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ABSTRACT

Cesium lead halide perovskite quantum dots (PQDs) provide an extraordinary
solution-based method to fabricate high-performance solar cells, luminescent light-
emitting devices, highly coherent single-photon quantum sources, and studying quan-
tum mechanisms for quantum computing technologies. In these applications, charac-
terizing heterogeneity and observing coupling between dots is critical. In this thesis,
we use double-nanohole (DNH) optical tweezers to realize single trapping for PQDs
in solution. We can estimate the size of an individual dot by studying thermal fluc-
tuations and correlate it to emission energy shifts from quantum confinement.

Based on single trapping experiment, we also use the same setup to capture a
second dot by using the DNH tweezer and observe a systematic red-shift of 1.1 ±
0.6 meV in the emission wavelength upon multiple repeated measurements. Theoret-
ical analysis shows that the experiment results are consistent with Förster resonant
energy transfer (FRET), which has been proposed to obtain entanglement between
colloidal quantum dots for quantum information applications. The value of the FRET
is quite large when compared with the confined quantum dots and it is exciting for
FRET to generate entanglement for quantum information processing applications
(e.g. quantum logic gates).

In the thesis, we have proved that our method allows for in-situ sizing of individual
PQDs for the first time, which is relevant for improving the growth process and does
not require expensive techniques. It also enables future work to search and select
two dots that are nominally identical. Optical trapping with DNHs fabricated using
colloidal lithography can be used to control PQD growth in-situ and enables further
studies of the coupling of quantum dots at a small distance with quantum information
applications.
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Chapter 1

Introduction

Quantum dots (QDs), whose general sizes are around 2-20 nm, are known as the
extraordinary material for the next generation of optoelectronic applications [1, 2, 3].
Quantum dots are semiconductor nanostructures that bind excitons in three spatial
directions [1], sometimes called "artificial atom". To be more specific, QDs have
different shapes: cuboid, cylindrical, pyramidal, conical, and lens shaped [4]. With
the quantum-size effects, their optical properties are enhanced by adopting flexible
bulk counterparts and versatile surface chemistry engineering. Cesium lead halide
perovskite quantum dots (PQDs) has been the most promising solution-based optical
materials because of their outstanding photonic performance [1, 5, 2, 6]. The CsPbX3

nano cube and its synthesis, crystallography, and the direct bandgap have been re-
ported more than 60 years ago [2, 3]. In recent years, with the great breakthroughs in
studying PQDs, many applications have been developed (e.g., single-photon emitters
[7], improved solar cells [1, 8, 9, 10]). PQDs of 4-15 nm with a cubic structure have
been reported to exhibit not only compositional bandgap engineering but also an ex-
citon Bohr diameter of up to 12 nm, which shows the size-tunability of the bandgap
energies that cover all the visible spectral wavelength (410 – 700 nm) with narrow
emission line-widths, short radiative lifetimes and high quantum yields [2].

With the fast development in quantum computing, many researchers are working
on different potential areas for making a qubit for quantum systems (eg, supercon-
ducting circuit [11, 12, 13], ion trap [14, 15], quantum dot system (spin bit, charge bit)
[16, 17, 18, 19, 20]). Tuning the coupling relationship between two quantum dots can
realize different quantum logic gates [20] and let them to talk (shown in Figure 1.1).
Here, in this thesis, a novel method for sizing a single PQD and studying the coupling
between two individual dots are proposed and described in detail. We first develop
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a simple method to estimate the size of the PQDs NCs in a heterogeneous solution.
We then demonstrate that there is always a systemic red-shift between two coupled
PQDs by using an optical tweezer. We consider several physical principles and we
confirm the Förster resonate energy transfer is the dominant coupling mechanism
between the two PQDs.

Figure 1.1: Two coupled quantum dots with one valence electron per dot. Each
electron is confined to the XY plane. The spins of the electrons in dots 1 and 2 are
denoted by S1 and S2. The magnetic field B is perpendicular to the plane, i.e., along
the z axis, and the electric field E is in plane and along the x axis. The exchange
coupling J between the spins is a function of B, E, and the inter-dot distance 2a [20].
Copyright © 1999 American Physical Society

1.1 Motivation for this thesis

1.1.1 Sizing single PQDs by using optical tweezer

Quantum confinement refers to the spatial confinement of electron-hole pairs (exci-
tons) in one or more dimensions, where the electron energy levels are discrete. This
is due to the limitation of the electron wave function on the physical size of parti-
cles. Based on the quantum confinement, the emission wavelengths from PQDs can
be tuned by changing their size [21, 22, 23]. One problem raised from this prop-
erty: it is hard to fabricate PQDs with controlled size and high ensemble uniformity.
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It has been a major hindrance to photovoltaic and energy-harvesting applications.
The structural heterogeneity of quantum dots greatly affects the overall properties of
current semiconductor materials. Irregular size distribution in solution-based PQDs
leads to the reduced output voltage and charge-carrier transport in solar cells [8].
Past works show that the output voltage has a strong relationship with the PQDs’
bandgap [9, 24]. The technology that can precisely control quantum confinement
with identical sizes of PQDs has been proposed and studied these years by many
groups [21, 22, 23, 25, 26, 27]. For example, it would be great to have the scheme
to select dots of a specific output voltage for high-performance solar and emitting
applications [28, 8, 9, 24]. Or selecting two dots of the same wavelength so that they
emit indistinguishable photons for quantum applications [29, 30].

Whereas, characterizing the physical size of PQDs from samples with external
high-resolution equipment (e.g. transmission electron microscope) is the prerequisite
to solving this problem. Existing measurement methods do spectroscopy on a sur-
face [31, 32], which may be a factor that affects the sample due to the unclear stability
of their chemical characteristics (heat, moisture, oxidation) [33]. The degradation
of PQDs also limits the accessibility and feasibility of their applications. The key to
solving the problem is to select and process or to do automated purification in their
bulk solution. One approach would be practical is to use optical tweezers coupled to
nanopores as has been done before [34, 35], or an optical tweezer on the end of a fiber
that allows for translocation as has been demonstrated by Gordon’s group [36, 37],
which are compact to integrate and easy to operate. Producing and measuring the
dots with uniform and controllable size has been a goal to improve the performance
of device applications.

1.1.2 Coupling between PQDs dimer assembly by using opti-

cal tweezer

All-inorganic halide perovskite nanocrystals have efficient single-photon emission and
long coherence time [38], which makes them a hot spot in the application of quantum
information. Their strong coupling also allows non-classical emission, such as super-
fluorescence. In order to better understand this coupling, it is meaningful to study
the coupling between two such emitters, which can be used to create entangled states.

Multiple physical mechanisms can be responsible for quantum dot coupling in so-
lution. For quantum dots that are nominally symmetric and do not allow for electron



4

tunneling, Förster resonant energy transfer (FRET) has been considered to achieve
coupling between dots, providing a possible avenue toward quantum information pro-
cessing [39]. In the past, resonant energy transfer (RET) has been studied for PQDs
of different sizes, where the longer wavelength emission peak is enhanced due to one-
directional energy transfer [40]. The bi-directional coupling that arises from just two
PQDs that are nominally the same size has not been investigated so far.

1.2 Organization of this Thesis

This thesis first presents the extraordinary electronic properties and promising ap-
plication future of PQDs. Then the experimental methods adopted in this work are
described and the results are presented and fully discussed.

Chapter 2 covers the basic background of PQDs and the theoretical background
of traditional optical tweezers. Then we introduce nanoplasmonics tweezers with the
double nanohole (DNH) apertures we used in this work. It also reviews the progress
made using this technique in different studies.

Chapter 3 shows the details for running the experiments, which include the syn-
thesis method for PQDs solutions, DNH optical tweezer fabrications, making solution-
based PQDs samples with DNH tweezers, and experiment trapping setup.

Chapter 4 presents the results obtained for sizing a single PQD and measuring
the coupling between two individual PQD when double trapping happened. It also
discusses the results, along with theoretical calculations and numerical simulation.

Chapter 5 concludes this work with some discussion of future work.

1.3 Author’s contribution

The work presented in Section “Chapter 4 – Result and discussion” was published by
© 2022 American Chemical Society [41]. Reprinted with permission.

H. Zhang, P. Moazzezi, J. Ren, B. Henderson, C. Cordoba, V. Yeddu, A. Black-
burn, M. Saidaminov, I. Paci, S. Huge & R. Gordon. Coupling Perovskite Quan-
tum Dot Pairs in Solution using Nanoplasmonic Assembly .

H.Z. fabricated the DNHs, performed the trapping experiments, ana-
lyzed the data and did the FDTD simulation. P.M. and V.Y. made the PQD
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samples. M.I.S. advised on PQD synthesis and characterization. C.C. and A.B. were
responsible for TEM imaging. B.H. and I.P. contributed to simulation of bandgap and
emission energy as a function of single PQD size. J.R. and S.H. contributed to the
theory and simulations of coupled quantum dots. R.G. advised on the experiments
and analysis. All authors contributed to writing the manuscript.

This work will also be divided into two different parts and will be presented at the
16th International Conference on Near-Field Optics, Nanophotonics and
Related Techniques .

H. Zhang, P. Moazzezi, J. Ren, B. Henderson, C. Cordoba, V. Yeddu, A. Black-
burn, M. Saidaminov, I. Paci, S. Huge & R. Gordon. Sizing single quantum dots
insolvent using nano-tweezers (Abstract, accepted)

Abstract : Cesium lead halide perovskite quantum dots (PQDs) promising solution-
based optical materials because of their outstanding photonic performance. With
the great breakthroughs in studying PQDs, many applications have been developed.
Based on the quantum confinement, the emission wavelengths from PQDs vary with
size. Producing and measuring the dots with uniform and controllable size has been
a goal to improve the performance in device applications. Several groups have re-
fined the fabrication processes to obtain good size uniformity; however, this usually
involves transmission electron microscope analysis a posteriori, which is not conve-
nient for characterization. Sizing PQDs insolvent would be a good approach when
producing PQDs with uniform size, allowing for in-situ monitoring. In this paper,
we present an approach to characterize in-situ the size of individual quantum dots
and correlate this with their optical spectrum to see the impact of quantum confine-
ment. We observe and analyze the heterogeneity of PQDs insolvent by using optical
tweezers with DNH aperture. By using a simple calculation model of the Schrödinger
equation, we calculate the bandgap as a function of particle size, which has a good
agreement with our experiment result.

P. Moazzezi, H. Zhang, J. Ren, B. Henderson, C. Cordoba, V. Yeddu, A. Black-
burn, M. Saidaminov, I. Paci, S. Huge & R. Gordon. Coupling between Perovskite
Quantum Dots in a Plasmonic Optical Tweezers (Abstract, accepted)

Abstract : All inorganic halide Perovskite (CsPbBr3) nanocrystals (NCs) have
efficient single photon emission and long coherence times which makes them of in-



6

terest for quantum information application. Their strong coupling also allows for
non-classical emission, such as superfluorescence. To understand the coupling better,
it is of interest to study the coupling between two such emitters, and this may be used
to create entangled states. In this paper we measure the coupling between two Per-
ovskite quantum dots (PQDs) by an optical tweezer trapping setup. We sequentially
trap two dots in a single trap and measure the change in emission wavelength and
intensity. We show the distribution of two-photon photoluminescence for single and
double PQD trapping. Double PQD trapping is identified via jumps recorded on an
avalanche photo diode. The emission intensity for double PQDs is more than double
in comparison with single PQD trapping, and also there is systematic red-shift in the
emission. The direct electronic coupling does not explain the observed shift, and so
other mechanisms are required to explain these results.
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Chapter 2

Background

This chapter will introduce the background of the PQDs and their extraordinary
electronic properties in section 2.1.

Then we will review the overarching theory of the optical tweezers and nanoplas-
monics tweezers in section 2.2.

Optical trapping and nanoplasmonic enhanced methods applied for quantum dots
will be reviewed in section 2.3.

In section 2.4, the advanced method for sizing single nanoparticle with optical
tweezer will be reviewed.

In section 2.5, we will review three potential physical coupling mechanisms be-
tween two quantum dots.

FDTD simulation method will be introduced in section 2.6.
These sections are the basis and explain the motivation for this thesis work in

detail, which aims to use optical tweezers for studying PQDs and their coupling in
solvent.

2.1 Perovskite Quantum Dots

Perovskite is a kind of mineral that was first discovered in the Ural Mountains by a
German scientist called Gustav Rose. Later, Perovski first characterized the structure
of this mineral. Since then, all compounds with ABX3 structure have been called
perovskite [42]. Perovskite thin films usually contain a large density of charge traps
at the grain boundaries. Since the single crystals have no grain boundaries, the
perovskite single crystal-based devices will have better optoelectronic performances
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[43]. Thus, perovskite has been studied in many areas, especially in fabricating novel
quantum dots, as is shown in Figure 2.1.

Figure 2.1: (a) Schematic of the cubic perovskite CsPbBr3 lattice. (b-c) Typical
transmission electron microscopy (TEM) images of CsPbBr3 NCs. (d) Emission
from CsPbX3 NCs (black data points) plotted on CEI chromaticity coordinates and
compared to most common color standards. Adapted from Ref [2]. Reprinted with
Copyright © 2015 American Chemical Society.

All-inorganic cesium lead halide perovskite quantum dots (CsPbX3, X = Cl, Br,
I) have become the hot-spot among all types of material candidates for the next pho-
tonic devices, such as the application of solar cells, light-emitting diodes, lasers, and
displays. The optical properties of the popular different types of PQDs are summa-
rized in Table 2.1. With the broad absorption spectrum and high photoluminescence
(PL), up-to-90% quantum yield, and the narrow emission bandwidth [44, 45, 5, 2, 6].
Figure 2.1a-c shows its cube structure and TEM images. Emission from CsPbX3

nanocubes can be comparable with the most common color standard, as is shown in
the Figure 2.1d.

As is shown in Figure 2.2c, their optical absorption and emission wavelength can
be fully tuned continually, which overlap all the visible range, by adjusting their
composition.
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Table 2.1: Different Types of PQDs [1]
PQD type Lattice structure PL peak [nm] PLQY Refs.
CsPbX3 Cubic 410-700 50-90 [2]
CsPbX3 Cubic 440-682 50-95 [46, 47, 48]
CsPbBr3 Cubic 470-690 - [49]
CsSnX3 Cubic 470-930 <1 [50]
Cs2SnI6 Cubic 620 <1 [51]

CsSn/PbX3 Cubic 496-520 37-71 [52]
CsPb/MnX3 Orthorhombic Dual emission 402/586 0-54 [53, 54]
CsPb/MX3 Cubic 452-512 >50 [55]
CsPb/BiX3 Cubic 512-517 8-55 [56]
Au− CsPbX3 Cubic 472 60 [57]

2.1.1 Quantum Confinement

When the CsPbX3 PQDs’ size is larger than the de Broglie wavelength of the electron
wave function, there is no quantum confinement effect [58, 2]. That means the band
gap keeps the original energy level due to the continuous energy state. However, if
the size is nearly equal to or smaller than the de Broglie wavelength of the electron
wave function, the energy spectrum will become discrete. The band gap will have a
dependency on the physical size of the nanoparticle. By decreasing the particle’s size,
electron-hole pares will get closer and the activation energy will increase, which will
lead to the blue shift of the light emission. The quantum dots (including cube and
sphere shapes) are limited to three-dimension.

To be more specific, the confinement can be divided into three regions [58, 59, 2].
The strong confinement region is defined as the radius of the quantum dots being less
than the Bohr radius of the electron and hole. When the dot’s size is greater than the
radius, the weak confinement region is defined. Between the strong confinement and
the weak confinement, there is an intermediate confinement regime, which stands for
the size of the dot is larger than one of the charge carrier’s size but smaller than the
other’s (usually the electron). If the sizes of the quantum dots are uniform, there will
be only one emission peak. If the solution is the heterogeneous, multiple emission
peaks might be observed as a continuous spectrum.

By using the effective mass theory [60, 2], the effective Bohr diameter of a Wannier-
Mott exciton can be expressed by [2]:

α0 =
2ℏ2ϵ∞

m∗e2
(2.1)
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Figure 2.2: Colloidal perovskite CsPbX3 NCs (X = Cl, Br, I) exhibit size− and
composition−tunable bandgap energies covering the entire visible spectral region with
narrow and bright emission: (a) colloidal solutions in toluene under UV lamp (λ =
365 nm); (b) representative PL spectra (λexc = 400 nm for all but 350 nm for
CsPbCl3 samples); (c) typical optical absorption and PL spectra; (d) time−resolved
PL decays for all samples except CsPbCl3. Adapted from Ref [2]. Reprinted with
Copyright © 2015 American Chemical Society.

where ϵ∞ is the effective dielectric constant, and m∗ is the reduced carrier mass. The
binding energy between electrons and holes can be expressed as:

Eb =
2ℏ2

m∗e2
(2.2)

where ℏ is the Planck constant. Thus, the size dependence of the quantum confine-
ment (CsPbBr3) can be calculated by [2]:

∆E =
ℏ2π2

2m∗r2
(2.3)

Table 2.2 summarizes the general properties of three different CsPbX3 quantum
dots with cubic shape [2].

Table 2.2: General Properties of CsPbX3 PQDs [2]
Eg (eV ) m∗

h m∗
e ϵ∞ Eb (meV ) a0 (nm)

CsPbCl3 2.82 0.17 0.20 4.07 75 5
CsPbBr3 2.00 0.14 0.15 4.96 40 7
CsPbI3 1.44 0.13 0.11 6.32 20 12
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Figure 2.3: The size dependence of the bandgap energy with quantum confinement
regimes noted in relation to the Bohr diameter (db =7 nm). Adapted from Ref [59].
Reprinted with Copyright © 2017 American Chemical Society.
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2.2 Optical Trapping Fundamentals

2.2.1 Rayleigh Scattering and Optical Tweezer

Rayleigh scattering, which was named by John Strutt (3rd Baron Rayleigh), is a gen-
eral phenomenon that happens in our daily life. For example, in the atmosphere,
Rayleigh’s scattering of sunlight leads to diffuse sky radiation. That’s why the sky is
always blue. Rayleigh scattering occurs when incident light passes through tiny parti-
cles (such as the dust, which consists of small atoms or molecules) with a radius much
smaller than the wavelength of light (electromagnetic radiation). Broadly speaking,
Rayleigh scattering will occur when the incident light travels through transparent
solids, liquids, and especially gas. With the Rayleigh scattering theory, the optical
forces acting on small dielectric particles will be more effective. Optical tweezers,
which can manipulate small particles, have been studied and developed for many
applications (biology [61], medical [62], nano-engineering [35], chemistry [63] and
quantum optics [64, 65]).

In 2018, Arthur Ashkin won the Nobel Prize for the first optical tweezer in the
world. Since the first optical tweezer was designed in the 1970’s [66, 67], optical
trapping has become more widely adopted by many researchers. Optical force, which
is generated by the incident laser beam to trap the objects, is critical for the optical
tweezer. Intensity gradients in the converging beam capture the small particles and
move them toward the focal point. An object can be trapped near the focal point in
the XYZ dimensions since the gradient force is the dominant force. Focused incident
of electromagnetic radiation with a Gaussian profile can generate two types of optical
forces. As is shown in Figure 2.4, two different optical forces are playing an important
role in the tweezer setup, which allows a small particle to get balanced and trapped.
The scattering force is generated by the momentum transfer of photons through the
small particle and the gradient force is resulting from the intensity gradient. Figure
2.4 demonstrates the radiation pressure acting on a small sphere particle in an incident
beam, which results from the scattering and gradient forces on the sphere. Here, the
diameter of the particle is bigger than the incident wavelength, and its refractive
index is much bigger than the surrounding medium. If assuming there is a photon
hit on the particle, it will carry a linear momentum of:

P =
hν

c
(2.4)
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where h is the Planck constant and ν is the frequency. c stands for the speed of light.
Omitting the surface reflections, we can assume all the light rays are refracted

by the particle. If we assume two paths a and b upon scattering resulting force Fa

and Fb on the sphere which ensures the conservation of momentum (as shown in Fig.
2.4). Notice that the particle is not at the focal point, which means ray a has a higher
intensity than ray b, and the magnitude of force Fa is greater than Fb:||Fa|| > ||Fb||.
After analyzing all the symmetrical pairs of rays exerting the particle, the system
can be treated with two components: the scattering force (Fscat) and the gradient
force (Fgrad). The direction of Fscat keeps the same as the incident beam, while Fgrad

points transversely to the highest intensity area of the incident beam. As shown
in Figure 2.4, the optical tweezer can be an oscillation system, which consists of a
ball and a spring. Whether the gradient force pulls or pushes the sphere depends
on the position relative to the focal point. When the particle is on the right top
or bottom of the focal point, the gradient force on the x-axis and y-axis becomes
zero: Fgradx = Fgrady = 0. The force only acts on the particle along the z-axis.
The backward axial gradient force Fgradz becomes dominant and counteracts Fscat.
Usually, the stable trapping system consists of a strongly focusing laser beam with a
high numerical aperture microscope objective.

Here we can quantitatively calculate the force acting on the small particle (ap-
proximate with a sphere) in the ray optics regime by using Fresnel reflection and
transmission coefficients [68]

Fscat =
nP

c

{
1 +Rcos(2θ)− T 2 [cos(2θ − 2r) +Rcos(2θ)]

1 +R2 + 2Rcos(2r)

}
(2.5)

Fscat =
nP

c

{
Rcos(2θ)− T 2 [cos(2θ − 2r) +Rsin(2θ)]

1 +R2 + 2Rcos(2r)

}
(2.6)

where n is the refractive index of the medium, P is the laser beam’s power, θ is the
incident angle and r is the reflection angle. R and T stands for the Fresnel reflection
and transmission coefficients at angle θ.

Now, we consider a small sphere and a system consist a collimated and monochro-
matic beam, which has been linearly polarized. If the sphere is small enough, the
electric field around the sphere, as in the case of a Rayleigh scattering, is approxi-
mately uniform across its volume. That will make the sphere oscillate synchronously
in the same direction as the incident field. This “dipole” radiates the electromagnetic
energy and leads to scattering.
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Figure 2.4: (a). Scattering and gradient force working on a small dielectric sphere,
which is off−axis of a Gaussian beam. The gray ball is a small particle in the optical
trapping system. The diameter of the sphere is bigger than the incident wavelength.
(b). The black line on the left− and right−hand sides stand for the shape of the laser
beam. ∆x is the offset of the particle from the beam’s center alone in the horizontal
direction. The refraction of the beam light ray leads to the changes in the photon
momentum and introduces the forces Fa and Fb. After the force cancellation, we can
use two equivalent forces, Fscat and Fgrad with a different direction, to illustrate this
situation. (c). The simple equivalent oscillation resonator model using Hooke’s law
is shown on the right side.



15

−→p = α
−→
E (2.7)

where −→p is the equivalent dipole moment,
−→
E is the electric field and α is the polar-

izability of the particle:

α = 4πr3(n0)
2 (n1/n0)

2 − 1

(n1/n0)2 + 2
(2.8)

n0 is the refractive index of the medium around the particle. n1 is the refractive index
of the particle.

Since the intensity of the beam can be expressed by:

I =
n0c

2
|E|2 (2.9)

With equation 2.7 to 2.9, the scattering optical power can be calculated by the
radiation of the dipole:

Pscat =
16π4c

3λ4
|−→p |2 (2.10)

where λ is the incident wavelength of the beam.
The flux pattern of electromagnetic radiation changes due to this scattered term,

which introduces the scattering force [69, 70]:

Fscat =
n0

c
Pscat (2.11)

And from equation 2.10 to 2.11, we can find the scattering force within this
tweezer system:

Fscat =
128π5r6n0

3cλ4

[
(n1/n0)

2 − 1

(n1/n0)2 + 2

]2
I0 (2.12)

where I0 is the amplitude of the incident beam’s intensity.
From equation 2.12, the relationship between Fscat and r and λ can be easily

found: Fscat is proportional to (r/λ)4. Also, Fscat has a linear relationship with the
beam’s intensity. As the particle’s size becomes smaller than the wavelength, the
scattering force sharply decreases.

Then the gradient force, which is the second optical force in this system, can be
calculated by:
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F = (p · ∇)E +
dp

c · dt
×B (2.13)

With equation 2.7, we can get:

F = α(E · ∇)E +
α · ∂E
c · ∂t

×B (2.14)

Since

(E · ∇)E =
1

2
∇E2 − E × (∇× E) (2.15)

and

∇× E = − ∂B

c · ∂t
(2.16)

We can get:

F = α(
1

2
(∇E2) +

∂

c · ∂t
(
−→
E ×

−→
B )) (2.17)

where
−→
E ×

−→
B equals the beam intensity I0. Thus, the gradient force of the tweezer

can be expressed as:

Fgrad =
1

2
α∇E2 (2.18)

Since α is related to the effective refractive index n1/n0, the dielectric sphere with a
higher refractive index (assume n0 is the constant) will generate a stronger gradient
force that attracts the sphere towards the focal point. Besides, the polarizability is
proportional to the third power of the particle’s radius, as we can find in equation 2.8.
So, the gradient force also has a third-power relationship with the radius, whereas
the scattering force has a six-power relationship with the radius. As the particle get
smaller, the gradient force becomes dominant in this system.

2.2.2 Bethe’s Aperture Theory

Generally, when the light goes through an aperture, like a rectangular or a hole, on a
metal slide, if the size of the aperture is much smaller than the incident wavelength,
the light will be stopped in front of the aperture and thus cannot propagate. This
physical mechanism can be derived from the boundary condition of the electromag-
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netic field within the aperture. The light is diffracted at the edge of the aperture
since the propagating wave cannot satisfy the boundary condition and the tangen-
tial electrical field on the boundary will become zero. Bethe first worked to solve
the problem of the diffraction of electromagnetic waves by a small hole in an infinite
conducting plane. His initial system is as shown in Figure 2.5.

Figure 2.5: Bethe’s problem in this aperture theory [71, 72]. The investigation of the
transmission through a hole in a metal waveguide screen with two cavities.

In this thesis, we will introduce an easy way to reproduce Bethe’s result: quasi-
static approximation. If we assume there is an objective that is much smaller than
the incident wavelength, the field will change much faster in space than in time. Un-
der this situation, we can ignore the time dependence and calculate the field around
the objective by only using electrostatics boundary matching conditions. If we think
about a case that consists of a circular hole, whose diameter is much smaller than
the incident wavelength, and an infinite perfect electric conductor (PEC) plane. The
incident plane wave normally to the PEC plane, which means the electric (E) and
magnetic (M) fields are parallel to the PEC plane. The light diffracted by the cir-
cular hole can be approximated estimated by a magnetic dipole. We can study the
transmission of this condition by solving the boundary condition of the M potential
at both sides of the PEC plane [73]. The transmitted power through the hole in free
space can be expressed as:

T =
1

2

4Z0π
3

3λ4
(
8r3

3
H0)

2 ∝ r6

λ4
(2.19)

where Z0 is the impedance of the free space and λ is the incident wavelength. r is the
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radius of the circular hole and H0 is the M field of the incident light. We can easily
find from equation 2.19 that the transmission through a subwavelength aperture is
proportional to r6

λ4 . This mechanism can be illustrated by Figure 2.6

Figure 2.6: A schematic of the transmission of the light through a subwavelength
aperture. The optical transmission is proportional to the inverse fourth power of
wavelength.

2.2.3 Self-induced back-action Trapping with Nanoholes

Based on what we calculated in the last section. If the aperture is immersed with a
surrounded dielectric medium with a refractive index n0, the equivalent wavelength
in the medium is λ = λ0/n0. So, the optical transmission with the same aperture can
be expressed by:

T =
1

2

4Z0π
3n4

3λ4
(
8r3

3
H0)

2 (2.20)

A sharp increase in the refractive index can lead to a significant increase in the
power of the transmission. A small particle loaded near the aperture will induce
a great change to the electromagnetic field, which has a great back-action to the
particle. Based on this, Gordon and Quidant et al. proposed a theory called self-
induced back-action (SIBA) optical trapping using nanoholes [74]. This work shows
that the nanoparticle itself has a strong influence on the local electric field near the
trap and hence the nanoparticle plays an important role in the trapping mechanism.
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Figure 2.7: Optical transmission through a subwavelength nanohole (a) No particle
near or in the aperture. (b) A trapped particle which enhanced the transmission
by dielectric loading of the aperture. (c) Decrease in transmission (δT ) when the
particle lost trapping and (d) A shift in the transmission power that observed under
the trapping and untrapping state.

The work that will be demonstrated in Chapter 4 is based on DNH apertures.
The advantage of using a DNH aperture is its ability to localize a large field gradient
within an extremely small region, which is smaller than the diffraction limit around
the cusps [75]. Figure 2.8a shows the electric field distribution of the DNH aperture
at 980 nm incident light [76]. It is clear to demonstrate that near the cusp the electric
field is the largest. In this paper, the structure with 32 nm cusp separation has peaks
at 720 and 940 nm [76]. The simulation is done by using finite difference time domain
(FDTD) simulation.
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Figure 2.8: Simulated results by using FDTD. (a) Visualization of the electric field
intensity inside of a DNH. (b) Electric field intensity for DNHs with different cusp
separations. (Normalized to the incident intensity) Ref [76]. Copyright © 2021
Author(s). Published under license by AIP Publishing.

2.2.4 Other Plasmonic Optical Tweezers

With the rapid development of nanofabrication methods and techniques, it has im-
proved the possibility to let researchers study plasmonics at the nanoscale, especially
with optical tweezers [77]. Nano-apertures and nano-patterns were recently fully
studied by many groups for plasmonic trappings, such as nanoholes [35], bowties [78],
rings [79], rectangular holes [80], and co-axial nano apertures [81]. Currently, these
methods can be separated into two different groups [82]: the embossed nano-patterns
(Figure 2.9a-e), which can generate potentials around the patterns, and the hollow
nano-apertures (Figure 2.9f-j), which can excite hotspots inside the aperture as is
shown in Figure 2.9.
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Figure 2.9: Different kinds of plasmonic nanostructures for optical trapping [82].
a. Reproduced from ref. [83], Copyright © 2013 American Chemical Society. b.
Reproduced from ref. [84], Copyright © 2018 American Chemical Society. c. Repro-
duced from ref. [85], Copyright © 2012 American Chemical Society. d. Reproduced
from ref. [86], Copyright © 2011 Macmillan Publishers Limited. e. Reproduced from
ref. [87], Copyright © 2013 American Chemical Society. f. Reproduced from ref.
[88], Copyright © 2014 American Chemical Society. g. Reproduced from ref. [80],
Copyright © 2011 American Chemical Society. h. Reproduced from ref. [89], Copy-
right © Springer Nature the Authors 2018. i. Reproduced from ref. [79], Copyright
© 2014 American Chemical Society. j. Reproduced from ref. [90], Copyright ©
IOP Publishing Ltd.
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2.3 Sizing Single Nanoparticle with Optical Tweezer

DNH optical tweezer has a promising way to explore more information at the single
molecule level. It was possible to estimate the size of each isolated trapped PQD
by analyzing thermal motion-induced fluctuations. From Ref [91], it shows that the
current technology can be sensitive to larger than 50 kDa proteins. However, the
DNHs offer a chance to capture 6.5 kDa protein and study its properties (as is shown
in Figure 2.10).

Figure 2.10: Various proteins measured by three different techniques. Reprinted with
permission from [91] © 2022 American Chemical Society

By analyzing the autocorrelation of the time series signal, an exponential decay
time (τ) can be found, which is a measure of the trapping stiffness used in the trap-
ping [92, 93]. Here, we consider the force on the trapped particle by using Newton’s
second law of motion,

F = mẍ = −κx− γẋ+ FL, (2.21)

where γ is the Stokes’ drag, κ is stiffness and Fl is the Langevin term that accounts
for Brownian motion. If we assume F = 0 and ignore the noise term in Eq. (2.21),
we can obtain τ :

τ =
γ

κ
(2.22)

Since κ ∝ Ω and γ ∝ 1
r
, where Ω is the volume and r is the radius of the nano-particle
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(assume the nanoparticle is more like a sphere), then

τ ∝ 1

r2
→ τ ∝ 1

Ω
2
3

. (2.23)

Using Eqs (2.22)-(2.23), we can find the relationship between τ and the volume is
proportional to the −2

3
power. Also, we then find F ∝ Ω ∝ M , where M is the mass

of the particle. When the protein is trapped by our nanoplasmonic optical tweezer,
we should also consider the serface effects [94, 95, 96]. Faxén’s law can be used to
calculate a corrected Strokes drag:

γ =
6πηr0

[1− 9
16
( r
h
) + 1

8
( r
h
)3 − 45

256
( r
h
)4 − 1

16
( r
h
)5]

(2.24)

where η is the viscosity of the medium and h is the distance from the protein to the
wall.

In Ref [96], Ying’s team use this method (Figure 2.11) to calculated the trapping
stiffness of single proteins with different sizes:

In Ref [94] the results of the protein study (Figure 2.12) demonstrate the posi-
tive linear dependence between the molecular mass of the standard protein and the
fluctuations of its trapped signal. Then they tried to find the relationship between
the molecular mass and the time constant of the trapping signal. Figure 2.12b shows
the -2/3 power dependence of the autocorrelation relaxation time for the trapped
proteins with the respect to their molecular weight. The standard deviation of the
light scattering scales linearly with the size [94]. This has been applied to study het-
erogeneous solutions of proteins [95]. In our group’s previous work on egg protein, we
also use this technique to find the relationship between the standard deviation and
the autocorrelation function time constant of ovotransferrin and ovalbumin trapping
events, as shown in Figure 2.13. The linear curve is fit to the events in the graph and
has a slope of -2/3 on a log-log plot.
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Figure 2.11: Box and whisker plots of trapping stiffness for proteins with different
molecular weights, trapped at a laser power of 23 mW. The trapping stiffness was
calculated using the time constants from the autocorrelation function of each protein,
labeled next to each box. Median values of trapping stiffness were fit linearly (dashed
red line). The boxes span the interquartile range, the middle lines are median values,
and the open squares are mean values. Reprinted with permission from [96] © 2021
arXiv

Figure 2.12: Root mean square (RMS) variation of trapped particles, autocorrelation
of trapped particles. (a) RMS of the trapped particles with respect to their molecular
weight. (b) Autocorrelation relaxation time for the trapped particles with respect
to their molecular weight. Reprinted with permission from [94] © 2015, the Royal
Society of Chemistry
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Figure 2.13: (a) SD and ACF time constant (τ) of ovotransferrin and ovalbumin
trapping events. A mixed solution of ovotransferrin and ovalbumin (1:1 ratio by
volume). (b) SD and ACF time constant (τ) of egg white trapping events. SD of
trapped signals with respect to their τ . Trapping events in group A were classified as
particles with a molecular weight higher than 49 kDa; trapping events in group B were
classified as trapped particles with a molecular weight in the range of 36∼49 kDa,
and trapping events in group C were classified as trapped particles with a molecular
weight lower than 39 kDa. Reprinted with permission from [95] © 2018, American
Chemical Society



26

2.4 Nanophotonic-Enhanced Methodology with Quan-

tum Dots

Various methods based on nano-plasmonics have been used to study colloidal quantum
dots [97, 98, 7, 99, 100]. Quantum dots, which have a higher index of refraction,
has been the most attractive candidates for optical trapping based on SIBA. As we
reviewed in the last section, quantum dots can increase the trapping force. It is worth
studying their electric properties at room temperature deeply since optical tweezers
can generate a strong local electric field to exert on the dots. Oddershede et al.
studied the two-photon quantum dots excitation by using optical trapping to capture
individual dots [101, 77]. As shown in Figure 2.14, Bawendi et al. demonstrated a
bowtie aperture for trapping individual silica-coated quantum dots and studied the
light-matter interactions and multiphoton process in the single emitters [78]. Wenger
et al. used nanoantennas to enhance the emission the photoluminescence [7].

Figure 2.14: (a, b) Scanning electron microscope (SEM) images of the bowtie aper-
tures used in the experiments, overlapped with field intensity enhancement profiles
at 1064 nm. The confined gap mode is dominant when the polarization is across the
gap. (c) Emission and (d) 1064 nm transmission channels show a stepwise increase in
signal at 50 s, indicating individual scQD trapping. Adapted from [78]. Copyright
© 2016 American Chemical Society.

For CsPbBr3, Cao et al. adopted gold nanorods to enhance the photolumines-
cence, as shown in Figure 2.15 [103]. Becker et al. shown in Figure 2.16, studied
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Figure 2.15: (a) Schematic illustration of fabricate the Au NRs/CsPbBr3 film. The
AFM image of (b) CsPbBr3 QDs film and (c) CsPbBr3 QDs film with Au nanorods.
(d) PL spectra of CsPbBr3 QDs film and Au NRs/CsPbBr3 QDs film under 375 nm.
(e) Time-resolved photoluminescence spectra of Au NRs/CsPbBr3 QDs film under
405 nm excitation. The insets are corresponding lifetime and TRPL spectra at a
short time scale for two samples, respectively. Adapted from [102]. Copyright ©
2019 Elsevier B.V. All rights reserved.

the two-photon excitation of PQDs with silicon photonic crystal slab (nanohole ar-
ray) [102]. However, they didn’t study the individual level of PQDs. Characterizing
single-particle-level of PQDs by using an optical tweezer is necessary explore. In this
thesis, we will offer a possible chance to study individual particles of PQDs in solution
and room temperature with DNH apertures.
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Figure 2.16: (a) Schematic of the pivoted sample holder, enabling excitation by two-
photon absorption at tunable incident angle θ. During rotation, the optical fiber
collecting the photoluminescence is fixed with respect to the measurement spot, al-
ways facing the sample surface at normal incidence in the XY−plane and θ = 45
concerning the vertical direction. (b) The example excitation spectrum of the inci-
dent laser beam. (c) Example CsPbBr3 photoluminescence spectrum. Examples of
photoluminescence spectra for excitation at λexc = 925 nm and an incident angle of
θ = 24 with the excitation beam hitting CsPbBr3 quantum dots located on either a
nanotextured area (green curve) or a planar area (black curve) of the silicon layer.
Adapted from [103]. Copyright © 2018 American Chemical Society
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2.5 Energy Transfer Mechanism between Two Quan-

tum Dots

To improve the optoelectronic properties of quantum dots, we cannot ignore the inter-
action between individual quantum dots, which are in the nanoscale and have small
distances between each other. By investigating the interaction between the adjacent
quantum dots, we could find a way to reveal the mystery of quantum mechanics. En-
ergy transfer and coupling between two PQDs have been studied by several groups.
Different ideas, such as resonant energy transfer, charge transfer, and electron hy-
bridization have been proposed. In 2020, Shaw et al. presented a research that failed
to get PQDs to transfer their photon energy to a silicon substrate [104]. Coupling
between two quantum dots is possible to be applied in many areas, such as mak-
ing high-efficient green-energy-harvesting solar cell [9]. Quantum computing also can
benefit from this coupling because it can provide a framework to obtain maximum
entanglement for quantum operations through the coherent bidirectional exchange of
a near field photon [39, 40].

In this section, we will introduce some possible mechanisms related to the coupling
between two nearby quantum dots.

2.5.1 Förster Resonant Energy Transfer (FRET)

How does dot have the ability to talk to another dot? Förster resonance energy
transfer could explain this interesting possibility. FRET describes the process of the
energy transfer from one excited molecule (e.g. the donor) to a second molecule
(e.g. the receptor) through non-radiative dipole-dipole coupling [105, 106, 107, 108].
Generally, the quantum yield (probability) of the energy transfer can be calculated
by [109]:

E =
1

1 + (r/R0)6
(2.25)

where E is the quantum yield of the energy transfer. r is the separation of the donor
and receptor and R0 is the Förster distance of the pair. R0 depends on the overlap
integral of the emission spectrum (donor) and absorption spectrum (receptor) [109].
The R0 can be calculated by [110, 111]:
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R6
0 =

2.07

128π5NA

κ2QD

n4

∫
FD(λ)ϵA(λ)λ

4dλ (2.26)

where κ2 is the dipole orientation factor and QD is the fluorescence quantum yield of
the donor without receptor. n is the medium refractive index and NA is the Avogadro
constant.

The quantum yield of the energy transfer is inversely proportional to the 6th
power of the gap between the two nearby particles. A large change will happen with
a small shift in their distance. In the near-field regime, the excited donor emits a
virtual photon and is absorbed by the receptor instantly.

2.5.2 Dexter Electron Transfer

Dexter electron transfer was first proposed by Dexter in 1953 [112]. It only occurs at
an extremely short distance since this process requires a wavefunction that overlaps
between the donor and receptor. During this process, an excited electron transfers
from the donor to the receptor very quickly (nanoseconds) [113]. The Dexter energy
transfer rate has a relationship with the spectral overlap integral J :

KET ∝ Jexp[
−2r

L
] (2.27)

where r is the distance between the donor and the receptor and L is the sum of the
van der Waals radii.

2.5.3 Hybridization and Electronic Coupling

Electron coupling plays an important role in quantum mechanics. When two atoms
get close enough or are even fused. These situations will let their orbitals overlap. The
orbital energies will then split into two new states: bonding state and anti-bonding
state, as is shown in Figure 2.17. This can greatly change the electronic and optical
behavior of the materials. As the particles become closer, the wave functions start to
delocalize and the electronic states of each particle start to hybridize, which will lead
to a red-shift of the emission and absorption spectrums [114]. Banin et al. recently
has developed a methodology to fabricate fused quantum dots and measure their red-
shifts [114, 115, 116] . Creating fused CdSe/CdS core/shell colloidal quantum dots
have demonstrated energy shifts through hybridization of around 5-12 meV at room
temperature [114, 115, 116].
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Figure 2.17: (a) Energy difference between the symmetric and antisymmetric states
as a function of the neck diameter for the 0.1 eV (blue) and 0.32 eV (red) CB offset
in 1.4/2.1 homodimer. (b,c) Wave functions of the symmetric (bottom) and antisym-
metric (top) electronic states and the energy difference between them in three points:
which refer to 1.5, 4, and 6.2 nm neck thickness, respectively, for the (b) 0.1 eV band
offset (B1−B3) and (c) 0.32 eV band offset (C1−C3). Adapted from [115]. Copyright
2019 American Institute of Physics. (d) Calculated (red asterisk) and experimental
(blue circles) band−edge red−shift of monomer−to−respective−homodimer struc-
tures for different CQD molecules. Adapted from [114, 115, 116], Copyright 2019
Springer Nature. (e) Absorption cross section (solid−lines) and normalized emission
spectra (dashed−lines) for the monomer (blue), nonfused dimer (green), and fused
dimer (red). Adapted from [115]. Copyright © 2019 American Institute of Physics.
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2.6 Finite Difference Time Domain Method

With the development of semiconductor processes and technology, electronic equip-
ment tends to be miniaturized and complex. The problems caused by electromagnetic
environmental effects are becoming more and more important. K. Yee first proposed
a new method for numerical calculation of electromagnetic field: finite difference time
domain (FDTD) [117].

FDTD is a numerical algorithm directly based on the time-domain electromagnetic
field differential equation [117]. FDTD is a discrete method of alternating sampling in
space and time for the components of E and H of the electromagnetic field in space.
The Maxwell curl equation is approximated, so the solution of the time-domain dif-
ferential equation is transformed into the iterative solution of the difference equation.
Figure 2.18 shows an illustration of the Yee cell [117, 118]. There are four magnetic
field components around each electric field component; Accordingly, there are four
electric field components around each magnetic field component. This spatial calcu-
lation method can realize the difference calculation (leap-frog integration method) of
spatial coordinates and meet the integral form of the Maxwell equation (shown in
Figure 2.19) [117, 118]. This can well simulate the process of electromagnetic field
propagation. To achieve a reliable solution for the simulation, the cell’s size should
be smaller than at least 1/3 of the smallest geometry of the target structure. In this
thesis, we use Lumerical FDTD 3D Electromagnetic Simulator (Lumerical FDTD ver.
2020 R2.3) to complete the simulation tasks.
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Figure 2.18: Positions of various field components. The E-components are in the
middle of the edges and the H-components are in the center of the faces. Adapted
from [117] Copyright © 1966 IEEE

Figure 2.19: Yee algorithm for three dimensional Maxwell equation [117].
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2.7 Summary

In this chapter, we first introduced PQDs and their extraordinary properties as the
motivation of this thesis. The fundamental knowledge of optical tweezers and DNH
apertures were presented as well. Using the trapping setup, we can break through
the diffraction limit and explore the electronic properties of extremely small particles
in the nanoscale. Several works related to nanophotonic enhancement with quantum
dots have also been reviewed. Three important mechanisms for energy transfer be-
tween two quantum dots were introduced: Forster resonant energy transfer, Dexter
electron transfer, and electronic coupling. Finally, the FDTD simulation method was
reviewed.
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Chapter 3

Experiment Methods

3.1 Introduction

This chapter will cover the basics of the methods used in the experiments. Firstly, we
will introduce the chemistry synthesis method for PQD solution. Secondly, fabrication
details of the DNHs gold sample and the trapping setup with DNH tweezers will be
covered. Then, we will discuss the preparation procedures for the PQDs sample with
DNH optical tweezers.

(Reproduced in part with permission from ACS Nano Letter [41]. Reprinted with
the copyright 2022 American Chemical Society)

3.2 PQDs Synthesis and Preparation

Materials used for CsPbBr3 PQDs synthesis Cesium bromide (99.9%), lead
bromide (>98%), oleylamine (technical grade, 70%), oleic acid (technical grade, 90%),
N,N-dimethylformamide (anhydrous, 99.8%) and toluene (anhydrous, 99.8%). All
chemicals were purchased from Millipore-Sigma.
CsPbBr3 PQDs Synthesis Method 4.25 mg of cesium bromide and 14.68 mg of
lead bromide were dissolved in 1 mL of N, N-dimethylformamide. To this solution,
5 µL of oleylamine and 125µL of oleic acid were added. This forms the PQD precursor
solution. In another vial, 2.5 mL of toluene was stirred vigorously at 1500 rpm.
250µL of PQD precursor solution was dropped quickly into toluene under stirring.
The solution color immediately changed to green indicating the formation of CsPbBr3
PQDs. This solution was filtered using a 0.2 µm polytetrafluoroethylene syringe filter.
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The solution was then used for optical trapping experiments.
Figure 3.1 shows the transmission electron microscope (TEM) image of the as-

fabricated PQDs and their size distribution. The shape of the PQDs sample is nearly
a square (cube in 3 dimensions). However, there are also several rectangle shapes
in the Figure 3.1a,d,g. The side-length distribution calculated by averaging over 150
PQDs is 11.8 ± 1.5 nm . We also measure the distribution of smallest edge sizes,
since the PQDs are expected to align along their long sides when pushed together by
optical forces, and so the separation is best represented by their small side size. We
find the small side size to be 10.5 ± 1.1 nm.

a b c

d e f

g h i

Figure 3.1: (a,d,g) TEM image of the CsPbBr3 sample. (b,e,h) The short-side length
distribution of more than 150 different PQDs. (c,f,i) The average length distribution
of more than 300 different PQDs.



37

Figure 3.2 shows a nominal PQD ligand length of 1.4 nm. High resolution TEM
was used to image the gap size accurately, but selected larger particles due to working
at the periphery of the deposited region. For measuring particle size, regular TEM
with large field of view images was used for representative statistics.

a b

c

1.429 nm

1.462 nm

1.410 nm

1.424 nm

Figure 3.2: High resolution TEM images of CsPbBr3 PQDs. The ligand length is
around 1.4 nm.
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3.3 DNH Gold Sample Fabrication

The DNH apertures were made by using colloidal lithography, as shown by our group
in past works [119, 72]. First, we obtain standard glass microscope slides with 1 mm
thickness. We use clean lens paper (Fisherbrand™ Lens Paper) to remove the dust on
the slides, double-check the slides have no scratches. Secondly, these slides are cut to
the appropriate size using a diamond scribe. The well-prepared slides are sonicated in
an ethanol bath by using ultrasonic bath for 10 minutes to clean small dust particles.
After that, the slides are dried with compressed nitrogen and cleaned using oxygen
plasma for 15 minutes. These slides now can serve as the basic sample substrates for
the next procedure.

Before fabricating DNHs, we can choose different diameters of polystyrene spheres,
which controls the size of the DNHs [119]. Here, we use diluted 300 nm 0.01% w/v
polystyrene spheres in ethanol. This concentration is found to be the most appro-
priate for colloidal lithography with optimal inter-dimer separation. Figure 3.3a-d
shows the process workflow for fabricating DNH apertures with gold. The prepared
diluted solution (usually 10 µL) is then drop-coated on the prepared microscope slides
uniformly by using a micro-pipette. To isolate the external environment and possible
dust contamination, new and clean containers are used to carry the coated slides until
moving to the next step. During evaporation, the polystyrene spheres aggregate, as
is shown in Figure 3.3a. After the solution evaporates, the polystyrene spheres are
stuck to the surface of the microscope slides. The cluster of polystyrene spheres is
a dimer that will form a DNH aperture. To adjust the dimensions of the dimers,
the prepared samples were plasma etched for 135 seconds. For other sizes of cusp
and aperture diameter with different nanoparticles/proteins, we can use Figure 3.4
to choose the etching time. Figure 3.5 shows the plasma cleaner from Harrick PDC
plasma cleaner [120].

Once we finish the plasma etching, sputtering is done for the next procedure.
Prepared samples for the trapping experiment mentioned in this thesis were sputtered
using the Mantis QUBE system, as shown in Figure 3.6. The slides are attached to
the sputtering metal plate using double-sided polyamide tape. Before the process is
started on the computer, the gold block should be in their respective holders and the
screws tightened.. Then, we follow these steps:

1. Start the initial process;
2. Deposit a 7 nm titanium adhesion layer (to make sure gold will stick on the
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Figure 3.3: Workflow for fabricating double-nanohole apertures with polystyrene
spheres [119]. (a) Drop-coated polystyrene spheres on the clean glass slides. (b)
After sputtering the titanium layer and gold layer on the slides with spheres. (c)
After sonication in the ethanol bath with the desired apertures. (d) Top view of the
gold sample with single and double nanoholes. Copyright 2019, Optical Society of
America.

Figure 3.4: Different plasma etching time on the double nanohole dimensions with
300 nm polystyrene spheres [119]. Copyright 2019, Optical Society of America.
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Figure 3.5: Harrick PDC plasma cleaner for the fabrication at CAMTEC [120].
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sample in the next step);
3. Deposit a 70 nm gold layer

Figure 3.6: Sputter Mantis QUBE sputter deposition system at CAMTEC

After the program is complete, the samples are removed from the chamber and
the base plate. The samples are sonicated in an ethanol bath for at least 10 minutes
for removing the polystyrene spheres. Then, we finally achieve the desired sample we
want, as is shown in Figure 3.3c and d.

The device we use to to locate the double-nanohole apertures and measure the
cusp size of the sample, as shown in Figure 3.7, is the Hitachi S-4800 at the AMF,
maintained by CAMTEC at the University of Victoria. By using scanning electron
microscope images, we can measure the diameter of the nanoholes and the cusp of
the DNHs, as is shown in Figure 3.8. The cusp size is the minimum distance (top to
bottom) between overlapping areas of two circles. Before imaging, we usually scratch
a fiducial mark in the middle of the sample. This step aims to help the operator
find the good DNHs quickly under the CCD (charge-coupled device) camera in the
trapping setup (as shown in the next section).

In this thesis, the author made a batch of gold samples. For the trapping exper-
iment, the author used the sample with a 16 nm cusp size, which is similar to the
length of the edges of the PQD cube.
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Figure 3.7: The scanning electron microscope setup.

Figure 3.8: Scanning electron microscope image of a double nanohole aperture. The
cusp and diameter sizes are 17.8 nm and 181 nm.
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3.4 DNH with PQD Solution Sample Preparation

The original PQD solutions were made by Parinaz Moazzezi and Vishal Yeddu. The
rest of the sample preparations mentioned below were finished by the author.

Figure 3.9: Procedure of sample preparation. (a) The cover glass on the low tem-
perature metal block with a double-sided image spacer. (b) Drop 9 µL diluted PQD
solution in the middle of the spacer. (c) Immediately cover the microwell with the
gold DNH sample to isolate the solution. (d) Flip the cover slide and drop the oil in
the middle of the spacer area.

All PQD solutions were diluted in toluene by 20 times. When preparing the
diluted solution for trapping, the original solution as sealed carefully and sonicated
for 3 minutes to ensure uniform distribution of the PQDs in the tube. A glass cover
slide (Gold Seal, 24x60 mm, No. 0. 85-130 micron thick) is used for preparing the
sample for the trapping experiment. As is shown in Figure 3.9a, we use a low-
temperature (4 ℃) metal block with a flat surface as the plate to hold the cover slide
since the toluene evaporates rapidly and the PQDs degrade in a short time with the
external environment (temperature, humidity, oxygen, etc). Then, a double-sided
adhesive microwell spacer (Grace Bio-Labs, GBL654002) is stuck in the middle of the
slide to mount the gold sample. After that, as shown in Figure 3.9b, drop the diluted
solution (8-9 µL) in the middle of the spacer. Before drying up the gold sample, which
contains the DNHs, using nitrogen gas, it is necessary to be cleaned with hexane,
acetone, isopropanol, and ethanol to remove the tiny dust and contamination.
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Figure 3.10: (a) The bulk solution sample. (b) The diluted solution with gold DNHs
for the trapping experiment.
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The gold sample adheres to the microwell spacer, shown in Figure 3.9c, sealing
the solution and making sure the DNHs are immersed with the PQD solution. The
last step is to drop the oil in the middle of the spacer on the other side of the slide, as
shown in Figure 3.9d. The entire assembled sample can be mounted in the trapping
setup between the two objectives.

Figure 3.10a shows the bulk-solution sample and the diluted sample with gold
DNHs apertures. The oil is dropped in the middle of the spacer. Figure 3.10b shows
the DNHs under the CCD camera (red arrows). Due to the limitation of the resolution
of the camera, we can only see the holes (include single hole, double or multiple holes.)
We use this method to align the laser to one of the apertures, and we confirm that
the double nanohole by rotating the polarization and looking at the intensity, and
then we just wait for a protein to be trapped [121].
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3.5 DNH Optical Trapping Setup

The setup for the trapping measurement is as shown in Fig. 3.11. The setup consists
of a 980 nm continuous-wave laser (JDS Uniphase SDLO-27-7552-160-LD). The 980
nm beam was used for both trapping and exciting the PQDs. A half-wave plate
(HWP) and a polarizer are mounted in the trapping setup to align the laser beam.
The optical work path is collimated, polarized, filtered, and expanded until focusing
on the target DNHs with a 100 times oil immersion microscope objective, whose
numerical aperture is 1.25.

The sample is placed on the three-axis (XYZ) sample stage with piezoelectric
adjustment so that the operator can adjust the position easily and precisely. The setup
collects the transmission light using a 10× microscope objective from the sample. The
transmission light is collected and detected by an avalanche photo-detector (Thorlabs
APD120A). A half-wave plate (HWP) and a linear polarizer (LP) are fixed to set and
adjust the polarization of the beam. A 750 nm short-pass filter (Thorlabs FES0750)
is placed in front of the spectrometer (Ocean Optics QE65000) to reduce the beam
intensity from the 980 nm laser. A fiber connected to the spectrometer collects the
emission light from the sample. The flip mirror is set to change the optical path to
collect the image from the sample using the CCD (charge-coupled device) camera.
The procedures to operate the setup:

1. Make sure to drop the oil in the middle of the cover slide (in front of the sample.
The detailed procedure for making samples will be introduced in section 3.5)

2. Put the sample on the 3-D stage.

3. Turn on the laser (low power) to find and mark the position of the laser spot.

4. Align the position of the sample to find a good double nanohole aperture near
the fiduciary markers using the X and Y axis knobs of the stage and CCD
camera. The double nanohole under the CCD camera is as shown in Figure 3.11.

5. Adjust the distance between the objective and the sample by using the Z-axis
knob until the sample arrives at the focal point. Then use the piezoelectric
adjustment controller to control the position precisely until achieving the best
alignment.

6. Turn on the laser and rotate the HWP. If it is a good DNH, the voltage in APD
will have a large change.
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Figure 3.11: Schematic of the optical trapping setup with a 980 nm laser: long
pass filter (LPF), linear polarizer (LP), half-wave plate (HWP), beam expander
(BE), dichroic mirror (D), objective lens (Obj), lens (L), optical density filter (OD),
avalanche photodetector (APD), flip mirror (FM), short-pass filter (SPF), charge-
coupled device (CCD).
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We use a 100 kHz sampling frequency for the data acquisition system (DAQ)
to make sure that the transient trapping data is captured during the experiment.
The data collected by the DAQ is easily disturbed by the noise. Nearby electrical
lines, optical feedback into the laser source, and structural vibrations in the research
building all contribute to the noise. The workflow for the trapping measurement is
as shown in Figure 3.12. The APD voltage was displayed by using the Advantech
DAQNavi Datalogger software. The emission spectra was displayed and analyzed by
using OceanView spectra software.

Figure 3.12: Workflow for the trapping experiment.
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Chapter 4

Results and Discussion

(Reproduced in part with permission from ACS Nano Letters [41]. Copyright © 2022
American Chemical Society)

Hao Zhang fabricated the DNHs, performed the trapping experiments, analyzed
the data and did the FDTD simulation. Brett Henderson and Irina Paci contributed
to simulation of bandgap and emission energy as a function of single PQD size (sec-
tion 4.2.3 & 4.3.2). Juanjuan Ren and Stephen Hughes contributed to the theory
and simulations of coupled quantum dots (section 4.4 and Appendix 2: Theory and
simulations of coupled quantum dots). Reuven Gordon advised on the experiments
and analysis.

4.1 Background

Perovskite quantum dots (PQDs) show intriguing properties for quantum technolo-
gies, such as bright and highly coherent single photon emission [38], and superfluores-
cence in ensembles of dots [122]. Coupled quantum dots have long been investigated
for quantum computing [20, 17]. Many fabrication strategies have been proposed to
couple different types of quantum dots, not only PQDs [123, 124, 114, 115, 116, 125].
Assembling quantum dots and studying their quantum coupling in solution would
greatly simplify such studies. Furthermore, by assembling in solution, it is possible
to study the individual dots prior to assembly, and then study the impact of coupling
in the near-field, which is not possible with pre-assembled pairs.

Studying individual dots also allows for probing non-uniformity of the PQDs
in solution. Uniformity has been recognized as an important parameter for high-
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performance applications [23, 27, 22, 21, 26, 25].
For solar cells, monodisperse PQDs have shown higher conversion efficiencies and

open circuit voltages [28]. PQDs are recognized as highly coherent single photon
emitters [38]; however, for indistinguishable photons, nearly-identical emitters are
desired and this requires a way to select among individual emitters in the ensemble [29,
30]. Past efforts have focused on ex-situ characterization (e.g., transmission electron
microscopy – TEM) of already synthesized PQDs. Ideally, particle size would be
monitored in solution in real time, allowing for in-situ tailoring of growth conditions
while preventing degradation from exposure to the environment.

Here, we use double-nanohole (DNH) optical tweezers to characterize the disper-
sion of cesium lead bromide (CsPbBr3) PQDs and their coupling in solution. Aperture
based optical tweezers have been used to trap quantum dots [126], study their emis-
sion (also with two photon excitation) [78], and enhance their single photon emission
characteristics [7]. We demonstrate that the DNH optical tweezer can be used to
determine the sizes of individual PQDs and correlate size with the emission spectra
shifts from quantum confinement. We also demonstrate that the DNH tweezer can
capture two quantum dots (i.e., assemble them in real-time) and thereby measure the
spectral shift that arises from their coupling. Therefore, this platform enables the
spectral and size characterization of single and double dots, and most importantly,
it achieves this feat in-situ without removing the dots from the solution or requiring
electron microscopy that would damage them.

Multiple physical mechanisms can be responsible for quantum dot coupling in
solution. For quantum dots that are nominally symmetric and do not allow for elec-
tron tunneling, Förster resonant energy transfer has been considered as a way to
achieve coupling between dots, providing a possible avenue towards quantum infor-
mation processing [39]. In the past, RET has been studied for PQDs of different
sizes, where the longer wavelength emission peak is enhanced due to one-directional
energy transfer [40]. The bi-directional coupling that arises from just two PQDs that
are nominally the same size has not been investigated so far.
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4.2 Heterogeneous Particle Sizing

As we introduced in Chapter 3, the target sample CsPbBr3 PQDs were synthesized
by the ligand-assisted reprecipitation technique [127]. The size distribution of the
shorter edge was characterized by TEM and found to be typically 10.5 nm ± 0.5
nm, as shown in Chapter 3.2, Figure3.2a and b. However, due to the the synthesis
experiment system error which we cannot avoid, the size of the PQDs cubes showed
a variation of 0.5 nm between separate fabrication runs. We diluted the sample with
toluene 20-fold, then placed the solution in a microwell formed by an imaging spacer
(Grace Biolabs) on a slide #0 coverslip. A gold film containing DNHs on glass,
fabricated using past approaches [119] as we mentioned in Chapter 3, was placed on
top of the microwell to seal. We then placed the sample in an inverted microscope
optical tweezer setup adapted from a modular kit (Thorlabs – OTKB), shown in
Figure 3.11 which has been used previously to study lanthanide nanocrystals [76, 128].
The modified setup included a spectrometer for measuring the spectrum of PQD(s)
in the DNH optical tweezer.

Figure 4.1: (a) The illumination graph of the experiment with double-nanohole aper-
ture and 980 nm incident light. The cubes around the gold sample are the PQDs.
The single PQD is in the middle of the aperture. (b) The schematic of two-photon
excitation.
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4.2.1 Two-photon Excitation

Since the laser wavelength was 980 nm (1.26 eV), and the emission wavelength was
520 nm (2.38 eV), as is shown in Figure 4.1a, the excitation of the PQD was obtained
by a two-photon process, as shown in Figure 4.1b. Two-photon excitation of colloidal
quantum dots has been observed previously in trapping setups [101, 78]. First, we
use the bulk solution to measure the spectra and the power dependence. From the
experiment, shown in Figure 4.2, the emission peak is around 520 nm with a narrow
linewidth. The power dependence of the bulk solution on a log-log plot. The slope
with the best linear fit is around 1.85, as shown in Figure 4.3, which proves the two-
photon excitation process. The emission counts were integrated from the collected
emission peak from 500 nm to 545 nm.

Figure 4.2: The emission spectra from the bulk solution (no DNHs). Black: laser off;
Green: laser on.

A step in the transmission of the laser through the DNH was seen with trapping
as shown in Figure. 4.4a. This step resulted from the dielectric loading of the DNH
by the PQD, which made the aperture optically “bigger", as we introduced in Chapter
2. Several works have confirmed that the single step is the result of an individual
nanoparticle being trapped, such as by using fluorescent particles [129] or by noting
the dynamics when multiple particles are trapped [80].
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Figure 4.3: The power dependence of the bulk solution (no DNHs) on a log-log plot.
The slope is 1.85. The emission counts were integrated from the collected emission
peak from 500 nm to 545 nm.

Figure 4.4: (a) The emission spectra from the single PQD by using DNH optical
tweezer. (b) Single trapping event from APD collector. Grey: untrapped; Red:
trapped.



54

The spectrum of the single dot is shown in Figure. 4.4b, which was recorded after
the trapping occurred. There was no emission observed before trapping. Then, we
also measured the power dependence of single PQD by using the optical tweezers.
Figure 4.5 shows the power dependence of the single PQD trapping event. The
quadratic power dependence is shown on the log-log plot. The emission counts were
integrated from the collected emission peak from 500 nm to 545 nm, as well. Figure
4.6 shows that there is little influence on the emission spectra by increasing the input
power from 8-40 mW in front of the objective lens.

Figure 4.5: The power dependence of the single PQD with DNH aperture on a log-
log plot. The slope is 2.15. The emission counts were integrated from the collected
emission peak from 500 nm to 545 nm.

4.2.2 Quantitative Analysis by Using the Thermal Motion Char-

acteristics

Here we apply the method that introduced in Chapter 2, to size individual PQDs and
correlating PQDs size with the emission spectrum shifts from quantum confinement.
In this thesis, we analyze the autocorrelation of the time-series signal, and an expo-



55

Figure 4.6: The emission spectra under different incident powers.
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nential decay time (τ) can be found, which is a measure of the trapping stiffness used
in the optical trapping [92, 93]. As demonstrated previously for proteins (but not for
PQDs), the autocorrelation time of the thermal motion scales as γ/κ, where γ is the
drag coefficient (which scales as the cross-sectional width in the viscous limit) and κ

is the optical tweezer stiffness (which scales as the volume of the particle in the dipole
limit).

Therefore, for radius r, τ ∝ r−2 ∝ Ω−2/3 [93, 94], where Ω is the volume.
The standard deviation would have a linear relationship with the mass, which can

be estimated by the emission wavelength for PQDs with quantum confinement.

Figure 4.7: Relation between emission wavelength and standard deviation of trapping
laser transmission for individual trapped PQDs. Three groups of the sample were
measured. This shows that the standard deviation can be used as an independent
measure of the particle size, which correlates well with the quantum confinement
induced blue-shift.

Figure 4.7 shows the standard deviation of the trapping laser fluctuations corre-
lated with the emission wavelength for individual PQD trapping events. This data
was taken from three separate batches and shows a clear separation in the sizes of
these batches. However, due to the unavoidable impact from the external environ-
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Figure 4.8: Standard deviation against autocorrelation time constant (τ) of the single
quantum dots trapping events on log-log plot. The slope for the best linear fit is about
-0.68.
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ment, the PQDs solution needs to be measured within 12 hours after it has been
made.

As described above, it is expected that the standard deviation scales linearly with
particle size. For small (first-order) variations in size, it is also expected that the
wavelength scales linearly with particle size. Therefore, we observe a linear relation-
ship between the standard deviation and the emission wavelength. We considered the
autocorrelation time as a separate measure of particle size, as shown in Figure 4.8.
We observed that the relation between the standard deviation and the autocorrela-
tion time had a -0.68 slope on a log-log plot, where a slope of -2/3 is the theoretical
prediction [94].

The size-dependence of the emission spectra of individual PQDs can be modeled
by solving the Schrödinger equation under the effective mass approximation [130].
While spherical particles with infinite barriers allow analytical calculations [130], here
we also use numerical calculations which allow for cubic particles and finite barrier
energies [131].

4.2.3 Bandgap and Emission Energy as a function of Single

PQD Size

We assessed the quantum confinement using an effective mass Schrödinger equation
model using a Matlab-based finite-element approach, as shown in Figure 4.9 and
considering the exciton binding under a weak confinement assumption [132]. The
simulations used m∗

e = 0.134m0 and m∗
h = 0.128m0 [132], with a bulk bandgap of

2.30 eV for cubic CsPbBr3 [6], ϵQD = 4.8 [132]. The barrier height was chosen to
either be infinite or to match the band offset between CsPbBr3 QDs and oleic acid
ligands (3.14 eV for electrons and 0.79 eV for holes) [133]. The dispersion found for
this model was less than that seen in the experiment but it did match with previous
works [132, 2]. As we can see here, it has a good agreement with the quantum
confinement that we introduced in Chapter 2.

4.2.4 Summary

As we presented in this section, we can use an common optical tweezers setup with
DNHs apertures for sizing and spectroscopically characterizing individual dots in
solution. It is relevant for quantum applications where we seek to obtain multi-
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ple indistinguishable emitters [38] and develop high-performance perovskite solar
cells with uniformly sized of quantum dots. The method can also be used in-situ
to optimize solution-based growth without using any external high-resolution de-
vices [134, 22, 21, 26, 25].
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4.3 Two Quantum Dot Assembly via Trapping

4.3.1 Forster Coupling Observed by Two PQDs

The trapping setup allowed us to measure and characterize the quantum coupling
between two PQDs assembled in real-time and isolated in the trap. We observed two
steps corresponding to double PQDs trapped subsequently in the same aperture as
shown in Figure4.10a. It has been shown in past works on aperture optical tweezers
that the co-trapping of two nanoparticles results in a double step profile [80].

Figure 4.10: (a) Double trapping event collected by APD (first trapping: red; second
trapping: blue). (b) Spectra of single dot trapping and double dot trapping are shown
in red and blue. The areas filled with blue and red stand for the experiment data
(fitted) at each sampling time. Black dotted lines indicate the average of the varying
spectra region (quantum blinking).

Figure 4.10b shows the observed distribution of emission for single and double
PQD trapping averaged over 30 different DNHs, averaging over at least 6 measure-
ments at each DNH (full data is included in the appendix, Figure A1). Figure.
4.10b, shows that the emission intensity approximately doubled when there are two
PQDs. Also, there was a systematic spectral red-shift of the emission. Figure 4.11
quantifies the systematic red-shift in the emission observed for the multiple double-
dot trapping events. It is relevant to note that there was always a redshift: if the
energy was simply transferred from the smaller dot to the larger one (as is the case
for past works on RET [40]), we would expect on average a redshift sometimes and



62

no shift at other times, depending on whether a smaller or a larger dot was trapped
first.

Before discussing the physical mechanism that may be responsible for this redshift,
let us describe a simple generic model for the energy shift arising from a generalized
coupling potential V . These interactions can be represented by interaction energy that
shifts the energy of the individual PQDs. Considering two oscillators with energies
E1 and E2, as displayed in eq 4.1, the shift from E1 upon coupling can be calculated
as [135, 39]: [

E1 V

V E2

]
(4.1)

∆ =
1

2

[
(E2 − E1)−

√
(E1 + E2)2 − 4(E1E2 − V 2)

]
. (4.2)

The emission spectrum will decrease on the high-energy side because this interac-
tion always produces a lower energy level. The energy only transfers from the smaller
PQD to the larger one. Fitting ∆ to the observed shift, we find a best fit for V = 1.1

meV in eq 4.2, as shown in Figure 4.11. Figure 4.12 a and b shows the photolumines-
cence energy distributions of trapping single and double dots. The standard deviation
of each case is around 4.1 and 3.6 meV.

4.3.2 Simulation for Double QDs

With the barrier widths seen in TEM imaging (similar to the oleic acid ligand length
of ∼2 nm) and the barrier heights used above for single dots [133], we do not expect
significant wavefunction overlap between two adjacent dots. To confirm this, we used
effective mass the Schrödinger model as above (neglecting the Coulomb potential) and
confirmed that there was minimal delocalization for separations greater than about
1 nm, as is shown in Figure 4.13.

4.3.3 Optical Binding

By using the Rayleigh theory in Eq. 4.3 for the scattering cross section [136], the
polarizability constant (αp) of the scatterer can be calculated from the scattering
cross section:
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Figure 4.11: Experimental (green bars) and simulated (red curve) energy shift upon
coupling. Experimental values were observed among 30 different DNHs, each mea-
sured at least 6 times, and the simulation represents the energy shift by Förster
interaction between two dots randomly selected from 1000 dots (normal distribution).



64

Figure 4.12: The PL energy distribution of trapping (a) single dot and (b) double
dots.

xscat =
8π

3

(2π)4

λ4
α2
p (4.3)

The trapping potential energy in the dipole limit can be given by[91]:

Utrap = −1

2
p⃗ · E⃗ (4.4)

where p⃗ is the dipole moment and E⃗ is the electric field. The optical potential energy
should be greater than the thermal energy to keep trapping the particle.

Here, we use the finite-difference time domain simulation software (Lumerical
FDTD ver. 2020 R2.3). The simulations calculated the trapping potential energy of
the single and double PQDs (dielectric cubes, ϵ = 4.8). Fig. 4.14 shows the potential
energy as a function of the distance between two PQDs. The electric fields with 1
nm - 4 nm are shown in inset figures. This shows that the dots are attracted to one
another through the optical field in the dipole limit.
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Figure 4.14: FDTD simulation results of the trapping potential energy against the
distance between two dots. Inset figures show the visualization of the electric field
intensity of the double dots with various distances.
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4.4 Coupling Mechanisms between Two Quantum Dots

(This part is mainly contributed by Juanjuan Ren and Stephen Hughes in the pub-
lished paper [41])

We now discuss a possible physical mechanism underlying the observed systematic
spectral red-shift. First, we discuss the expected photon coupling between two PQDs,
treated as point dipoles. As shown in the appendix, the radiative decay rate from a
single dipole emitter is

Γ1(r1) =
2d1 · Im{G(r1, r1, ω)} · d1

ϵ0ℏ
, (4.5)

for a dipole moment d1 (assumed real) at position r1, and G is the photon Green
function, for any generalized medium. For coupled dipoles (the second one is with
real dipole moment d2 at r2), the photon exchange has real and imaginary parts,
defined through the incoherent rates of photon transfer:

Γ12 =
2d1 · Im{G(r1, r2, ω)} · d2

ϵ0ℏ
, (4.6)

and a coherent exchange term

∆12 = −d1 · Re{G(r1, r2, ω)} · d2

ϵ0ℏ
. (4.7)

The latter gives rise to spectral frequency shifts through photon exchange.
When one considers a homogeneous medium (with ϵb = n2

b using two dipoles
spatially separated by r12 (center to center), and in the near-field regime, then the
coherent exchange term, with s-polarized dipoles, is

ℏ∆ss
12 =

d2

4πϵ0ϵbr312
≈ 93 ℏΓ1 = 0.25 meV, (4.8)

while for p-polarized dipoles,

ℏ∆pp
12 = − d2

2πϵ0ϵbr312
≈ −186 ℏΓ1 = −0.50 meV. (4.9)

We have used d = 0.72 e · nm and ϵb = 1.52, yielding a nominal radiative decay
rate of ℏΓ1 ≈ 2.69 µeV (corresponding lifetime of 250 ps); this estimate scales with
Γ1,2 so could easily be larger. Note that these analytical rates identically recover the
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Figure 4.15: Schematic diagram for PQD dimer with (a) side coupling (left) or (b)
top coupling (right). PQDs are shown in green in the two figures. (c) Example
calculations for the propagators and dipole-dipole shifts computed from COMSOL,
which includes the full scattering geometry. We show different dipole polarization,
and dipole-dipole coupling for PQD cubes that are horizontally stacked or vertically,
and separated by 1-nm. All terms include local field corrections, so are normalized
by the result including the single PQD cube.
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well-known Förster coupling terms, and can be described semi-classically or quantum
mechanically. Below, we will introduce the shorthand notation G12 = G(r1, r2) and
G11 = G(r1, r1). For identical dipole emitters, the resonance will split by ±ℏ∆12 ≡
±VF ∝ ReG12, into subradiant and superradiant states, where the latter is optically
bright. (V = VF for RET). Based on particle size variation giving a variation in the
centre-to-centre separations, as well as expected dipole moment variation (smaller
dots have smaller dipole moments [132]), we expect the variation in VF to be within
50% of the reported value.

In the Appendix section 2, we describe how these radiative decay and exchange
rates are influenced by local field corrections and interactions with the metal film, from
both an analytical perspective as well as using full numerical simulations in COMSOL.
As an example of the latter calculations, here we consider two PQD cubes above a gold
film, either horizontally coupled or vertically coupled, as shown in Figure. 4.15a and b.
The PQD cubes are separated by 1-nm (gap size), and various dipole polarizations are
considered. The corresponding Green function propagators and dipole-dipole coupling
rates (in units of the radiative decay rate) are shown in Figure. 4.15c. Overall we
predict that maximum photon exchange rates of around −231Γ1 are possible, which
we estimate to be around 0.62 meV (for z-polarized dipoles).

After initial calculations at a 1 nm gap size, we obtained a more accurate mea-
surement of the gap size from high-resolution TEM as being 1.4 nm. This has a small
(10%) impact on the theoretical values (Fig. S12). The typical gap for oleic acid
PQDs in TEM imaging is between 1 and 2 nm [122, 2, 38, 127, 137]. The optical
force tends to squeeze the particles together and minimize the gap size in solution,
and so we expect this is similar to what was observed by HR-TEM.

It is also important to note that the expected exciton Bohr radius is much smaller
than the size of the PQDs, which give rise to a giant oscillator strength for an optical
transition [132, 138]. This is caused by a correlated exciton wave function that affects
both the radiative decay and the dipole-dipole coupling rates. We discuss and estimate
this enhancement in the Appendix section 2, which we expect to be about a factor
of 5 bigger than PQDs in the strong confinement regime. This is significant, even in
the presence of local field reductions.
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4.4.1 Other potential sources and mechanisms for coupled-

PQD frequency shifts

Next, we briefly discuss some other potential effects that could cause large frequency
shifts for coupled PQDs.

For quantum emitters that are very close together, namely, where electronic tun-
neling is possible, excitons can be transferred, which is typically termed Dexter en-
ergy transfer [139]. This process is usually negligible for distances greater than 1 nm.
Dexter is a non-radiative process with electron exchange. Although similar to Förster
energy transfer, it differs greatly in length scale and the underlying mechanism. Dex-
ter transfer can be singlet-singlet or triplet-triplet, and the three fundamental exci-
tations in lead PQDs are triplets [132]. Dexter energy transfer is a process where
the donor and the acceptor exchange their electron. Thus, the exchanged electrons
should occupy the orbital of the other pair. The Dexter transfer rate has the form
VD ∝ J exp(−2r12/Lv), where J is the normalized spectral overlap, and Lv is the
the sum of van der Waals radius. Dexter transitions couple bright excitons to bright
excitons and are spin preserving. Their strength can also be computed from the
Coulomb matrix element. However, since Dexter coupling requires an overlap with
the electronic wave functions, we believe it is highly unlikely for our coupled QDs.

There are also potential monopole-monopole interactions, which do not depend
on any spatial overlap of the electronic wave functions. These are usually neglected
in the derivation of Förster coupling between quantum emitters. Actually, monopole-
monopole is also the origin of Dexter energy transfer, but in that case, the contribution
also requires orbital overlap. In the linear excitation domain (e.g., neglecting biexciton
effects), the excitonic monopole-monopole term [140, 141] merely renormalizes the
eigenergies, unlike Förster and Dexter terms that represent the exchange of photons
or electronic excitations. Furthermore, for a symmetric wavefunction, monopole-
monopole shifts should be zero for linear excitation.

There could also be effects beyond a dipole approximation, which can be captured
by doing a spatial integration with respect to the inter-PQD exciton wave functions
and the photon Green function propagator [142]. We have carried out such a calcu-
lation using 6D Monte Carlo integration and found the dipole approximation to be
excellent, within 5% for QD cubes that have a gap separation of 1 nm. This calcu-
lation used the ground state exciton wave function and we used a similar integration
technique to compute C, which enhances the oscillator strength.
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Finally, we mention tandem tunneling [143] that can occur through the intermedi-
ate state in which the electron and hole are in different PQDs. This process has been
shown to have exciton hopping rates that are larger than the Dexter rate Förster for
certain PQDs. However, such PQDs are clearly fused together (unlike our optically
trapped coupled PQDs), so we also rule out the effect of fused tunneling.

4.5 Summary

4.5.1 In-Situ Size-Spectral Characterization by using DNHs

Optical Tweezer

In the present work, we have demonstrated the use of an optical tweezer platform
to characterize multiple individual PQDs in solution. In past works, the standard
approach for monitoring PQD synthesis has been to follow up PQD growth with
characterization via TEM or luminescence studies. Here we show that we can accu-
rately determine the size and the spectral response without the need for TEM. This
may allow for fine-tuning or improving growth conditions in-situ. For example, it is
possible to envision integrating the present trapping setup with a flow-cell [126] for
real-time monitoring and/or modifying of growth conditions [134].

4.5.2 Double Quantum Dots Coupling

In this thesis, we propose that RET is the dominant coupling mechanism between the
two PQDs. Other mechanisms might not enough to explain the results we observed
during the experiment, like Dexter coupling and quantum hybridization. Because the
barrier height is too large and the gap too wide to allow substantial tunneling [144].
RET has been observed in ensembles of dissimilar PQDs [40]; however, that exchange
is uni-directional (from the higher energy to the lower energy PQD). Here, since the
dots are nominally the same size, the exchange is bidirectional. For quantum appli-
cations, RET has been proposed theoretically as a mechanism to achieve quantum
computing via colloidal quantum dots [39]. Here we estimate the magnitude of the
RET induced shift. The dipole moment is estimated from previously reported val-
ues of the emission lifetime. We further note that the PQDs studied here are large
relative to the exciton Bohr radius, and are in the intermediate to weak confinement
regime. This enhances the strength of the RET interaction by 5 times with respect
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to strongly confined dots, which is a particularly relevant finding of this work.
We estimate from a dipole model that the shift is at least two orders of magnitude

larger than the radiative lifetime. We have also looked at distributed wavefunctions
(beyond the local dipole model), and full COMSOL simulations including the metal
surface nearby in aperture, and these only provide small corrections to the value re-
ported above. Since this value is comparable to what we observed in the experiments,
RET is a plausible explanation for the observed shift.
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Chapter 5

Conclusion and Future Works

5.1 Conclusion

In this thesis, we reviewed the knowledge of PQDs and the theoretical background of
optical tweezers (Chapter 2). Then we introduce nanoplasmonics tweezers with the
DNH apertures, data analysing method (e.g. autocorrelation function and FDTD
simulation) we used in the work (Chapter 2). We also reviewed several types of the
coupling relationship between nanoparticles (Chapter 2).

In Chapter 3, we introduced the experiment methods, which include PQD solution
synthesis/preparation method, DNH gold sample preparation, fabricating trapping
experiment sample with solutions and the details of trapping experiment. A common
trapping experiment workflow was summarized in the last section.

In Chapter 4, we demonstrated the ability to characterize the size and coupling
between individual and dimer PQDs in solution, and simultaneously observe their
emission spectra using our DNH tweezers. This is a powerful tool to explore and
quantify sample heterogeneity in size and emission in solution, without requiring ex-
pensive and damaging techniques. The approach may be extended to isolate identical
dots (both in terms of size and spectral emission), which is a pathway to achieving
indistinguishable quantum emitters. We quantified the systematic red-shift for cou-
pled PQDs in solution of 1.1 ± 0.6 meV and we argue that this is likely the result
of resonant energy transfer. We also discuss and rule out several other possible cou-
pling mechanisms including Dexter coupling, electronic tunneling, exciton tunneling
for fused dots, and possible monopole-monopole interactions. The magnitude of the
RET is usually large when compared with the strongly confined quantum dots that
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have been explored in the past, which is intriguing because RET has been proposed
as a mechanism to obtain entanglement for quantum information processing applica-
tions [39].

5.2 Future Works

Figure 5.1: Future works that can be implemented by using DNHs optical tweezers:
(a) using different ligands with different lengths; (b) capture different two quantum
dots (e.g. CsPbBr3 and CsPbI3); (c) monitor crystal growth; (d) observe Dicke
superfluorescence by using optical tweezers.

In the future, we aim to consider the impact of temperature on the observed
spectral shifts, which will require adding cyrogenic capability to our setup so that the
temperature can be lowered after trapping is achieved. To first order, RET does not
depend on temperature [145, 146], however, more advanced electron-phonon theories
predict a renormalization of VF as a function of temperature [147, 148]. We present
only a simple temperature independent model here, as a first order quantification
of the RET effect. We also plan to modify the ligands’ length and the dot size
to investigate their impact on the RET, since there is a strong size-dependence of
this effect, as shown in Figure 5.1a. It may also be possible to modify the setup to
allow for cryogenic cooling and observe superfluorescence (Figure 5.1b) after trapping
is achieved, and for time-resolved ultra-fast probing of two different trapped dots
(Figure 5.1c). Combined, these advances will allow for further exploration of the
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coupling between these quantum emitters. The approach may also be extended to
monitor and modify growth in real time (Figure 5.1d). DNH optical tweezers offer an
interesting platform for studying regimes of coupling for small assemblies of 2 or more
PQDs (however larger apertures would be preferred for multiple dots). In this manner,
it may be possible explore the full range of interactions from the single dot, coupled
dots, several dots, to large cluster superfluorescence ensemble measurements [122];
thereby transitioning from the nanoscopic to mesoscopic regimes.
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Appendix A

Reproducible spectra from different
DNHs

Reprinted with permission from © 2022 American Chemical Society

Figure A1 shows the repeatability of the results for thirty different DNHs on the
same gold sample, with at least 6 trapping events for each DNH. Polynomial fitting is
used to find the peak for analysis (concatenation fitting with multiple curves). During
the experiment, we observed blinking, which can be seen from the fluctuations in the
intensity of the spectra.
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Fig. A1: The single and double trapping spectra for different 30 DNHs. Every DNH
was measured at least 6 times for reproducible single - double trapping event, respec-
tively.
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Appendix B

Theory and Simulations of Coupled
Quantum Dots

Reprinted with permission from © 2022 American Chemical Society
Photon exchange from coupled dipoles in a general medium

The radiative decay rate from a single dipole emitter is defined from

Γ1(r1) =
2d1 · Im{G(r1, r1, ω)} · d1

ϵ0ℏ
, (B.1)

for an emitter with dipole moment d1 (assumed real) at position r1, and G is the
photon Green function. For coupled dipoles (the second one is with real dipole mo-
ment d2 at r2), the photon exchange mechanism is connected to real and imaginary
parts of the Green function, defined from incoherent rates of photon transfer:

Γ12 =
2d1 · Im{G(r1, r2, ω)} · d2

ϵ0ℏ
, (B.2)

and a coherent exchange term

∆12 = −d1 · Re{G(r1, r2, ω)} · d2

ϵ0ℏ
, (B.3)

where the latter has the same origin as Förster coupling [149]. Specifically, when one
considers a homogeneous medium, the near-feld electrostatic part identically recovers
the Förster coupling term. Below, for ease of notation, we will introduce the shorthand
notation G12 = G(r1, r2) and G11 = G(r1, r1). For identical dipole emitters, the
resonance will split by ±ℏ∆12 ≡ ±VF , into subradiant and superradiant states. In a
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Markov approximation, these radiative decay rates are usually evaluated on resonance,
which also yield agreement with a Fermi’s golden rule approach.

The Green function G(r, r0, ω), describes light propagation from a source point
r0 to r and is formally defined via the Helmholtz equation

∇×∇×G(r, r0, ω)− k2
0ϵ(r, ω)G(r, r0, ω) = k2

0δ(r− r0), (B.4)

together with suitable radiation conditions.
In a background medium with permittivity ϵb = n2

b (assumed lossless, see Fig. B1
left side), the Green function is known analytically. For two s-polarized dipoles (z-
polarized),

Gss
12 =

k2
0e

ikbr12

4πr12

[
1 +

i

kbr12
− 1

(kbr12)2

]
, (B.5)

and for two p-polarized dipoles (x-polarized),

Gpp
12 = Gss

12 +
k2
0e

ikbr12

4πr12

[
− 1− 3i

kbr12
+

3

(kbr12)2

]
, (B.6)

where the dipoles are separated by distance r12, center to center, k0 = ω/c and
kb = nbω/c. For dipoles that are sufficiently close together (near field regime), one
can approximate the above forms with the static contribution only, so that:

Gss
12|near = − 1

4πϵbr312
, (B.7)

and for two p-polarized dipoles,

Gpp
12|near =

2

4πϵbr312
. (B.8)

These near field coupling terms, in combination with Eq. (B.3), identically recover
the well known Förster coupling rates [150].

Radiative decay rates and photon exchange rates for lead perovskite quan-
tum dots

Experiments on single PQDs [151] report a single radiative lifetime of 250 ps, cor-
responding to a spectral linewidth of around 2.7 µeV. These rates are also consistent
with those reported in Ref. [132], for CsPbBr3 for QDs around 10-nm cubed. The
reason for these significant decay rates, is that such QDs are in the intermediate to
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weak quantum confinement regime, as the QD size is larger than the exciton Bohr
radius.

For our PQDs, the electron Bohr radius is obtained from se = 4πϵQDϵ0ℏ2/(e2me) ≈
1.9 nm (using me = 0.13m0 and ϵQD = 4.8), which is clearly much smaller than the
size of our QDs (10 nm). This large ratio is the origin of the large oscillator strength
for the radiative decay [138], a mesoscopic enhancement effect. This in turn enhances
the radiative decay rate and also to the dipole-dipole exchange rates.

In Ref. [132], a variational approach was given with the following trial wave func-
tions (electron-hole picture):

v(re, rh) = Ce−b|re−rh|ϕ(re)ϕ(rh), (B.9)

where C is determined from ∫
drdr′v(r, r′) = 1, (B.10)

and

ϕ(r) =

(
2

L

)3/2

cos
(πx

a

)
cos

(πy
a

)
cos

(πz
a

)
. (B.11)

The envelope wavefunction of the exciton v(r, r′) (from a product of the ground state
electron and hole ground wave functions) is required to compute the oscillator strength
and exciton dipole moments.

The parameter b has been extracted as a function of QD cube length L, and
for L/ae ≈ 5 − 6 is b = 1.75/L (see supplementary material of [132]). Carrying
out the 6D integration (Eq. (B.10)) with this new wave function, then the oscillator
strength increases by C, which we compute to be C = 3.79 for b = 1.6; C = 4.25

for b = 1.75; and C = 4.71 for b = 2. Thus we estimate that the excitonic oscillator
strength is about a factor of 4-5 larger than that for a QD in the strong confinement
regime. Using wave functions for excitons in the weak confinement regime, increases
the oscillator strength even further [132], and scale with 8L3/π2a3B, where aB is the
exciton Bohr radius.

The main photoluminescence lines of PQDs consist of three linearly-polarized
triplet excitons, which are nondegenerate, one of which is dominant. At elevated
temperatures, this will be significantly broadened due to non-radiative processes, such
as electron-phonon interactions, but these should not affect the coherent dipole-dipole
interactions.
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homogeneous medium with gold film
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r1 r2

nb = 1.5
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t film= 70 nm

Fig. B1: Schematic of two coupled dipoles in homogeneous medium (left side) and
above a gold film (right side). They are 11 nm separated in x direction. With gold
film, they are 6 nm away from the film surface in z direction. The dipoles could be
set as x-polarized and z-polarized.
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As an example, if we consider two coupled dipoles of magnitude d1 = d2 =

0.72 e · nm (which give the same radiative decay rates mentioned before), as well
as r12 = 11 nm (which includes a 1 nm gap, Fig. B1 left side), ϵb = 1.52, ℏω = ℏω1 =

ℏω2 = 2.4 eV, then

ℏΓ1 = ℏΓ2 =
nbω

3
1d

2
1

3πϵ0c3
= 2.69 µeV, (B.12)

corresponding to a lifetime of around 250 ps. However, these estimates do not account
for local field corrections, which are discussed below. They also only consider one
linearly polarized dipole, and we know there are three active dipole moments likely
contributing to out main emission resonance.

The coherent exchange term, with s-polarized dipoles (z-polarized), is

ℏ∆ss
12 =

d2

4πϵ0ϵbr312
≈ 93 ℏΓ1 = 0.25 meV, (B.13)

while for p-polarized dipoles (x-polarized),

ℏ∆pp
12 = − d2

2πϵ0ϵbr312
≈ −186 ℏΓ1 = −0.50 meV. (B.14)

As expected, and as mentioned earlier, these are identical in form to the well
known Förster coupling rate [152],

VF = ℏ∆ωF =
d1d2

4πϵbϵ0r312
(δij − n̂in̂j), (B.15)

for two dipoles that are polarized along i and j.
Without considering any effects from the metal film (or DNH topology) or lo-

cal field corrections, we thus expect a maximum shift, for p-polarized dipoles (x-
polarized), of around −186ℏΓ1. This is significant, and estimated to be around 0.5
meV red shift (within a dipole approximation).

Local field corrections
The radiative decay rates and photon-exchange rates are affected by local field

effects, since the PQD cubes have a different dielectric constant than the surrounding
medium. Specifically one has [153]

Γloc
1 = D2

1Γ1 =

(
3ϵb

2ϵb + ϵQD

)2

Γ1. (B.16)
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Values for ϵQD on PQDs vary in the literature from around 6-7 [154] in bulk (and thin
films) to 4.8 for QDs [132]. So we will consider two values, ϵQD = 6.25 and ϵQD = 4.8.
With ϵQD = 6.25, then we expect a local field reduction factor of

Γloc
1 ≈ 0.4Γ1. (B.17)

This is only an estimate as it neglects finite size effects, but this is expected to be
reasonable for very small PQDs, essentially only including a depolarization factor. If
we use ϵQD = 4.8, then the local field reduction is slightly less, with D2

1 = 0.53.
Since we have estimated d = d1 = d2 from the experimental radiate decay rates,

clearly these are reduced from the actual ones, but it does not matter if we regard
d as an effective dipole moment including local field corrections, or we can simply
increase this value in the presence or local field effects (which would reduce the local
all rates). The reason this does not matter, is that for identical QD cubes, the same
reduction factor applies also to the dipole-dipole coupling rates [155]. Thus,

ReG12|loc
ImGb|loc

≈ ReG12

ImGb

, (B.18)

and so we can once again scale our frequency shift in terms on the experimental ra-
diative decay rate. We will show the explicitly below, with full numerical simulations.

Exact photon Green function solutions in the presence of a gold film
To more accurately assess the effects of the gold film, and to include the possibility

of plasmon polariton effects and image dipole effects, we now calculate the exact Green
functions with a metal film, specifically a 70-nm gold film (Fig. B1 right side). Clearly
this is only an estimate for our DNH structure, which may also have some background
resonance effects from the nano-hole geometry. Nevertheless, it is useful to assess the
expected role of the gold film.

We use a well established multi-layered Green function approach [156]. For gold,
we adopt a simple Drude model for the complex dielectric constant

ϵfilm = ϵgold = 1−
ω2
p

ω(ω + iγ)
, (B.19)

with γ = 1.41× 1014 rads/s and ωp = 1.26× 1016 rads/s. However, we also consider
a more realistic model [157].

Fig. B2 shows the computation of the propagator for coupling two dipoles (Drude
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model), that are 6 nm from the metal (1-nm height/gap above the interface, Fig. B1
right side), which act to reduce the homogeneous contributions given above. For
example, the real part of the s-polarized (z-polarized) propagator (Re{Gtotal

12 }) changes
from -182 (using the analytical Green functions, with a homogeneous medium, in
Purcell factor units) to -115 (with a gold film included in the calculations, solid blue
curve at ℏω = 2.4 eV in left side of Fig. B2). We have also computed the same
function in COMSOL and obtained -114 (not shown), a remarkably good agreement.
Fig. B3 shows identical simulations, but with a more realistic material model for
gold [157]. Clearly, we obtain exactly the same trends, so the Drude model seems
reasonable for these simulations.

Full electromagnetic simulations using COMSOL
To corroborate the above analytical studies and arguments, we also compute the

photon Green functions numerically, for a general medium including the QD cubes
and the metal film. This can also give insight into any extra scattering effects that
may occur, such as scattering from the coupled QD cubes, though we expect such
effects to play a minor role. We use ϵb = 2.25 and ϵQD = n2

cube = 6.25, but the
results will scale with different ϵQD, since we divide the final photon exchange terms
by calculated radiative rates that also include local field corrections. We have also
checked this explicitly, and the relative differences with ϵQD = 4.8 compared to 6.25
are only a few percent.

To compute the numerical Green function for a general photonic medium, we use
COMSOL, including the PQD cubes (modified background response) and the gold
film. With a dipole source excitation, we could easily get Etotal(r) and Eb(r), which
are the electric fields with and without the scatterers in the medium. The scattered
field is then obtained from Escatt(r) = Etotal(r) − Eb(r). To obtain the numerical
scattered Green function, we exploit the following expression for the scattered field
from a dipole source at r0,

Escatt(r, ω) = Gscatt(r, r0, ω) ·
d

ϵ0
, (B.20)

where the scattered field Escatt has unit of V/m, the Green function Gscatt has unit of
m−3, and the dipole moment d has unit of C ·m. We can also obtain the total Green
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function in the same way,

Etotal(r, ω) = Gtotal(r, r0, ω) ·
d

ϵ0
, (B.21)

though one should avoid computing Re{Gtotal(r0, r0)}, as it is divergent; however,
Gscatt(r0, r0) (real and imaginary parts) and all other Green function quantities (r ̸=
r0) are well defined.

Within the simulation, the source dipole is placed at r1 (Fig. B4) and assumed
polarized along some i direction (such as the x, y, z). Thus we can write the dipole
moment as d = dni, where d is the value of the dipole moment, and ni is a uniot
vector. Note this dipole moment is not related to d1 and d2, but is simply a linear
dipole in Maxwell’s equations to obtain the numerical Green functions.

First we explore local field corrections, with one PQD and two PQDs (Fig. B4
(a,b)), since additional scattering can be captured that may show up on top of the
usual formula shown earlier, namely Eq. (B.16). Fig. B5 shows the COMSOL sim-
ulations from the PQD cubes. The single PQD results are shown to match the
analytical expressions very well, and the two PQD case shows a departure in the case
of x-polarized dipoles (p-polarized). Thus, additional scattering is shown to enhance
the projected LDOS (local density of states), or for an x-polarized dipoles; however,
its impact is relatively small.

Next, to connect to the photon exchange coupling rates (which will include the
usual Förster contribution), we compute the numerically exact propagator (within
numerical uncertainties), and corresponding scattering rates (for cube dimer placed
side by side above a gold film, Fig. B4 (c)), as shown in Fig. B6. Importantly, these
are normalized by the single PQD decay rate, and all simulations include the PQDs;
thus local field effects are also included in the normalization, and all scattering effects
are included for the calculation of the propagators.

Overall, the trends are seen to be in good agreement with the analytical results
shown earlier in Fig. B2. Note that if we remove the PQD cubes from the COMSOL
calculations and include only the metal film (Fig. B1 right side), then the agreement
with the analytical solution is less than 1%. As mentioned above, the real part of
the total Green functions Re(G12) for an z-polarized dipole is −115 (in Purcell units,
solid blue curve at ℏω = 2.4 eV in left side of Fig. B2) from the analytical Green
function results and −114 from COMSOL simulations (not shown). Even with small
quantitative differences the overall conclusion is the same. When with full structure,
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i.e., PQDs separated by 11-nm (placed side by side), and 1-nm above a gold film
(Fig. B4 (c)), the maximum frequency shift expected is around −163Γ1, where Γ1

includes local field corrections. Assuming ℏΓ1 ≈ 2.69 µeV, then we predict a spectral
shift of −0.44 meV, for p-polarized (x-polarized) dipoles.

Additional calculations for vertically coupled QD cubes on gold film (one cube is
placed on the top of the other one) are shown in the main text.

As mentioned in the main text, after initial calculations at a 1 nm gap size, we
obtained a more accurate measurement of the gap size from high-resolution TEM as
being 1.4 nm. This is expected theoretically to reduce the interaction by around 10%,
which we confirmed by simulation of an typical structure (see Fig. B7).

Other potential sources and mechanisms for coupled-PQD frequency shifts
Next, we briefly discuss some other potential effects that could cause large fre-

quency shifts for coupled PQDs.
For quantum emitters that are very close together, namely, where electronic tun-

neling is possible, excitons can be transferred, which is typically termed Dexter en-
ergy transfer [139]. This process is usually negligible for distances greater than 1 nm.
Dexter is a non-radiative process with electron exchange. Although similar to Förster
energy transfer, if differs greatly in length scale and the underlying mechanism. Dex-
ter transfer can be singlet-singlet or triplet-triplet, and the three fundamental exci-
tations in lead PQDs are triplets [132]. Dexter energy transfer is a process where
the donor and the acceptor exchange their electron. Thus, the exchanged electrons
should occupy the orbital of the other pair. The Dexter transfer rate has the form
VD ∝ J exp(−2r12/Lv), where J is the normalized spectral overlap, and Lv is the the
sum of van der Waals radius. Dexter transitions couple bright excitons to bright exci-
tons and are spin preserving. Their strength can also be computed from the Coulomb
matrix element. However, since Dexter coupling requires overlap with the electronic
wave functions, we believe it is highly unlikely for our coupled QDs.

There are also potential monopole-monopole interactions, which do not depend
on any spatial overlap of the electronic wave functions. These are usually neglected
in the derivation of Förster coupling between quantum emitters. Actually, monopole-
monopole is also the origin of Dexter energy transfer, but in that case, the contribu-
tion also requires oribital overlap. In the linear excitation domain (e.g., neglecting
biexciton effects), the excitonic monopole-monopole term [140, 141] merely renor-
malizes the eigenergies, unlike Förster and Dexter terms which represent exchange
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of photons or electronic excitations. Furthermore, for a symmetric wavefunctions,
monopole-monopole shifts should be zero for linear excitation.

There could also be effects beyond a dipole approximation, which can be captures
by doing a spatial integration with respect to the inter-PQD exciton wave functions
and the photon Green function propagator [142]. We have carried out such a calcu-
lation using 6D Monte Carlo integration and found the dipole approximation to be
excellent, within 5% for QD cubes that have a gap separation of 1 nm. This calcula-
tion used the ground state exciton wave function, and we used a similar integration
techniques to compute C, which enhances the oscillator strength.

Finally, we mention tandem tunneling [143] that can occur through the intermedi-
ate state in which the electron and hole are in different PQDs. This process has been
shown to have exciton hopping rates that are larger than the Dexter rate Förster for
certain PQDs. However, such PQDs are clearly fused together (unlike our optically
trapped coupled PQDs), so we also rule out the effect of fused tunneling.

Additional calculations for vertically and horizontally coupled QD cubes on gold
film are shown in the main text.
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Fig. B2: Green function calculation of the propagators (in Purcell factor units),
and corresponding frequency shifts from dipole-dipole coupling. We use two dipoles,
6 nm above a metal film, separated in x by 11 nm (Fig. B1 right side). Note the
scattered components from the metal film contribute negatively, and thus reduce the
usual Förster coupling. The thin vertical line corresponds to a frequency close to our
experiments.
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Fig. B3: Same as in Fig. B2, but using Johnson and Christy data for gold [157]. As
can be seen, there are little qualitative differences in the frequency of interest.
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Fig. B4: Schematic diagram for single cube, cube dimer (side by side, here the surface
to surface gap is 1 nm) and cube dimer plus the gold film (cube dimer is placed 1 nm
above the gold film), used in the numerical COMSOL simulations. The source dipole
is placed in the center r1 of the left cube, where we consider x- or z-polarized.
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Fig. B5: Projected LDOS in Purcell factor units, showing the effect of local field cor-
rections with a single cube and a cube dimer (Fig. B4 (a,b)). The expected analytical
answer is also shown for a single cube (Eq. (B.16), thin chain line). Note the lines
and symbols are the same data, but more accurately show the numerically computed
data points (symbols).
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Fig. B6: Propagators and dipole-dipole shifts computed from COMSOL, which in-
cludes the full scattering geometry (Fig. B4 (c)). All terms include local field correc-
tions, so are normalized by the result including the single QD cube. The decay rate,
Γ1, is thus the one also including local field corrections for a single QD cube. The
vertical line is close to the experimental frequency regime.
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Fig. B7: Dipole-dipole frequency shifts computed in COMSOL, showing the difference
between 1 nm (right side, same as Fig.3 c right figure in main text) and 1.4 nm gaps
(left side). The larger gap causes a very small reduction, as expected. With 1.4 nm
gap, the maximum photon exchange rate is around −209ℏΓ1 for z-polarized dipoles
with top coupling, which we estimate to be around −0.56 meV.
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Appendix C

Data Analysis

Spectrum data were saved in .csv file, which consists of two columns: wavelength and
counts. Trapping data were saved in .txt file, which can be read by MATLAB 2016.
MATLAB 2016 and Origin 2021 were used to read and process data and perform
analysis.
All the matlab code is available at github.com/layallan/MATLAB_MASTER.
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