aperture interfaces. From the above SEM images, we can see
that the bowtie shape is well-defined by the modified lift-oft after e-beam writing posts.
However, from Figure 2.13, it is clear that the boundary of the aperture is mainly defined by
large grains, and the surface is not smooth, which is likely a main contributor to the low Q
factors. Additionally, the sidewall of the aperture is slightly angled since during the evap-
oration step the silver layer deposited on top of the resist post grows laterally and creates
an umbrella effect which blocks the silver depositing on the SiN substrate. We performed
SEM imaging at a tilted angle, which showed the wall is slanted by 20-28 degrees for sev-
eral apertures (Figure 2.14). This issue could be solved by performing silver deposition on
a tilted and rotating stage. More vertical sidewalls would likely improve quality factors
by creating a more consistent mode propagating through the aperture. The more vertical
sidewalls give more abrupt changes at the interfaces, leading to higher reflections and thus
higher Q.

We also simulated the transmission spectra of our apertures using a 3-D FDTD algo-

rithm (Lumerical Solutions, Inc.). The aperture geometry was characterized using scanning
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Figure 2.13: The aperture imaged with a tilted angle, showing the boundary is mainly defined by granular silver film.

electron microscope, and SEM images were imported into the simulation program, assum-
ing the sidewalls are vertical. Dielectric properties of the silver film were directly measured
via ellipsometry (J.A. Woollam), and we found it is slightly different from the literature>>*
(Figure 2.15). Nevertheless, we found that the material properties have insignificant effect
on the aperture resonances. In results, the simulation peak transmission wavelengths dif-
fer quantitatively from experimental results but reproduce the qualitative trend seen in the
data: decreasing L or increasing G leads to blue. The simulation results are all red-shifted
from the experiment ones. With the vertical cross section field plot, we confirmed the res-
onance is a Fabry-Perot like resonance with one node inside (left part of Figure 2.16). We
attribute the quantitative inaccuracy to the tapering of our apertures. To investigate this

possibility, we used the bowtie model shown in Figure 2.1(a) to approximate the imaged
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Figure 2.14: (a) (b) Vertical top-view SEM images of two example apertures and their corresponding tilted SEM images.
The imaging stage was tilted at 60 deg from vertical. We can see the walls of the apertures are slanted with rounded top
corners. We calculate the wall is slanted by 20 to 28 degrees for all the imaged apertures. All the scale bars are 100 nm.
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bowtie apertures and tapered the sidewall. We assume the sidewalls are slanted by 20 de-
grees and the top corners are rounded in order to model the aperture geometry more accu-
rately. After modifying these two factors, we can see the simulations match experiments
better, suggesting these factors contribute to the remaining discrepancy (Figure 2.10(f), and
right part of Figure 2.16(c)). When the sidewalls are slanted, the overall gaps become big-
ger. As we mentioned earlier, increasing G makes the resonances blue-shifted due to the
decreased mode index. The new blue-shifted simulations results match better with the ex-

perimental results.

2.5 CONCLUSION

In summary, using EBL and modified lift-oft we have fabricated small-gap bowtie metal
apertures, with gap dimensions as small as ~ 11 nm, which have previously been fabricated
using more time consuming FIB milling processes. The ability to do large-scale fabrication
enables high throughput cavity design optimization and experimentation. Transmission
spectra confirm the resonators’ resonances and demonstrate Q factors as high as 11.8. The
bowtie apertures presented here offer an exciting platform for applications in light-matter
interaction engineering, optical tweezing, and surface-enhanced Raman scattering. Thus
they may have applications in coupling to quantum emitters like defect centers in dia-

mond*® or quantum dots*. Use of these apertures to trap and pump colloidal quantum
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Figure 2.15: (a) (b) The real and imaginary part of the refractive index of silver in 400 - 1000 nm %>*. The data by Raether
is closer to our measured one.
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Figure 2.16: (a) Schematics of two different types of simulations: the left figure assumes vertical wall and sharp top cor-
ners, while the right figure has slanted wall and rounded corners. In the simulations we used 20°for the slant angle @

and 75 nm for radius of curvature 7. (b) The simulation results of the five apertures in Figure 2.10 with vertical (left) and
slanted-curved (right) wall. (c) The simulation results of the three apertures in Figure 2.12 with vertical (left) and slanted-
curved (right) wall. The field profile inset shows that the resonance is a Fabry-Perot like resonance with one node inside.
The colors used here are the same as the ones in Figure 2.10 and 2.12. We can see that with slanted walls and rounded
top corners, the simulation results are improved and match better with the experimental results.
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dots with two-photon excitation has already been demonstrated*. Finally, with ultrasmall

mode area and clear colors, these apertures may find use as ultrasmall color pixels™.

2.8



Optical Trapping of Colloidal Quantum

Dots using Bowtie Apertures

In this chapter, bowtie apertures were used to trap single silica coated quantum dots (scQD)
with a diameter of 30 nm with a trapping laser intensity of 1.56 MW/cm? at 1064 nm. Be-

cause of the strong field confinement inside the bowtie aperture, 640 nm scQD emission
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was detected following two-photon excitation by the 1064 nm trapping laser. The enhanced
two-photon excitation eliminates the need for a separate excitation source and results in a
system that self reports via emission when trapping is achieved. We show simulations to
evaluate theoretical trapping performance and experimental examples of single scQD trap-

ping with simultaneously recorded laser transmission and emission.

3.1 MOTIVATION - DETECT SINGLE QUANTUM DOT ABSORPTION SPECTRUM

The study of fundamental properties (i.e. lifetime, polarization) of single emitters, such as
colloidal quantum dots, has mostly relied on spectroscopy techniques based on emission.
Meanwhile, the mechanisms for certain single emitter behaviors including blinking®, spec-
tral and temporal diffusion’, are not fully understood, and can potentially benefit from

a direct measurement of the electronic structure via broadband absorption spectroscopy.
The single dot absorption spectroscopy was performed with scanning laser on the self-
assembled quantum dots**. However the inhomogeneity, linewidth and spectral diffu-
sion of the colloidal quantum dots might be larger than the self-assembled ones. So we
proposed to use the broadband light source and measure the difference of transmission
spectra with and without the dot. This method will enable us to measure more broadband
absorption spectra and have higher throughput. However, the challenge in measuring sin-

gle emitter absorption lies in the small absorption cross section in comparison to a diffrac-
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Figure 3.1: (a) Quantum dots spectral diffusion. The emitted photon wavelength fluctuates over time 5. (b) Blinking behav-

jor of quantum dots®.

tion limited optical beam, which leads to a small absorption probability.
The absorption probability of a single quantum emitter can be expressed as a ratio be-

tween its cross section and mode area of the confined light, which can be written as:

A 30) = [ [ R[22 ) sy [ R[22 )] )
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Figure 3.2: The proposed plasmonic apertures will force the light couple to its waveguide mode with smaller mode area.
Thus the absorption probability will be enhanced.

Probability = — Tabs (32)

mode (xo ) yo)

(%5 ¥o) is the position of the emitter, and ¢, is the absorption cross section of the quan-
tum dot (QD). Because colloidal quantum dots usually are weak dipoles, we regard our
CdSe/Zns QDs having tiny absorption cross sections of 1 nm*. When placed in tightly fo-
cused beam with focal spot size of ~1 um?, photon absorption probability is as low as 10 7.
This makes it difficult to perform the absorption spectroscopy of the QD.

A plasmonic aperture, formed by a subwavelength hole in a metal film, allows for strong
confinement of optical fields due to the excitation of localized surface plasmons and can

be used to enhance light-matter interaction, such as absorption, so that light transmission

through the aperture can be used to extract the absorption spectrum of a single quantum
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dot.

The figure of merit here is the mode area, which describes the energy confinement in
the structure, since the absorption probability between an incident photon and the dot is
the ratio between the absorption cross section and the mode area for an optimally placed
emitter. We started from a circular aperture and solved for the optical modes inside the air-
silver aperture as a function of radius using Maxwell’s equations and verified our analytical
data using FDTD simulations. The QD we use for our modeling has an absorption edge
ataround 640 nm. We found that the fundamental guided HEr mode dominates in our
fabricated apertures*°. The calculated mode area for a sonm-radius Ag aperture is around
0.06(A/n)? and thus the absorption probability is 4.4 X 10~ (assuming the absorption
cross section is around 1z272%, and the QD is placed in the center of the aperture) (Figure
3.3). However, unlike the electric field, simulations show that the energy density is mainly
focused in the silver rather than air, which decreases the interaction between the QD placed
in air and the light field. To better confine light in the air region, other types of plasmonic
structure such as coaxial*, crescent”, bow-tie’* apertures, might be more suitable.

Here we propose to use bowtie aperture to achieve small mode area due to the successtul
fabrication of them. The energy density is fairly uniform inside the gap, unlike the circu-
lar aperture. We calculate the mode area by assuming the QD is located at the center of

the gap. Notice that the mode area would be even smaller if the QD is closer to the tips,
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Figure 3.3: (a) Mode area of the circular aperture versus radius, showing that our aperture could reach a mode area of
0.06()\/71)2 and thus an absorption probability of 4.4 X 1075, (b) Energy intensity in a 50 nm circular aperture (rescaled).
It shows that the energy is mainly concentrated in the metal in the circular case.

where the field intensity is maximum (Fig. 3.4(a)). Simulations show that the mode area
is proportional to the gap size and is less dependent on the gap length (Fig. 3.4(b)). With
the reasonable fabrication, the mode area can be roughly two orders higher than that in
the standard optical transmission spectroscopy, suggesting that this device may be suitable
for single molecule detection. Notice that in chapter 2, with state of the art fabrication, we
can fabricate 10 nm gap bowtie aperture, which has only 0.002 (A/n)?, giving the possible
3 orders of magnitude improvement. Besides, in low temperature, the probability could
be increased by 1 order due to the decreased linewidth, and the absorption signal could be
observed given our experimental apparatus.

We placed dots into the apertures by dropcasting and obtained ensemble quantum dot

absorption spectra like Figure 3.5. It is hard to control the number of the dots inside the
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Figure 3.4: (a) The schematic of the designed bowtie and the fundamental gap mode energy density distribution. g is

gap width, L is gap length, side length a = 300 nm. Inset: the side way of the sample (not to scale), with bow-tie aperture
defined in top silver layer. (b) The mode area versus gap size in different gap length. The black line is the mode area which
creates 10~ # absorption probability.

aperture, and ideally we want exactly one dot inside the aperture. Also, after the dropcast-
ing the aperture cannot be reused again for the experiment. We need lots of single dot ab-
sorption spectrum measurements in order to quantify the blinking, spectral diffusion, and
inhomogeneity. Here we proposed using optical trapping to mitigate this problem. The
optical trapping enable us to trap single QD inside the aperture. Also, by toggling the trap-
ping beam, the measured QD is released and a new QD can be trapped for another mea-

surements. The measurements of lots of QDs can be achieved using the optical trapping.

3.2 INTRODUCTION OF OPTICAL TRAPPING

Optical tweezers have been a powerful tool to fix, control, and manipulate small objects*.

The introduction of plasmonic structures has further greatly advanced the field of opti-
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cal trapping in the last decade. These structures provide enhanced, localized electric fields
that require lower incident flux and can trap smaller particles when compared to free space
trapping 7569 Trapping is further enhanced in plasmonic apertures by self-induced
back-action (SIBA), a positive feedback mechanism that increases the trapping force due
to dielectic loading of the aperture when a particle is trapped. Recently, there have been
many plasmonic nanoapertures designed for trapping particles as small as tens of nanome-
ters. Trapping with plasmonic apertures has been performed with circular™ and rectangular
apertures®. Introducing a pinch point into the aperture, people used double nanoholes
to trap a 12 nm silica bead”, while others fabricated bowtie apertures on films and on fiber
tips to implement 20 nm polystyrene bead trapping and so nm bead manipulation®. The
opposing prongs at the pinch point of the aperture act as dual sharp tips to greatly enhance
electric fields in the gap®, giving rise to a localized field gradient suitable for optical trap-
ping. This confined fundamental gap mode has also been used to provide a narrower near-
field pattern for lithography®, higher throughput near-field scanning optical microscopy **,
and enhanced molecule fluorescence™.

Various types of particles have been used in optical trapping studies, including gold

nanoparticles”, nanorods*%

, globular proteins®, single-cell organisms”*%, polystyrene
spheres with* and without emissive dye”, and colloidal quantum dots (QDs)”"7*. Col-

loidal quantum dots (QDs) are attractive candidates for optical trapping and simultaneous
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electronic excitation because their high index of refraction” increases the trapping force,
and their broad continuum of excited states makes them strong absorbers”+7.

Colloidal QDs have exciting applications in biomolecule labeling due to a high photo-
bleaching threshold, good chemical stability, and tunable spectral properties. The ability to
optically manipulate QDs may help in fluorescent marker placement and molecular force
measurements, but fluxes required for optical trapping” and non-linear excitation”*”° in
free space are large and may be harmful to biological samples. Plasmonics can help to de-
crease the required trapping power, but trapping with a plasmonic structure generally ren-
ders QDs non-emissive due to interactions with the nearby metal777%.,

In this work, these issues were solved by trapping silica coated quantum dots (scQDs)
using bowtie apertures in a silver film. The bowtie apertures facilitated optical trapping
and two-photon excitation such that the required flux was over one order of magnitude
lower than previously reported for trapping in free space’?, and the silica coating insulated
the QDs from the metal to mitigate quenching. The larger size of the scQD also makes the
trapping easier. Also, the bowtie apertures were fabricated by e-beam lithography followed
by lift-off rather than the past conventional focused ion beam milling procedure to provide

larger aperture quantities for higher throughput device testing.
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3.3 SiLica CoATED QUANTUM DoT (scQD) SYNTHESIS AND CHARACTERIZATION

Core/shell CdSe/CdS colloidal quantum dots (QDs) were synthesized as previously de-
scribed 7. Silica overcoating was performed by loading 30 mL anhydrous cyclohexane
into a 100 mL round bottom flask. Under vigorous stirring, 4.75 mL of Igepal CO-520 was
added. After stirring for 1o minutes, 1 mL of QD-cyclohexane solution (3 uM) was injected
into the reaction followed by slowly adding 150 1L tetraethyl orthosilicate (TEOS, 99%).
After another 10 minutes of stirring, o.s mL of ammonium hydroxide solution (28% in wa-
ter) was injected dropwise into the solution. The final reaction solution was stirred for 18 hr
at room temperature before purifying the scQDs via precipitation using ethanol (~20 mL)
and collecting by centrifugation. The scQDs were washed with ethanol twice more and
finally dissolved into 2 mL DI-water before storage at 4 until use. Normalized absorption
and emission spectra are shown in figure 3.5.

Prior to some measurements, the scQD solution was passed through a 20 nm pore sy-
ringe filter (Whatman) to reduce the mean particle diameter. Dynamic light scattering
(DLS) was performed on filtered and unfiltered particles and results calculated by volume
are plotted in Figure 3.6. Mean hydrodynamic diameters are 21.1 nm and 39.2 nm for filtered
and unfiltered particles, respectively. It should be noted that because DLS measures the
hydrodynamic diameter of particles, these results are likely an overestimation of the actual

particle sizes.
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Figure 3.5: Normalized absorption (blue) and emission (red) spectra for scQDs. Continuous wave 532 nm excitation was
used as an excitation source for the emission spectrum.

25

—¥%— Filtered
—¥— Unfiltered

Percent

20 40 60 80 100 120
Particle Size (nm)

Figure 3.6: Size distribution of scQDs before (green) and after (blue) filtering measured with DLS. Sizes were calculated by
volume.
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3.4 DEVICE DESIGN

Scanning electron microscope (SEM) images of the apertures used in the experiments are
shown in figure 3.8a and 3.8b overlapped with simulated field intensity enhancements. The
dominant gap mode is supported by the aperture when the trapping beam polarization

is oriented across the gap. Enhancement is a unitless factor that scales the intensity in the
gap relative to the free space intensity. Both apertures, with gaps of 38 nm and 56 nm, were
used to successfully trap scQDs. Given that the field enhancement is lower in the 56 nm
gap aperture, the required trapping laser intensity is higher and the calculated trapping po-
tential suggests it should only be able to trap larger particles. The aperture is realized on

an underlying silicon nitride (SiN) membrane (thickness 100 nm) and is immersed in wa-
ter. A 3D sketch of our device trapping quantum dot is illustrated in figure 3.7. In this way
the aperture forms a low-Q Fabry-Perot cavity whose resonance can be tuned by silver film
thickness**. A 130 nm thick silver film was used to achieve resonances centered at 850 nm
and 915 nm (Fig. 3.8¢), thus satisfying the requirement imposed by the SIBA™ mechanism
for a peak transmission resonance slightly blue-shifted from the trapping laser. A transmis-
sion electron microscope (TEM) image of the scQDs used in trapping shows particles with
a CdSe/CdS core/shell*>7 center and total sizes that are ~ 30 nm in diameter (Fig. 3.8d),
with a mean hydrodynamic diameter of 39.2 nm as measured by dynamic light scattering

(Figure 3.6). Procedures for the fabrication of the bowtie apertures are provided in the pre-
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Figure 3.7: 3D schematic of our bowtie aperture.

vious chapter.

3.5 TRAPPING POTENTIAL SIMULATION USING MAXWELL STRESS TENSOR

It was shown in simulations that bowtie antennas might be able to trap quantum dot, with
the pumping wavelength near the resonance of the QD to create a larger dipole for easier
trapping®. In order to quantify and evaluate the trapping capability of the apertures, finite-
difference time-domain (FDTD) simulations (Lumerical Solutions, Inc.) were performed.
Maxwell Stress Tensor (MST) was used to calculate the trapping force and then the force
was integrated to get the trapping potential (Fig. 3.10). The optical force exerted on the
particle can be obtained by integrating the inner product of tensor and surface unit vector 7

over the volume encompassing the particle:

B = [ (TG0 i) da (3.3
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Figure 3.8: (a)(b) SEM images of the bowtie apertures used in the experiments, overlapped with field intensity enhance-
ment profiles at 1064 nm. The confined gap mode is dominant when the polarization is across the gap. (c) The simulated
transmission spectra of the two apertures used in trapping experiments, showing peak resonances are blue-shifted from
the 1064 nm trapping laser. (d) Transmission electron microscope image of the silica coated quantum dots used in trap-
ping.

where the Maxwell Stress Tensor <7 is defined as:
(7 - - = = I <—
=eEQE+u HR® H— ;(eoF +u H) I (3.4)

Here ® is the outer product and 7 is the unit tensor. MST gives us the completely rig-
orous calculation of force when QD is at one position. The integration over the surface
should be exactly correct. However for the sake of less numerical error, we chose the so

called volumetric method suggest by Lumerical. It comes from Lorentz force law, which is
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exactly the origin of MST:

ﬁ:gljf—l—gz_fxﬁ:gljf—i—jxﬁ (3.5)

F=¢y(V-E)E+ iwP x B=¢,(V - E)E+ iw(c — ¢)E X B (3.7)

We integrate the force calculated here over the whole space encompassing the particle, and
then the integrated force is exactly the optical force exerted on the particle. This volumet-
ric method provides better numerical accuracy especially when the particle is close to the
boundary of integration volume.

Simulations were first performed on the 38 nm gap aperture (Fig. 3.8a) with the incident
trapping beam focused on the entrance of aperture. The scQD was simulated as a 6nm
CdSe core with silica coatings of varying thickness to produce final diameters of 20 nm, 25

nm, and 30 nm, and was placed close to e silver wall to ge e strongest trapping poten-
ds d was placed close to the sil II to get the strongest trapping pot
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Figure 3.9: (a) The intensity enhancement and (b) force along the z axis. (c) The intensity enhancement and (d) force along
the x axis. All forces are normalized to input power.

tial possible. The field intensity before entering the aperture was recorded, scaled to the
experimental incident flux of 1.56 MW/cm?, and used to calculate trapping force and poten-
tial. Figure 3.9 shows the calculated optical force and intensity enhancement experienced by
a20 nm scQD along z and x axes in the aperture. Note that the force is positive at -25 nm
(Fig. 3.9b), pulling the particle towards the front surface of the aperture. We calculated the
z axis trap stiffness of 0.07 fN/nm/mW using the range from -60 nm to -8o nm where the
change in force is steepest. The calculated x axis trap stiffness is 0.42 fN/nm/mW, which are
comparable to stiffness measured for similar double nanohole structures® and are nearly
two orders of magnitude larger than in the case of free-space trapping”*7*. The stiffness and
force are larger along x axis because field is more confined in x-y plane.

Then, the force was integrated to get the potential. The calculated trapping potential ex-

hibits two local minima due to field enhancement occurring on both faces of the aperture
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from operating near the 1st-order Fabry-Perot resonance**, with the deeper trapping poten-
tial at the water-SiN interface. Optical trapping is considered favorable when the trapping
potential overcomes the ambient thermal energy ks T (T = 300 K), which was observed for
particles of at least 25 nm in this system at the water-SiN interface. The trapping potential
at the front surface of the aperture did not overcome kz T, regardless of particle size. From
the simulations mentioned above, we assumed that the trapped scQD is located at the bot-
tom of aperture, touching the silicon nitride membrane and the apex of the bowtie. How-
ever, as discussed in the literature®, it is possible that the QD could move around due to
Brownian motion. Factors not accounted for in the simulations could potentially enable
trapping particles smaller than 25 nm with this system. As the literature’” suggested, van
der Waals forces between the particle and the surrounding aperture surfaces could facilitate
trapping when potentials do not overcome kg T of ambient thermal energy, and reduced de-
grees of freedom for particle motion inside the aperture should reduce the particle’s kinetic
energy, making escape from the aperture more difficult.

Figure 3.11 shows the calculated potential for the 56 nm aperture in manuscript Figure
3.8b. Figures 3.8a and 3.8b were patterned using the same design template, but they as-
sumed different final dimensions due to dosage differences (3360 «C/cm? for Fig. 3.8a and
3648 uwC/cm? for Fig. 3.8b) and fabrication variance. The 56 nm aperture exhibits the same

dual minima characteristic as the calculated potential for the 38 nm aperture. Simulations
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Figure 3.10: (a) The simulated field intensity distribution inside the aperture showing field enhancement on both faces of
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Figure 3.11: The calculated potential for particle trapping with the 56 nm aperture in manuscript figure 3.8(b).

show the minimum particle size this aperture can trap is 35 nm by overcoming kT of am-
bient thermal energy. However, as discussed earlier, non-optical mechanisms such as van
der Waals force and reduced particle degrees of freedom could enable trapping of smaller

particles.

3.6 GRADIENT FORCE CALCULATION AND COMPARISON WITH MAXWELL STRESS TEN-

SOR

In order to understand whether our device operated in SIBA regime or not, we also per-

formed the simulations using the gradient force and scattering force formulation given by:

- €y — € = 2
(Fyraa(7)) = me RL—V|E(r)| (3.8)
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where ¢, is the dielectric constant of the particle, ¢, the dielectric constant of the surround-
ing medium, R the radius of the particle, Z, the trappling laser intensity, and 5'the unit vec-
tor of the propagation direction. The gradient force mainly pulls the particle toward to

the focal spot, while the scattering force mainly pushes the particle out of the focus and
towards the propagation direction. The optical trapping occurs when the gradient force
dominates over the scattering force. These two formulas are conducted in the condition of
assuming the particle can be approximated as a dipole without perturbing the surround-
ing electromagnetic wave. On the other hand, SIBA is the regime that trapped particle acts
as an active role and will perturb the nearby electromagnetic wave, and thus the calculated
forces from MST will differ a lot from the one calculated by gradient force™. By compar-
ing it with the results using MST (Fig. 3.12), we can see with MST method the force is in-
deed larger, but the difference is really small, showing that our trapping is not close to SIBA
regime yet. This proves that there is still space to improve our device trapping capability by
making the particle take a more active role, and thus the required trapping power can be
further decreased. The calculation show that the scattering force is 5 orders smaller than the

gradient force, so we neglected it.

48



(@ 1 : - - (b)
—¥— MST

0 5
’;‘ Gradient g MSTA
S | S Gradient
g 0
Ll_N - LI_X

3 F 5t

4 . . . .

-120 -90 -60 -30 0 30 -60 -40 -20 0 20 40 60

z (nm) x (nm)

Figure 3.12: (a) (b) Comparison of the forces calculated by Maxwell Stress Tensor and Gradient force.

3.7 SETUP

Prior to trapping experiments, the aperture film was packaged with an aqueous scQD so-
lution based on a procedure presented in the past literature”. A reservoir was made by cut-
tinga 3 X 3 mm square from a 30 um thick polydimethylsiloxane (PDMS) spacer on top of
a 8o um thick cover slip. Then a small drop of scQD solution (0.07% w/v) was placed in
the reservoir and the aperture film was placed face down on top of the reservoir. A cross
section of the sample packaging is shown in the inset of figure 3.13. We can see that our
aperture device is surrounded by silver with size of 7.5 x 7.5 mm square. Its high thermal
conductivity (429 W/m/K) should act as a good heat sink. This implies that our device tem-
perature should not increase too much under the trapping laser illumination *°.

Optical trapping was achieved by transmitting a continuous wave (CW) 1064 nm trap-
ping beam through an aperture packaged with scQDs as shown in figure 3.13. The optical
quality of a 1064 nm trapping beam (Laser Quantum Ventus 1064) was cleaned with a po-

larizing filter and a 1064/10 nm laser line filter, expanded, and slightly defocused to correct

49



for chromatic aberration of the trapping objective. The trapping objective was a 100X (1.25
NA) oil immersion objective that formed a spot radius of 1 um with 1.s6 MW/cm? of inci-
dent flux at 1064 nm. Emission from trapped scQDs was collected with the same objective,
separated from the 1064 nm trapping beam with a 9oo nm short pass dichroic mirror, and
sent to either a silicon avalanche photodiode (APD, Perkin Elmer SPCM -AQRH-13) or

a spectrometer/CCD camera combination (Princeton Instruments Acton SP2750A/Pixis
102.4) for detection of two-photon excitation upon trapping. Above the packaged film,
1064 nm transmission intensity through the aperture was collected with a 6o x (0.7 NA)
air objective and sent to a Ge photodiode (Thorlabs DET50B) to monitor jumps in trans-
mission intensity coinciding with trapping events. Sample positioning was achieved by a

3-axis stage (Thorlabs Nanomax-TS).

3.8 OpPTICAL TRAPPING OF sCQDs

Single scQD trapping in the 38 nm aperture using scQDs shown in figure 3.8 is demon-
strated in figure 3.14 and is characterized by a stepwise increase in both emission and trans-
mission intensities at so seconds. The stepwise increase in trapping laser transmission is due
to dielectric loading of the particle. Intensity fluctuations are observed in the emission chan-
nel at ~110 seconds followed by a gradual decrease in intensity. Corresponding dynamics

in the transmission channel are absent or undetectably small, suggesting that scQD emis-
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Figure 3.13: Instrument schematic for simultaneous trapping with 1064 nm laser (gray beam) and scQD emission detec-
tion at 640 nm (red beam). (Inset) Cross section of sample package.

sion dynamics (i.e. blinking, bleaching) may be responsible for the fluctuations observed
in the emission channel. Alternatively, the emission channel may be far more sensitive to
very small changes in particle position due to the nonlinear nature of two-photon excita-
tion, resulting in large fluctuations in the emission channel accompanied by an increase in
transmission channel noise. This might also explain the measured signals at 6o and 160 sec-
onds: there is a small increase followed by gradual decrease in the emission intensity, with
no observable change in the transmission intensity. We believe that this can be explained
by scQD moving into and then out of the location with stronger excitation flux. A final
possibility is that two particles were simultaneously trapped and emission ensued for the

respective particles at 5o and 110 seconds. This final scenario is unlikely, however, because
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Figure 3.14: The (a) emission and (b) 1064 nm transmission channels show a stepwise increase in signal at 50 seconds,
indicating individual scQD trapping.

trapping particles or clusters larger than the 38 nm gap is not expected. Large particles and
clusters are prevented from peak trapping potentials at the bottom of the aperture”. In
general, the trapping here was more of one-off event, since we were using a size distribution
of particles and a distribution of different bowtie shapes. Further optimization is required
in order to make trapping routine.

Emission dynamics for two more trapping experiments are shown in Figure 3.15, with
emission and transmission channels for the 56 nm gap aperture in 3.15a and 3.15b, and emis-
sion and transmission channels for the 38 nm gap aperture in figure 3.15¢ and 3.15d. Both
experiments used filtered scQDs (Fig. 3.6) with a mean hydrodynamic diameter of 21.1 nm.
Successful trapping of particles smaller than the minimum size predicted by force calcula-
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tions in both of these apertures can be rationalized by two possible explanations. Firstly,
non-optical mechanisms described in the main text may contribute to trapping. Secondly,
the trapped particle size could lie in the tail end of the size distribution as determined by
DLS measurements (Fig. 3.6), which extends out to 45 nm in diameter for the filtered parti-
cles.

The first trapping experiment using the 56 nm aperture shows an increase in 1064 nm
trapping laser transmission at 200 seconds (Fig. 3.15b), indicating particle trapping. The
corresponding emission trace (Fig. 3.15a), however, does not exhibit emission until 260 sec-
onds into the experiment, which is intermittent and resembles QD blinking. The second
trapping experiment using the 38 nm aperture shows initial trapping in both the 1064 nm
transmission (Fig. 3.15d) and the emission (Fig. 3.15¢) at 210 seconds into the experiment.
Subsequent trapping events, however, show subtle increases in 1064 nm transmission at 265
and 280 seconds, with corresponding emission events that rapidly decay in intensity after
trapping. They all have similar increase both in fluorescence and transmission signal, most
probably due to individual quantum dots trapped. We believe that it is unlikely that this
situation could be due to three different aggregates.

Figure 3.16 shows spectra collected from the same aperture before and after scQD trap-
ping and serves as evidence for two-photon excitation in the absence of a sub-bandgap ex-

citation source. The spectral range between 520 nm to 700 nm is dark prior to trapping,
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Figure 3.15: (a) Emission and (b) 1064 nm transmission for filtered scQDs in the 56 nm aperture shows evidence to QD
blinking inside the optical trap. Multiple trapping events are detected in the (c) emission and (d) 1064 nm transmission

channels for filtered scQDs in the 38 nm aperture that exhibit rapid quenching at 265 and 280 seconds in the emission
channel only.

but a scQD emission peak appears at 640 nm after the particle is trapped. Additionally, the
absence of detected signal at 532 nm rules out second harmonic generation in the aperture
by the trapping beam. The emission and transmission intensities for this trapping event

are given in the Fig. 3.17. Given the simulated peak intensity enhancement of ~ 48x for
this aperture with a scQD in the aperture (Fig. 3.10a, the enhancement around the scQD
not the corner), the enhanced excitation flux at the trapped scQD is calculated to be 74.9
MW/cm?. This enhanced excitation flux, suitable for two-photon excitation of QDs", can
be reached with a very low incident flux of 1.56 MW/cm? at 1064 nm, due to the strong plas-
monic enhancement provided by the aperture®. We note that the enhanced flux inside the

aperture is a factor of five larger than the flux reported using free space trapping”.
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Figure 3.16: QD emission spectra before (blue) and after (red) optical trapping and two-photon excitation.

In Figure 3.17, the emission intensity was calculated by summing the spectral intensity
of each frame from spectrometer/CCD camera detection scheme. Spectra were collected
with 1 second integration times, resulting in poor time resolution in the emission channel.

Trapping occurred at 279 seconds and was stable until the trial ended at 300 seconds.

3.9 TwoO-PHOTON PHOTOLUMINESCENCE OF QDs ON SILVER F1LM

The most direct evidence to prove the QD inside the trap undergoes two-photon excita-
tion is measuring the power dependence of the Two-photon Photoluminescence (TPPL).
However, measuring TPPL with QD inside the aperture. The main reason was complica-

tion associated with varying the incident power over large range, while still having particles
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Figure 3.17: (a) Emission and (b) 1064 nm transmission channels for spectrally resolved emission detection presented in
manuscript figure 3.16.

trapped. Therefore, we measured the power dependence when QDs were drop-coated on
the same silver film. Due to local electric field enhancement, the QD still emitted fluores-
cence under the illumination of the 1064 nm trapping laser. The squared dependence of
the input power shows that the excitation was indeed due to two-photon excitation (Fig.
3.18). Since the apertures feature much higher optical intensity than silver film, two-photon
excitation becomes even more likely. Therefore, based on this indirect measurement, we

conclude that our luminescent data is indeed due to TPPL.
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Figure 3.18: The fluorescence intensity versus input power, showing the squared dependence.

310 OUTLOOK AND CONCLUSION

The system presented here offers unique opportunities to study light-matter interactions
inside a plasmonic cavity®. In the experiments, scQD:s did not stay inside the aperture af-
ter turning off the trapping laser, so the particle can be controllably placed and removed
from the aperture by toggling the trapping beam, allowing for convenient measurements
of the emitter inside and outside of the cavity. The optical trap also provides natural align-
ment of the nanoparticle to the peak field intensity in the aperture, alleviating concerns
over particle placement in a resonant cavity**. And the lift-off nature of the aperture fabri-
cation can enable fabrication of large arrays of apertures, each designed to operate at slightly
different wavelength, allowing for high throughput cavity resonance optimization. When

combined with our trapping based incorporation of QDs, this can eliminate the need for
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post-fabrication cavity tuning and trimming: it is always possible to find and work with a
resonator that is tuned to the emission wavelength of the emitter. Additionally, the plat-
form might enable studies of individual QD absorption spectrum over wide wavelength
range. This can be difficult using free-space approaches due to orders of magnitude differ-
ence between the absorption cross-section of the QD and the diffraction limited focal spot.
This issue can be alleviated with our device due to the confined gap mode and the fact that
aperture nature ensures that orders of more transmitted light interacts with QD trapped
inside the aperture. Lastly, experiments need not be limited to scQDs. Emitter-cavity in-
teractions can be investigated for alternative quantum emitters including nitrogen-vacancy
centers in diamond *°, semiconductor nanorods, and hybrid structures®.

In conclusion, bowtie apertures were designed and fabricated to optically trap 30 nm in-
sulated QDs, yielding a system with stable single particle trapping and robust two-photon
excitation at modest flux. Lift-off aperture fabrication was introduced and FDTD simu-
lations revealed favorable trapping conditions that may be further aided by non-optical
mechanisms. This system may enable the high-throughput experimentation of light-matter

interactions and multiphoton processes in various types of emitters.
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Coupling SiV Centers to Plasmonic

Nano-cavities

Beyond trapping, plasmonic cavities can also affect the emission properties of emitters
placed inside. In this chapter, we describe an application of such cavities towards quan-

tum network using photons, specifically those emitted from fluorescence defect centers in
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diamond.

Defect centers in diamond are great candidates for quantum information processing due
to their many advantages, such as high brightness, photostability, room temperature oper-
ation and presence of coherent spins which can be used as qubits. The defect center thus
provides the main components of a quantum network: spins which can store information
as quantum nodes, and single photons which exchange the information between nodes.
Single photons are also central to quantum cryptography, which ensures completely secure
communication.

Among the defect centers in diamond, the silicon-vacancy (SiV) center has gained signif-
icant attention due to its outstanding properties: strong zero-phonon line (ZPL) emission
(~ 70%), robustness to fabrication processes, nearly lifetime limited optical linewidths,
and lifetime-comparable spectral diffusions in nano-structures®. These features make SiV a
great candidate for the quantum optics applications.

SiV centers can either be used as pure single photon sources for quantum cryptogra-
phy®, or as qubits for quantum entanglement®. The ability to extract the single photons
is crucial for those applications and depends on two factors: out-coupling efhiciency and
photon generation efficiency. Hence, to harness the potential of defect centers, it is of great
importance to engineer their properties through nano-devices.

Out-coupling is poor for bulk diamond (limited to 3 % due to total internal reflection,
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Naiamond = 2-4 At 737 nm), which serves as motivation to sculpt the diamond on the nano- or
micron-scale in order to increase the coupling efficiency. Nanowires®* and solid immersion
lenses>?* have been previously fabricated in order to increase the efficiency roughly by one
order of magnitude, and tapered waveguide to optical fiber® can have a collection efficiency
as high as > 90 %.

Another approach to enhance the photon counts is to increase the photon generation
efficiency by engineering the radiative decay rate through Purcell enhancement®*. In this
case the number of the generated photons is enhanced due to an increased surrounding
photon density of states. Purcell enhancement can be achieved by coupling the emitter to a

cavity, with the enhanced factor given by:
A\ 3
Pr= g = i(_> 9 (4.1)

g is the coupling rate between the emitter and cavity; x is the cavity decay rate; y is the emit-
ter decoherence rate; Q and V are the quality factor and mode volume of the cavity, respec-
tively. We can see that Pr is proportional to Q/V. Thus a cavity featuring high quality fac-
tor and small mode volume is desired in order to achieve a high Purcell factor.

Here we define our figure of merit (FOM) as the multiplication of Purcell factor and
out-coupling efficiency. Purcell factor is the enhanced factor of generated photon counts

when pumped in saturation, and collection efhiciency is the ratio of the collected photons
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to all the generated photons. FOM indicates the amount of single photons we can actually
collect.

In this chapter, we propose to use plasmonic cavities to achieve both enhanced Purcell
factors and collection efficiencies*°. According to simulations done in FDTD (Lumerical),
the designed circular apertures can have Purcell factors of 18 and collection efficiencies of 15
%, when taking into account the tapered sidewall that results from diamond etching. The
FOM of circular apertures is 9o time higher than the FOM of bulk diamond, whose Pur-
cell factor is 1 and collection efficiency is 3 %. The measurements show that the majority of
SiV centers inside circular apertures have lifetimes near 1 ns, and can be as short as 0.2 ns,
which represents a ~ 9-fold reduction over the ~ 1.8 ns value typical for SiVs in bulk dia-
mond. Importantly, we found that some of the SiVs maintain narrow optical linewidths of
330 MHz, comparable to the transform-limited linewidth of 150 MHz, as well as small spec-
tral diffusion of & 100 MHz, even in plasmonic nanostructures, most likely because SiVs
are less sensitive to surface states than other common defect centers (e.g., nitrogen-vacancy
(NV) center®). The narrow linewidth and reduced spectral diffusion are critical for apply-

ing our devices in quantum information science and technology.
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4.1 INTRODUCTION OF SILICON-VACANCY CENTERS

The SiV center consists of one silicon atom sitting between two missing carbon atoms in
the diamond lattice (Figure 4.1(a) top). The energy level diagram is shown in Figure 4.1(a),
consisting of ground (*£;) and excited states(*£, ), separated by energy corresponded to 737
nm (the ZPL). The advantage of SiV compared to NV is that it has a strong ZPL which
constitutes ~ 70% of its total emission (versus 4 % for NV ?°). Spin-orbit coupling further
splits the degenerate levels in the excited and ground states, forming a four level system with
the allowed transitions A, B, C, D indicated (Figure 4.1(a)). Figure 4.1(b) shows a SiV pho-
toluminescence excitation (PLE) spectrum excited on-resonance (collection: > 760 nm)
featuring the four distinct transitions.

As can be seen from its atomic structure, the SiV has D,; symmetry®’. Importantly, the
inversion symmetry leads to no permanent electric dipole, so that the SiV energy levels are
not affected by fluctuations in the electric field. This is the reason that SiV can have highly
reduced spectral diffusion compared to that of NV which has only C;, symmetry featuring
no inversion symmetry. The linewidth and spectral diffusion are two important factors for
quantum optics applications. The linewidth should be as close as possible to the transform-
limited linewidth, and spectral diffusion should be as small as possible so that the emitter
can be used for realization of quantum networks. While the NV center is very promising

for such applications, it requires intricate surface treatment and annealing to maintain the
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Figure 4.1: (a) Atomic structure (top) reproduced from the reference’, and electronic structure (bottom) of the SiV. The
excited and ground states have double spin and orbital degeneracy, and are split due to spin-orbit coupling. (b) Photolumi-
nescence excitation of ensemble SiVs at ~ 10 K. The four emission lines corresponding to the four transitions illustrated

in (a) can clearly be seen.
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transition stability”. However, SiV has the advantage of robustness to those surface states
due to its symmetry as mentioned above. For example, recent work by the Lukin group at
Harvard® showed that SiV centers implanted in 300 - 00 nm size waveguides have nearly
transform-limited emission with minimal spectral diffusion and inhomogeneous broad-
ening, both being smaller than the ZPL linewidth, which is critical for future applications
such as quantum key distribution (Figure 4.2). Recently, it has been demonstrated that

a single SiV inside a photonic crystal nanobeam can be a quantum optical switch®®. This

confirms that SiVs can be integrated in nano-photonics networks for future applications.

4.2 INTRODUCTION OF PLASMONIC CAVITIES

Plasmonic nano-resonators can strongly enhance the local field strength of the pump beam
as well as the spontaneous decay rate of the SiV in order to improve single photon emis-
sion. As discussed in Chapter 2, although plasmonic cavities in general have low Q factors
(~ 10 — 50) due to the high losses in the metal, they can have extremely small mode volumes
(107* to 10 * (A/n)?). Thus it s still feasible to get moderately high Purcell factors through
coupling quantum emitters to plasmonic cavities. In the past, Purcell factors larger than
1000 were achieved using silver nanowires or nanocubes on metal films with spacings of

19,20

to 15 nm'>*°. Our group also successfully coupled NV centers to designed plasmonic cavi-

ties?>*?, showing both lifetime reduction and enhancement of saturation counts by a factor
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Figure 4.2: (a) SEM image of the nanobeam waveguides. Inset: schematic of a triangular diamond nanobeam containing an
SiV center. (b) The linewidth of SiV inside nanobeam, showing the nearly transform limit property. Inset is the histogram
of the SiV linewidths. (c) The transition shifted only by 400 MHz after one hour, proving the transition robustness of SiV.

All the figures come from the reference®.
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of ~ 7. We thus decided to use similar plasmonic nanocavities, but with higher collection

efficiencies.

4.3 DEsIGN

In this work, we proposed circular apertures to engineer the emission of SiV centers. An
SEM image and schematic of our device are in Figure 4.3(a). By exciting the structure and
collecting the emitted photons from the top, it is possible to increase the collection efh-
ciency *® compared to previous results where excitation and emission were on opposite sides
of the diamond®**°. Simulations show that the Purcell enhancement for circular apertures
with a diameter of 110 nm is ~ 24, and a collection efficiency of ~ 20%. The collection ef-
ficiency is obtained through calculating the far field pattern of the device and assuming the
numerical aperture (NA) of collection objective is 0.9. From Figure 4.3(b), we can see that
SiV emission mainly couples to the HEmr waveguide mode of the metallic circular aperture.
This mode has a uniform field distribution over the cross section of the aperture, which
makes the coupling easier. As can be seen from the side view of the mode’s field profile, the
supported resonance is a Fabry-Perot resonance with no node (FP-o mode). Since it oper-
ates at the near zero-index mode, the resonance wavelength highly depends on the diameter
of the aperture, but does not depend on the height of the pillars#°. In other words, the ad-

ditional physical length of the pillar does not contribute to its optical length since the mode
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Figure 4.3: (a) Top: top view SEM image of the fabricated plasmonic aperture. Bottom: side view schematic of the device,
showing the diamond pillar completely surrounded by gold film. (b) Field profile of the resonance. Top: HE11 mode of the
aperture. Bottom: mode profile of side view showing it is FP-O mode.

index is near zero.

However, due to the nature of etching, the sidewall of the pillar as produced during fab-
rication is always tapered (Figure 4.4(a), inset). The smallest slanted angle (3 in Figure 4.4)
we could currently achieve is ~ 6°. This will slightly degrade the Pr and collection efficiency
to ~ 18and ~ 15%, respectively. Still, this ~ 15 % collection efficiency is much higher
than the one from previous single aperture devices (3 %)°°. Another important difference
between this and past work is that we chose gold as a metal layer. While gold is more lossy
than silver, it is more robust and does not suffer from oxidation upon exposure to ambient

conditions.
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Figure 4.4: Simulations of the (a) Purcell factor and (b) collection efficiency for an aperture with slanted (red) or vertical
(blue) sidewalls. We can see the 6°slanted wall degrade Purcell factor from 24 to 18, and collection efficiency from 20% to
15%.

4.4 FABRICATION

The devices were fabricated in electronic grade diamond (Element Six). After mechanical
polishing of the diamond surface, we did reactive-ion etching (RIE) to remove 1 m of a re-
sulting highly strained layer of diamond. Then, tri-acid cleaning (1:1:1, sulfuric:perchloric:nitric
acids) was performed followed by Si implantation (Innovion Corp.). The implantation en-
ergy used was 75 keV, which corresponds to an implantation depth of so & 10 nm according

to SRIM (The Stopping and Range of Tons in Matter) simulations. After implantation, the
diamond went through another round of tri-acid cleaning, followed by annealing in an alu-
mina tube furnace in vacuum using a three step process to allow vacancy diffusion through

the diamond lattice in order to form SiV centers: 400°C (8 hour annealing time), 800°C (12
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hour annealing time), and 1100°C (2 hour annealing time)**°

. The tri-acid cleaning was per-
formed again in order to remove the resulting graphitized surface. The yield of SiV centers
is around 4% of the total implanted Si atoms.

Next, a thin Ti layer (15 nm) was deposited (e-beam evaporation, Denton) for better ad-
hesion of the resist used for e-beam lithography. The diamond substrate was spin-coated
with hydrogen silsesquioxane (HSQ), a negative tone electron-beam resist (FOX-16, Dow
Corning). The resist was diluted with methyl isobutyl ketone (MIBK) in a 1:2 ratio of
FOX:MIBK, in order to create a thinner resist that allows realization of smaller features.
The circular patterns were created with e-beam lithography (Elionix ELS-Fr25) using dosages
ranging from 3100 to 5000 uC/cm®. The sample was developed in tetramethylammonium
hydroxide (TMAH, 25% diluted solution) for 17 seconds, leaving behind 150 - 200 nm tall
nano-posts. These were used as the mask during the RIE etching (Plasma-Therm) to create
diamond pillars with embedded SiV centers. The first etch is 40 seconds of Ar/Cl, with 250
W RF biased power and 400 W ICP power, to remove the titanium layer. The second etch
is 190 seconds under the condition of 6o mtorr O, with 100 W RF biased power and 700
W ICP power to create 220 nm tall nano-posts. Next, 220 nm thick gold was deposited fol-
lowed by 650°C annealing for 7 minutes. The annealing results in gold reflow and reduces

the gap between gold and diamond pillars, which is critical for good Purcell enhancement

(Figure 4.6). Finally, sonication and lift-off in buffered oxide etch (BOE s:1) were performed
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Figure 4.5: Schematic of the fabrication process used for our devices.

to get clean diamond gold apertures.

The gold annealing is critical for our device performance as it eliminates the gap between
diamond and gold. Figure 4.6 shows that even a s nm gap results in a two-fold reduction of
the Purcell effect, while a 15 nm gap results in a six-fold reduction. From the field profile on
resonance, it can be seen that air gaps result in optical energy being concentrated in the gaps

thus reducing its overlap with SiV and reducing the Pp.

4.5 SETUP

We used a home-built confocal microscope to characterize our plasmonic aperture devices.
We first obtained a scanning image (Figure 4.7) by using oft-resonant 700 nm excitation
and collecting emission at the ZPL via a bandpass filter (740 nm with bandwidth 15 nm).

We then measured the lifetimes, linewidths, and spectral diffusion characteristics of specific
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Figure 4.6: (a) The device before and after gold annealing, showing that annealing makes gold reflow and fill the gap. (b)
Simulations of Purcell factors with different gap sizes. We can see that with a 15 nm gap, the Purcell factor already drops

from 24 down to only 4.
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Figure 4.7: Confocal scanning image of the devices, off-resonance excitation.

SiVs using resonant excitation (737 nm) and collection of phonon-sideband (PSB) emission
above 760 nm. The first property was measured using a pulsed laser witha ~ 15 — 20GHz
bandwidth (Mira 8oo laser and monochromator), while the last two were obtained with
CW excitation (M-squared laser).

The setup for pulsed laser is shown in Figure 4.8. The femto-second pulses from Mira
were sent into monochromator with 1200 g/mm grating, which can be used to select the
desired laser emission wavelength. A slit was set in order to reduce the pulse bandwidth
to ~ 15 — 20GHz (that is, the duration increases to ~ 25 ps.). Figure 4.9(a) shows the
resonant scanning of SiV ensemble, taken at the position of the marker (indicated in Figure

4.7). The clear four lines from SiV ensemble indicates small inhomogeneity of SiVs in our
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Figure 4.8: Schematic of the pulsed Ti:Sapphire laser and monochromator for resonant scanning of SiV. APD is avalanche
photodiode.

samples.

4.6 LIFETIME MEASUREMENTS

We measured the lifetimes of the four lines in the ensemble SiVs, and they were found to
be within 1.85 - 2 ns, consistent with previous literature (1.7 - 1.8 ns)'***. Figure 4.9 shows
a comparison of SiVs in the marker region versus plasmonic apertures. Interestingly, SiV
transitions inside apertures span a relatively wide wavelength range (~ 7 nm) compared to
that of bulk (< 1 nm), which is likely caused by large local strain introduced by our fabrica-

tion process. We will describe this in a later section.
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Figure 4.9: The PLE spectrum of the (a) ensemble SiVs in the marker and (b) few SiVs in the device. The transitions in the
plasmonic devices are mostly single SiV (confirmed by CW pumping measurements shown later), and span a relatively
wide wavelength range, indicative of large local strain fields. The lifetime of each transition was measured using pulsed
excitation and is indicated in (b). An example of a transition with the remarkably low lifetime of 0.2 ns is indicated in blue.
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Figure 4.10: Histogram of the SiV lifetimes inside plasmonic nanocavities (a) before and (b) after removing gold, showing
that the lifetime reduction is truly due to plasmonic cavities.

Resonant excitation enables us to address a specific SiV transition. By sending the PSB
fluorescence and Ti:Sapphire laser signal into a time-correlated single photon counting sys-
tem (TCSCPM, PicoHarp), we can measure the lifetime of individual SiV transitions. Due
to the position and dipole polarization of the SiV inside the nano-cavity, different transi-
tions have different lifetimes. Figure 4.10 shows a histogram of the lifetime measurements
of our plasmonic devices. The measurements show that SiV centers inside circular aper-
tures can have lifetimes as short as 0.2 ns, while most of them range from 0.9 to 1.7 ns. 0.2
ns lifetime represents a ~ 9-fold reduction over the typical value in bulk diamond (Figure
4.10).

The measured lifetime reduction in fact includes both radiative and non-radiative relax-

ations, because the number of collected photons depends not purely on radiative emission,
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Figure 4.11: The lifetime comparison between the fastest SiV in our plasmonic apertures (red) and ensemble bulk SiVs
(black). The shortest SiV lifetime in plasmonic apertures is ~ 0.2 ns, which shows a ~ 9-fold reduction over a typical

~ 1.8 ns SiV lifetime.
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but also on the availability of electrons in the excited state which can be reduced by non-

radiative processes before a photon is emitted. The lifetime 7, is given by:

I
;— - PF x yr + '}/nr (42’)

where y, y, . are radiative and non-radiative relaxation rate, respectively. The quantum

efficiency (QE), which defines the relative amount of radiative emittions, is:

V4
=T (43)
Q '}/7’ _'_ 'ynr

Given that the non-radiative relaxation might be large for SiV centers®**, the actual Pur-
cell enhancement should be larger than the measured lifetime reduction. After removing
gold, the lifetimes are mostly 1.6 to 2 ns, showing the lifetime reduction is truly due to our
metal cavities. Here, the non-radiative relaxation is mainly due to relaxation through emit-
ting phonons. The photon loss due to presence of absorbing metal layer is still regarded as
radiative relaxation.

Here, we want to have a better estimation of the true Purcell enhancements. The exact
QE of SiV centers is still under investigation, and believed to be a number between 0.1

102

and 0.3'>. Assuming an intermediate value of QE ~ o0.17, and selecting a 1 ns lifetime

results in P ~ 6, which is in good agreement with what we observed for the similar de-
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vices**'*. Since the HEm resonance has quite uniform E-field distribution, statistically it is
expected that most implanted SiVs will couple to this mode resulting in a lifetime of ~ 1 ns.
This is precisely what we observe in the histogram shown in Figure 4.10.

By assuming the same QE ~ o.17 and selecting the shortest measured lifetime of 0.2 ns,
we obtain Pr ~ so. This experiment extracted value is larger than our simulated Purcell
factors (~ 18), and can be explained if the SiV is close to metal. To verify this, we performed
the simulations and found that when SiV is only 5 nm away from gold, the radiative en-
hancement can be as large as ~ so (Figure 4.12). In these simulations we assumed a SiV po-
larization normal to the gold/diamond interface. This result is in agreement with previous
work*+**?® where it was shown that a large enhancement in radiative rate is possible due
to coupling to surface plasmon polariton (SPP) modes that feature large photon density of
states. This comes at the expense of a reduction in photon extraction efficiency due to large
losses of these plasmon modes. Indeed, in our devices, although the radiative enhancement
is enlarged by so, the collection efficiency drops down to only 4 %. In terms of FOM, the
SiV which is s nm away from metal (200 %) is still inferior to the SiV in the center of the

aperture (270 %).
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Figure 4.12: (a) Schematic of the device with two SiVs: one in the center and the other close to the metal. Simulations of
(b) Purcell factor and (c) collection efficiency of two SiVs. We can see the one which is 5 nm away from the metal can have
Purcell factor as high as ~ 0. However the collection efficiency drops down to only 4%.
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4.7 STRAIN INSIDE PLASMONIC APERTURES

As explained above, it is known that due to its inversion symmetry, the SiV does not have
a permanent electric dipole, which means that spectral diffusion is highly reduced because
the line cannot be shifted by a fluctuating electric field. However, SiV transitions possess

105,100

a large strain susceptibility , significantly larger than for NV centers™’, for example.
From Figure 4.9, we can see that the SiV transitions inside our plasmonic apertures expe-
rienced large shifts in their transition wavelengths from 737 nm, which were greatly sup-
pressed upon removal of gold (Figure 4.13), strongly suggesting that strain is introduced by
the gold film, possibly induced by gold annealing which creates a direct interface between
gold and the diamond pillar. We measured many SiVs in multiple devices and have gener-
ated histograms of the transition wavelengths with and without gold (Figure 4.14). We can
clearly see after removing gold, most of the transitions are "bunched” around the expected
737 nm wavelength.

To better understand the nature of the strain, we performed temperature studies of our
devices. We increased the temperature from 11 K to 70 K in four steps and scanned the same
SiV transition at each temperature. We observed that all the transitions (C lines in Figure
4.1) blue shift back to original 737 nm position at higher temperature, which is opposite to

the normal red shift expected from temperature effect alone™’”. We also always found that

the shift becomes larger for each temperature increment. The amount of shift differed for
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Figure 4.13: PLE spectrum of devices with and without gold. We can see without gold, most of the transitions are in the
737 nmrange.
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Figure 4.14: Histogram of the SiV line positions (a) before and (b) after removing gold. After removing gold away, the line
position histogram is similar to ensemble fluorescence spectrum, further confirming that large spread in (b) is due to gold
induced strain.
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each transition, and we could not see any correlation between the amount of shift and line
position. Based on temperature measurements we believe that different thermal expansion
coefficients between Au and diamond result in different amount of induced strain which

in turn results in different wavelength of transitions. The nature (tensile or compressive) of
the large strain that we infer is not yet clear and is interesting to investigate further.

An interesting observation is that a transition features a particularly narrow linewidth
when temperature increases, only ~ 5 GHz at 70 K (Figure 4.15), which is 1 order of mag-
nitude less than the other transitions. This is probably because the strain-induced splitting
of the corresponded ground states is so large that the phonon density of states is greatly
suppressed, and thus the dephasing in ground states is reduced. This is currently under

investigation.

4.8 LINEWIDTH AND SPECTRAL DIFFUSION

As discussed, SiV has the advantage of robustness to surface states, and has stable tran-
sitions in nano-structures, such as 300 nm wide waveguides®. Here, we demonstrated
that SiV can also be stable in our plasmonic apertures. Remarkably, even without post-
annealing after our fabrication, we could still observe SiVs with narrow linewidths and
little spectral diffusion (Figure 4.16). In order to further study the linewidth and spectral

diffusion, the devices were cooled to 4 K and pumped with minimal laser power to avoid
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Figure 4.15: The same SiV PLE at different temperatures. It moves back to the normal 737 nm position as the tempera-
ture increases.

thermal contribution and power broadening. One of the measured SiV transitions has
linewidth as narrow as 330 MHz (averaged over 45 scans to account for spectral diffusion
which can be faster than the scanning speed, Figure 4.17), which is comparable to the trans-
form limit of 150 MHz for the associated 1.1 ns lifetime. We attribute the difference to ther-
mal broadening and spectral diffusion. Due to the field enhancement of plasmonic aper-
tures, 10 nW is enough to see clear transitions.

Using our 45 scans (Figure 4.17), we could also measure the spectral diffusion of our de-
vice. The spectral diffusion is within the linewidth (& 100 MHz), which is comparable
to what has been observed in the case of SiVs in nanostructures®. Note that due to beam

drifting, we could only do 10 consecutive scans, optimize the focus, and do another 1o con-
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secutive scans again. We could find 1 to 2 stable SiVs out of 10 in our plasmonic apertures.
Figure 4.18 is another example of nearly transform-limited linewidth SiV. The demonstra-
tion of narrow linewidth and little spectral diffusion shows that our devices can have appli-

cations in quantum optics.



4.9 OuUTLOOK AND CONCLUSION

The reduced lifetime of SiVs in our plasmonic devices is an evidence of Purcell enhance-
ment. Purcell enhancements can be further confirmed with additional measurements of
enhanced saturation counts. This measurement is challenging in our case because our de-
vices have more than one SiV per aperture, and the transitions shifted after removing the
gold, which made it difficult to compare the same SiV saturation counts with and without
Au. In the future, we will fabricate devices with single emitters to enable better comparison
of saturation counts.

In addition, a large applied local strain induced in our device could further split the two
ground states into a regime with much lower phonon density of states. As a result, the
short spin coherence T2 time in the ground state could be improved by orders of magni-
tude, which is a main issue in applying SiVs as quantum registers. The spin coherence T2
time will be confirmed by optically detected magnetic resonance (ODMR)?2.

Beyond circular apertures, we also designed the bowtie apertures since they have smaller
mode volume and thus higher Purcell enhancements. The Pr can be as high as 9o fora 20
nm gap bowtie aperture, and systematic investigation of those are ongoing.

In conclusion, we fabricated the gold circular nanoresonators on diamond to achieve
Purcell enhancement for SiV centers. The simulations showed that Purcell factors of ~ 18

and collection efficiencies of ~ 15% can be achieved in our devices. Measurements demon-
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strated the maximum lifetime reduction of 9, while most of the life reduction is 1.8 com-
pared to SiVs in bulk diamond. Given that SiV has a low internal quantum efficiency, the
Purcell factor should be higher than the lifetime reduction. Besides, we observed SiVs can
have nearly transform-limited linewidth and linewidth-comparable spectral diffusion. This

shows that our devices can have applications for quantum networks.
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