DIGITAL ACCESS 10 —
SCHOLARSHIP s HARVARD e for Scnolry Communicaton

DASH.HARVARD.EDU

Coupling Plasmonic Cavities to Quantum Emitters

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:39987938

Terms of Use

This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .

Accessibility


http://nrs.harvard.edu/urn-3:HUL.InstRepos:39987938
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Coupling%20Plasmonic%20Cavities%20to%20Quantum%20Emitters&community=1/1&collection=1/4927603&owningCollection1/4927603&harvardAuthors=f23196dc4824317f91a0818eee41c197&departmentEngineering%20and%20Applied%20Sciences%20-%20Applied%20Physics
https://dash.harvard.edu/pages/accessibility

Coupling Plasmonic Cavities to Quantum
Emitters

A DISSERTATION PRESENTED
BY
I-CauN Huana
TO
THE DEPARTMENT OF THE SCHOOL OF ENGINEERING AND APPLIED SCIENCES

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DocToR oF PHILOSOPHY
IN THE SUBJECT OF
ArrLIED PHYSICS

HARVARD UNIVERSITY
CAMBRIDGE, MASSACHUSETTS
May 2017



©2017 - [-CHUN HuAaNnG
ALL RIGHTS RESERVED.



Thesis advisor: Professor Marko Lonéar I-Chun Huang

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 )] (e



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

I0



Air Transmission

0.35
0.3
__ 025
S 02 |
<o1s
01
0.05 EBD //
ae”\.

Othorder

400 900 1400 1900 2400 2900 3400
Wavelength (nm)

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:

Ao 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.
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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 calcul