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Control over spontaneous emission is important for many applications in pho-
tonics, including efficient light-emitting diodes, photovoltaics, single-photon sources
and low-threshold nanolasers. Photonic crystals can modify the spontaneous emis-
sion by creating cavities with extremely small mode-volumes, and are an ideal
platform for integrated devices because of their scalable planar architecture. For
developing photonic devices at room temperature using such cavities, colloidally
synthesized quantum dots are excellent emitters because they exhibit high photolu-
minescence efficiency and emission wavelength tunability.

In this thesis, I present experimental and theoretical work on enhancing light-
matter interaction at room temperature, using colloidal quantum dots and nanobeam
photonic crystal cavities. Using time-resolved optical spectroscopy, we observed en-
hanced spontaneous emission rate of the quantum dots coupled to the cavity mode.
We also demonstrated saturable absorption of the quantum dots coupled to the

cavity mode by pump-intensity dependent cavity-linewidth, which is a nonlinear



phenomenon with potential applications in optical switching at room temperature.
Using the quantum optics framework, we developed a theoretical model to show
that cavity-enhanced spontaneous emission can be used to overcome Auger recom-
bination (an ultrafast nonradiative process that quenches optical gain) in colloidal
quantum dots to develop low-threshold nanolasers. In the end, I will also discuss
our current efforts towards deterministic deposition of quantum dots on photonic
crystal cavities using atomic force microscopy for effective fabrication of quantum

dot devices.
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Chapter 1: Introduction

1.1 Motivation

Control over spontaneous emission is important for many applications in nanopho-
tonics, including fast and low-threshold nanolasers [1-4] for optical communication
and computing, efficient light-emitting diodes [5] for displays and lighting, efficient
photovoltaics [6, 7] for solar power harvesting, and efficient single-photon sources
8,9] for quantum information processing. Spontaneous emission can be controlled
(enhanced or inhibited) by modifying the properties of the radiation field — pho-
tonic density of states and the electric-field strength at the emitter’s location [10] —
using optical cavities. Photonic crystals are an ideal platform for nanophotonic de-
vices because of their scalable planar architecture and extremely small mode-volume
cavities. Moreover, the interaction of quantum dots with a cavity can lead to en-
hanced nonlinear optical effects such as optical bistability [11-14] and saturable
absorption [15-17], which can enable all-optical signal processing devices [18-20].

In this thesis, I present experimental and theoretical work towards enhancing
light-matter interaction at room temperature, using colloidal quantum dots and
photonic crystal cavities. In this chapter, I will introduce photonic crystal cavities

and colloidal quantum dots.



1.2 Photonic crystal cavities

Photonic crystals are formed by periodic variation of refractive index in an
optical medium. The control of light in photonic crystals happens via distributed
Bragg reflection that leads to formation of photonic band gaps analogous to the elec-
tronic bandgaps in semiconductors. The propagation of light at frequencies within
the photonic bandgap is prohibited along certain directions. The most common
forms of photonic crystals are 2D and 1D (fig. 1.1 shows photonic crystals in SiN,
fabrication is described in Chapter 2), in which light propagation is governed by
distributed Bragg reflection in two and one dimensions respectively, and by total
internal reflection in the rest of the directions. Typically, these photonic crystals are
fabricated by patterning a periodic lattice of holes in a thin, suspended membrane of
high refractive index material. Both 2D and 1D photonic crystals can be fabricated
using the standard techniques employed in the semiconductor industry.

Light can be confined by creating defects, known as photonic crystal cavi-
ties, in the periodicity of the photonic crystals. These cavities can be formed by
locally missing, shrinking or shifting the holes (fig. 1.2 shows photonic crystal cav-
ities in SiN, fabrication is described in Chapter 2). In this work, I have used 1D
(nanobeam) photonic crystal cavities, which confine light in SiN. The mode-profile
of the nanobeam photonic crystal cavity is shown in fig. 1.3. Nanobeam pho-
tonic crystal cavities have been previously studied in a variety of material systems,
such as silicon [21-23], silicon nitride [24, 25], silicon dioxide [26-28], and gallium

arsenide [29,30], and have been theoretically predicted to achieve mode-volumes



Figure 1.1: SEM image of (a) a 2D photonic crystal , (b) a 1D (nanobeam) photonic

crystal in SiN.
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Figure 1.2: SEM image of a typically fabricated (a) 2D photonic crystal cavity, (b)

1D (nanobeam) photonic crystal cavity in SiN.



approaching the diffraction limit [22,23,28,31]. We utilize a cavity design proposed

by Khan et al. [25] for our experiments. The fabrication details are explained in

Chapter 2.

Ol W

Figure 1.3: The simulated mode-profile of the nanobeam photonic crystal cavity in

SiN.

1.3 Quantum dots

Quantum dots are semiconductor nanocrystals which exhibit discrete energy
levels due to three-dimensional confinement of the charge carriers. Because of these
discrete energy levels, quantum dots behave much like atoms. The emission prop-
erties of the quantum dots are determined by their shape, size and material compo-
sition.

There are two types of quantum dots: epitaxial quantum dots and colloidal
quantum dots. Epitaxial quantum dots are three dimensional islands of a lower
bandgap semiconductor, self-assembled in a high bandgap host semiconductor. These
are grown by a molecular beam epitaxy technique. Colloidal quantum dots are syn-
thesized in solution form [32]. These quantum dots are not restricted to any host
material, and therefore, can be incorporated with any photonic device.

CdSe quantum dots are among the most mature colloidal quantum dots. These
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Figure 1.4: (a) Schematic of a colloidal quantum dot, comprising of a core, a shell
and ligands. (b) An AFM image of CdSe/ZnS quantum dots dried on a SiN surface.
(c) A typical photoluminescence spectrum of a an ensemble of CdSe/ZnS quantum

dots at room temperature.

quantum dots comprise of three main sections: a core, a shell and a coating of
ligands, as shown schematically in fig. 1.4(a). The core is a CdSe nanocrystal,
the bandgap of which along with the size-dependent confinement of charge carriers
determines the band-edge emission wavelength. The shell is comprised of a wider
bandgap material such as ZnS or CdS which prevents quenching of the emission due
to surface traps. Finally, ligands help in dispersing quantum dots in the desired
solvents (water and organic solvents) and in adding functionality to attach them
to specific systems. The emission wavelength of CdSe quantum dots can be varied
across the entire visible wavelength by manipulating their size during the chemical
synthesis [33,34]. Figure 1.4(b) shows a typical atomic force microscope image of
CdSe/ZnS (Invitrogen Qtracker CdSe/ZnS 655 nm) quantum dots dried on a SiN
surface and fig. 1.4(c) shows a typical photoluminescence spectrum of an ensemble

of CdSe/ZnS quantum dots at room temperature.



1.4 Outline of the Thesis

In this thesis, I present both experimental and theoretical work on enhancing
interaction between cadmium selenide (CdSe) quantum dots and photonic crystal
cavities at room-temperature. Chapter 2 describes the procedure for fabrication
of photonic crystal cavities. Chapter 3 describes the time-resolved lifetime mea-
surements on quantum dots located on the photonic crystal cavity, and observation
of spontaneous emission enhancement. Chapter 4 describes the experiment demon-
strating saturable absorption of quantum dots coupled to the photonic crystal cavity.
Chapter 5 discusses a theoretical model for a low-threshold colloidal quantum dot
nanolaser. Chapter 6 describes the use of the dip-pen nanolithography technique
for deterministic placement of quantum dots on photonic crystal devices. This tech-

nique could help in the experimental realization of the proposed nanolaser.



Chapter 2: Photonic Crystal Cavity Fabrication

2.1 Introduction

As described in Chapter 1, photonic crystals can create extremely small mode-
volume cavities [35], making them ideal for low-power, on-chip optoelectronic de-
vices [1-4,19,36-44] as well as for studying fundamental light-matter interactions.
We used nanobeam photonic crystal cavities for our experiments with colloidal quan-

tum dots. This chapter describes the fabrication procedure of these cavities.

2.2 Fabrication

We fabricated the devices on 200-nm-thick stoichiometric SiN deposited on
silicon using low pressure chemical vapor deposition. We patterned the nanobeam
photonic crystal cavities using electron-beam lithography and fluorine-based induc-
tively coupled plasma dry etching. The underlying silicon was etched by aqueous
KOH to create a suspended beam. The details of each fabrication step are described

below and a schematic of the entire process is shown in Fig. 2.1.



Figure 2.1: Schematic of the fabrication process: (a) deposition of 200 nm SiN on

silicon using low pressure chemical vapor deposition (LPCVD), (b) nanobeam PC
cavity patterned using e-beam lithography, (c) transfer of the pattern into SiN using
inductively coupled plasma etching, and (d) wet etch to to remove the underlying

silicon



2.2.1 Electron-beam Lithography

Prior to spinning the e-beam resist, the SiN samples were cleaned with ace-
tone, methanol and iso-propanol, and baked on a hotplate at 180 °C for 2 minutes.
ZEP520A (Zeon Chemicals), a positive tone e-beam resist, was spun on the samples
at 2600 rpm for 1 minute. The sample was again baked at 180°C for 2 minutes
and the resulting resist layer was about 400 nm thick. Because SiN has very low
conductivity, it suffers from a charging problem during e-beam writing. To prevent
this problem, a conductive polymer layer (aquaSAVE) is spun on the baked resist
at 3000 rpm for 1 minute.

E-beam lithography was done using a Raith e-Line system at 30 keV with
7.5 pum aperture, which gave current in the range of 12 - 20 pA depending on
the tip condition and beam alignment. The working distance was set to 10 mm,

the write-field area was set to 100x100 pum?

and the step-size for both area and
curved elements was set to 4 nm. Since the nanobeam cavity structure includes two
patterns (side-rectangles and holes) which differ in area considerably, the two were
given different dosages during exposure, and an array of dosages, centered around
the optimal value, was used during e-beam exposure. Typical SEM images of a
cross-sectional view of the mask of an array of trenches and photonic crystal holes
are shown in fig. 2.2.

After e-beam exposure, the samples were developed: first the conducting poly-

mer layer was rinsed off using water and the samples were nitrogen blow-dried, then

the samples were dipped in ZED-N50 (Zeon Chemicals) for 50 seconds, followed by
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5.0kV 6.3mm x18.0k SE(U)
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Figure 2.2: SEM image of cross-sectional view of mask of (a) trenches with width
500 nm, 200 nm, 150 nm and 100 nm (b) array of photonic crystal holes of radius

55 nm. The sample is coated with gold for better conductivity.
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MIBK (Micro Chem) for 30 seconds, and iso-propanol for 30 seconds.

2.2.2 Inductively-coupled Plasma Etching

For transferring the pattern from the mask to SiN, we used inductively-coupled
plasma etching (Oxford Plasmalab System 100) under fluorine chemistry. Since
the etcher is a shared tool, before etching the samples, it was cleaned by running
Oxford’s “after SiN-etch” and “after SiOs-etch” clean recipes for 30 minutes each and
then by mechanical scrubbing of the chamber from inside using methanol and iso-
propanol, which was followed by oxygen plasma run for 30 minutes. The optimized
etching recipe (described in Table 2.2.2) was run for 10 minutes to precondition the
chamber. A 6” silicon dioxide or silicon nitride wafer was used as a carrier-wafer
for the sample. This choice of carrier-wafer ensured optimal values of DC bias.
Fomblin pump oil was used to achieve good thermal contact between the sample
and the carrier wafer. The optimized etching recipe parameters are listed in Table
2.2.2.

Typical run time was 90 seconds to etch through 200 nm of SiN and about 100
nm of underlying Si, which allowed straighter side-walls. Typical SEM images of
cross-sectional view of etched array of trenches and photonic crystal holes are shown
in fig. 2.3, where 100 nm of residual resist can also be seen on top. After etching,
the residual mask was removed by soaking the sample in Remover PG (Micro Chem)
at 80°C. Most of the times, even after using Remover PG, some residual resist was

left near the pattern, which was removed using a mild Oy plasma (Branson Barrel

12



5.0kV 5.9mm x50.0k SE(U)

Figure 2.3: SEM image of cross-sectional view of etched (a) trenches with width 500
nm, 200 nm, 150 nm and 100 nm (b) array of photonic crystal holes of radius 55

nm. The sample is coated with gold for better conductivity.
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Parameter Value
CHF, 45 scem

SFg 5 scem

RF power 50 W

ICP power 500 W
He backing 7.5 sccm
Chamber pressure | 10 mTorr

Table 2.1: SiN etch recipe parameters.

Resist Stripper; 100 sccm Oy, 75W, 2 minutes).

2.2.3 Removal of Underlying Silicon

As final step of fabrication, the underlying silicon was etched away to suspend
the silicon nitride beams. An aqueous solution of KOH (15 g KOH in 150 mL of
DI water) at 80°C and constantly stirred at 300 rpm was used to undercut the
samples. Typical undercut time was 8 minutes. An example SEM image of the final
nanobeam structure is shown in fig. 2.4. Similar to e-beam lithography, due to low
conductivity of SiN, SEM of SiN structures required carbon coating or gold coating

to prevent accumulation of charge on the surface.

14



10.0kV 6.3mm x15.0k SE(U)

Figure 2.4: SEM image of a typically fabricated nanobeam photonic crystal cav-
ity (reproduced from Fig. 1.2(b)). The sample is coated with carbon for better

conductivity.
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Chapter 3: Spontaneous Emission Enhancement

3.1 Introduction

Colloidally synthesized quantum dots are excellent emitters for developing light
sources [45-49] and non-linear devices [11-13,15,18-20] operating at room tem-
perature. These quantum dots exhibit high photoluminescence efficiency at room
temperature [50,51] and emission wavelength tunability [33,34]. The spontaneous
emission rate of the quantum dots can be enhanced by coupling them to small mode-
volume cavities [10,52]. Photonic crystals create extremely small mode-volume cav-
ities [35] that can reduce lasing threshold [1-4,36-40] and enable nonlinear devices
at low light-levels [19,41-44].

Previous measurements of CdSe quantum dots coupled to photonic crystal
cavities have shown increased brightness when the quantum dots are resonant with
the cavity mode [53-56]. Similar results have been shown for quantum dots near the
band edge of two dimensional photonic crystals [57,58]. Spontaneous emission rate
enhancement and suppression of CdSe quantum dots coupled to band-edge modes
of three dimensional photonic crystals have also been demonstrated [59].

Here, we demonstrate spontaneous emission rate enhancement and saturable

absorption of CdSe(ZnS) colloidal quantum dots coupled to a nanobeam photonic

16



crystal cavity. Using time-resolved measurements, we show an average spontaneous
emission rate enhancement of 4.6 for an ensemble of quantum dots located at the
cavity. We also demonstrate cavity linewidth narrowing due to quantum dot sat-
urable absorption. These results represent an important step towards development

of integrated nanophotonic devices operating at room temperature.

3.2 Time-resolved lifetime measurements

Nanobeam photonic crystal cavities have been extensively studied numerically
(23,31, 60], and have been experimentally demonstrated in a number of previous
works [21,24,25,28]. We utilize a cavity design proposed by Khan et al. [25]. Figure
3.1(a) shows the device structure and the calculated mode profile for the cavity. We
calculate the cavity mode using numerical three dimensional finite-difference time-
domain simulations (Lumerical Solutions). The cavity design consists of a 200-nm-
thick and 300-nm-wide silicon nitride (SiN) beam with a one-dimensional periodic
array of air holes (a = 250 nm and r = 70 nm). The cavity is formed by linearly
reducing the lattice constant from a = 250 nm to ag = 205 nm and the hole radius
from r = 70 nm to rg = 55 nm over a span of 4 holes at the center of the beam
(symmetrically on both sides).

We fabricate the device on 200-nm-thick stoichiometric SiN and the fabrication
procedure is discussed in detail in Chapter 2. A scanning electron microscope image
of a fabricated device is shown in Fig. 3.1(b). We disperse CdSe(ZnS) (Invitrogen

Qtracker CdSe/ZnS 655 nm) quantum dots on the device by drop-casting a 10 nM

17
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Figure 3.1: (a) Electric field intensity (|F|*) profile of the resonant cavity mode.
(b) Scanning electron microscope image of a nanobeam photonic crystal cavity. (c)
Photoluminescence-spectra of CdSe (ZnS) colloidal quantum dots located at the

cavity and on unpatterned silicon nitride surface at room temperature.

aqueous solution and dabbing off the excess solution after 10 minutes. We note that
due to this deposition technique, the quantum dots are not dispersed uniformly on
the surface of the devices. Using atomic force microscopy, we determine the average
density of the quantum dots on a nanobeam to be ~50 pm=2.

To avoid oxidation and photo-bleaching of the quantum dots during the ex-
periment, we load the device into a sealed chamber filled with purified nitrogen
gas. For lifetime measurements, we illuminate the sample with 70 ps laser pulses
at 405 nm wavelength and a repetition rate of 5 MHz (PDL800B, LDH-P-C-405B,
PicoQuant). We set the average power to 500 nW to avoid creation of biexcitons
and, thus, minimize the effect of excitation power on the measured lifetimes [61].
The laser excitation spot is about 1 pum in diameter. The photoluminescence sig-
nal from the sample is collected using an objective lens with numerical aperture of

1.3. Of the collected signal, 25% is used for imaging and the rest is split equally

18
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Figure 3.2: Schematic of the experimental setup. NBP = narrow band-pass filter

between a grating spectrometer and a photon counting module (Picoquant MPD
along with Picoharp 300) for simultaneous spectral and time-resolved lifetime mea-
surements (shown in Fig. 3.2). We use a spatial filter to collect light only from a 1
pum region around the cavity, and a spectral filter with 40 nm bandwidth (Semrock
FF01-655/40-25) to reject all light outside the quantum dot bandwidth.

Figure 3.1(c) shows typical photoluminescence spectra obtained by exciting
the cavity region as well as an unpatterned region away from the nanobeam. The
spectrum of ensemble of quantum dots located on an unpatterned region exhibits
a broad homogenous linewidth of 21 nm. In contrast, the cavity spectrum exhibits
a bright peak at the cavity resonant wavelength of 646.1 nm. We fit the cavity

spectrum to a Lorentzian function to determine a quality factor of ¢ = 9900.
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Figure 3.3: (a) Time-resolved lifetime measurements of the quantum dots located
at the cavity and on unpatterned silicon nitride surface (spectra shown in Fig.
3.1(c)). The stretched exponential fits are shown by solid curves. (b) Histogram
of the lifetime (7,,, from stretched exponential fit) from 29 different devices from 3

separately fabricated samples. The Gaussian fits are shown by dashed curves.

Figure 3.3(a) plots time-resolved lifetime measurement of the quantum dot
emission collected from the cavity and an unpatterned region away from the nanobeam.
We normalize the curves with respect to their count rates at time ¢ = 0. The cavity
fluorescence decays faster than the fluorescence from the unpatterned surface. Both
temporal decays (on and off the cavity) exhibit a multi-exponential behavior. Multi-
exponential decays in quantum dots have been previously studied and attributed to
temporal fluctuations in non-radiative relaxation pathways due to changes in elec-
tronic or structural environment of the quantum dots [62,63]. Cavities can induce
additional fluctuations through variations in quantum dot positions and dipole ori-
entations relative to the cavity field, which leads to different spontaneous emission
enhancements [59,64].

Two main decay models have been proposed for studying multi-exponential
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decay processes: stretched exponential fit [63] and log-normal fit [64,65]. Here we

use a stretched exponential fit given by
I(t) = Iy + Ae= /)’ (3.1)

where I(t) is the photoluminescence intensity at time ¢, Iy is the background in-
tensity level, 7, is the 1/e decay lifetime, [ is the stretch parameter, and A is a
scaling constant. The stretch parameter g ranges between 0 and 1, and is inversely
related to the variance of the decay rate (8 = 1 corresponds to a single-exponential).
From the stretched exponential fit, the average decay lifetime of the ensemble can
be calculated by
g = 5T (;) (3.2)

where I' is the Gamma function.

We fit the lifetime data shown in Fig. 3.3(a) to Eq. (3.1) by treating 7.,
B, and A as fitting parameters. The solid lines in Fig. 3.3(a) represent the fitted
values. These fits correspond to 75, = 0.32 ns and § = 0.36 for quantum dots
located at the cavity, and 7, = 5.35 ns and § = 0.62 for quantum dots located
on the unpatterned silicon nitride surface. The § from the fit on the cavity data
is smaller than the one from the unpatterned surface because the cavity creates an
additional fluctuation in lifetime of quantum dots due spatial variation in cavity
mode. Using Eq. (3.2), we calculate the average lifetime, 7,4, for quantum dots
located at the cavity to be 1.5 ns and quantum dots located at unpatterned silicon
nitride surface to be 7.66 ns.

We performed lifetime measurements on 29 different devices from 3 separately
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fabricated samples. Figure 3.3(b) plots 7,,, for all these measurements. The dashed
curves are Gaussian fits to both the lifetime distributions. We observe a mean life-
time of 1.25 ns for quantum dots located at the cavity and 5.74 ns for quantum dots
located on unpatterned silicon nitride surface, leading to an average spontaneous
emission rate enhancement of 4.6. For quantum dots on the unpatterned surface
we observe a shorter lifetime than those typically reported for single quantum dots
deposited on glass [63,66]. This reduction may be caused by modification of the
local density of states due to the larger dielectric constant of SIN [67,68] and Forster
energy transfer between quantum dots [69]. Nonradiative decay may also contribute
to the measured lifetimes. Because quantum dots are deposited on the device after
the fabrication process, they are expected to have the same non-radiative decay rate
regardless of whether they are deposited on the cavity or the unpatterned surface.
In this case, the measured decrease in lifetime provides a lower bound on the actual

spontaneous emission enhancement factor.

3.3  Simulation Results

The spontaneous emission enhancement factor for a quantum dot located at
position r in the cavity, defined as F(r) = v(r)/v where v(r) is the decay rate of
the quantum dot located at the cavity and = in free space, assuming the dipole
transition is resonant and emitting in the same polarization as the cavity mode is
given by [70]:

Fr) = 14+ 22 Qut (3.3)

N 4202 Vo
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In the above equation, A is the cavity-mode wavelength, @, = A\/A\,4 is the quan-
tum dot quality factor, A), is the quantum dot linewidth, n is the refractive index
of the cavity dielectric, V = [ d®re(r)|E(r)[*/[e(r)|E(r)|?|maz is the cavity mode vol-
ume, €(r) is the relative dielectric constant, and 1 (r) = |E(r)[*/[|E(r)|*]mae is the
ratio of cavity-field intensity at location r to the maximum cavity field intensity. We
note that the above equation is different from the conventional expression for the
spontaneous emission rate enhancement factor and depends on the quality factor of
the quantum dot, not the quality factor of the cavity. This difference is attributed
to the fact that the homogeneous linewidth of the quantum dots is broader than the
cavity, and therefore, our cavity-quantum dot system lies in the bad emitter limit
[52,71].

We set the SiN refractive index to n = 2.01 [72] and single quantum dot
linewidth to A\, = 15 nm [73]. Using finite-difference time-domain simulations,
we calculate V' = 0.57(A\/n)3, A = 642.6 nm, and ¢ = 0.355 for a quantum dot
located at the field maximum on the top surface of the nanobeam cavity. Plugging
these values into Eq. (5.1), the maximum spontaneous emission rate enhancement
is calculated to be 5.1. The calculated value for the spontaneous emission rate

enhancement agrees with the measured value of 4.6.
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Chapter 4: Saturable Absorption

4.1 Introduction

Just as the cavity can affect the quantum dots by enhancing spontaneous
emission, the quantum dots can affect the cavity through absorption which degrades
the cavity Q. Because quantum dots saturate at high pump intensity, the cavity
will exhibit an intensity-dependent linewidth. Saturable absorbers in a cavity can
create enhanced nonlinear optical effects such as optical bistability [11-14], optical

switching [18,20], and passive mode locking [74].

4.2 Experiment

In order to create sufficient quantum dot absorption to decrease QQ, we increase
the quantum dot density by performing five deposition steps on the device, as op-
posed to the single deposition step used for lifetime measurements. Using atomic
force microscopy, we determine the average quantum dot density on a nanobeam
to be ~ 250 pm~2. We increased the pulsed laser repetition rate to 20 MHz to get
higher signal. The collected photoluminescence signal is sent to a grating spectrom-

eter to measure the cavity spectrum. Figure 4.1(a) shows the normalized cavity
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Figure 4.1: (a) Normalized cavity spectrum for different input pump power levels.
The green curved arrows show the time sequence in which the cavity spectra were
measured. (b) Cavity Q as a function of input pump power. (c) Integrated cavity

photoluminescence intensity as a function of input pump power.

25



spectrum for several different input powers (the green arrows show the time sequence
in which the cavity spectra were measured). We gradually increase the input power
from 10 nW to 70 W, and the corresponding spectra are shown in blue. Once
the input power level is at 70 uW, we gradually decrease the input power back to
10 nW, and the corresponding spectra are shown in red. We observe that the cav-
ity spectrum narrows with higher input power and becomes broad again when the
input power is decreased back. We also observe an irreversible shift in resonance
wavelength at higher input powers, which may be caused by photo-induced damage
to the quantum dots [73] or cavity membrane at high intensities.

Figure 4.1(b) plots the cavity Q as a function of input power, determined
by performing a Lorentzian fit to the cavity spectrum. The blue circles show the
cavity (Q when the input power is gradually increased from 10 nW to 70 W, and
the red dots represent the Q when the input power is gradually decreased back to
10 nW. In the increasing power cycle, ) increases from 6700 at 10 nW to 10400 at
70 uW. The increase in cavity Q as a function of pump power is due to quantum
dot saturation, which reduces the absorption in the cavity. In the decreasing power
cycle, the cavity Q does not fully recover to its original value, but reaches a slightly
higher value of 7400. This behavior is attributed to photo bleaching of quantum
dots at higher powers during the increasing power cycle, which leads to a slightly
lower absorption. The solid curve, in Fig. 4.1(b), is a fit to a model based on a

cavity coupled to a homogeneous saturable absorber, where Q is given by [75]:

1 1 1 1

Q Q. Qult P/Pu

(4.1)
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where (). is the quality factor of the bare cavity, QQu is the quality factor due to
quantum dot absorption at low (unsaturated) powers, P is the input power, and Pj,;
is the saturation power. We fit the quality factor data, obtained for the increasing
power cycle, to the above equation, treating Q., Q. and P, as fitting parameters.
We obtain the best fit, shown as a solid curve in Fig. 4.1(b), for Q. = 10500, Q. =
19600, and P, = 2.98 pW.

The cavity emission intensity provides further evidence that saturable absorp-
tion is the dominant mechanism for linewidth narrowing. Figure 4.1(c) plots the
integrated cavity photoluminescence intensity as a function of input power, deter-
mined by performing a Lorentzian fit to the cavity spectrum. The blue circles
represent the intensity when the input power is gradually increased from 10 nW to
70 uW, and the red dots represent the intensity when the input power is gradu-
ally decreased back to 10 nW. The integrated cavity photoluminescence intensity
increases linearly with increasing input power and eventually saturates. The solid

curve in Fig. 4.1(c) is a fit to a saturable absorption model given by [76]

aP

lo=——
1+ P/Psy

(4.2)

where I, is the photoluminescence intensity and « is a proportionality constant.
Figure 4.1(c) shows the best-fit results where we treat « as a fitting parameter and
use the calculated Py, from Eq. (4.1). The fit is performed for the data obtained for
increasing power cycle, and exhibits good agreement with the experimental measure-
ments. Both the intensity and the cavity Q saturate with the same Py, providing

strong support for saturable absorption as the dominant mechanism for the intensity
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dependent cavity linewidth.

When the power is decreased back down, the observed intensity values during
the decreasing power cycle are lower than those in the increasing power cycle. This
behavior is irreversible, it does not recover when we increase the power back up
on subsequent power cycles but instead further degrades. It is therefore not due
to power hysteresis effects such as thermal or optical bistability, which typically
require direct resonant excitation of the cavity mode. This reduction in intensity
is caused by photo-bleaching of quantum dots at higher input powers, and is also
consistent with the fact that () does not drop down completely to its original value

(Fig. 4.1(b)).
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Chapter 5:  Overcoming Auger recombination in nanocrystal quan-

tum dot laser using spontaneous emission enhancement

5.1 Introduction

Room-temperature nanolasers have applications in fields ranging from opti-
cal communications and information processing [77] to biological sensing [78] and
medical diagnostics [79]. Colloidally synthesized nanocrystal quantum dots are a
promising gain material for nanolasers. These quantum dots are efficient emitters
at room temperature [51,80], have broadly tunable emission frequencies [33,81] and
are easy to integrate with photonic structures [47-49].

Nanocrystal quantum dot lasers have been demonstrated using resonant struc-
tures such as distributed feedback gratings [49], microspheres [47], and micro-toroids [48].
However, these devices have exhibited high lasing thresholds due to fast non-radiative
decay caused by Auger recombination [82,83]. Nanocrystal quantum dots have
a fast Auger recombination rate owing to the tight spatial confinement of carri-
ers [83]. Onme approach to reduce Auger recombination is by engineering quan-
tum dots with decreased spatial confinement. For example, elongated nanocrystals

(quantum rods) can reduce Auger recombination [84,85] to achieve lower thresh-
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old lasing [86]. Core/shell heteronanocrystals may also reduce the carrier spatial
confinement [87,88], but have yet to be successfully integrated into a laser structure.

Here we show that spontaneous emission rate enhancement in a small mode
volume cavity [10] can overcome Auger recombination and enable low threshold las-
ing. We derive a model for a nanocrystal quantum dot laser using a master equation
formalism that accounts for both Auger recombination and spontaneous emission
enhancement. Using this model we show that spontaneous emission enhancement
reduces the effect of Auger recombination, resulting in up to a factor of 17 reduc-
tion in the lasing threshold. We analyze a nanobeam photonic crystal cavity as a
promising device implementation to achieve low threshold lasing in the presence of
Auger recombination.

In section 5.2 we derive the theoretical formalism for a nanocrystal quantum
dot laser. Section 5.3 presents numerical calculations for a general cavity structure
under the uniform-field approximation. In section 5.4 we propose and analyze a
nanobeam photonic crystal cavity design as a potential device implementation of a

nanocrystal quantum dot laser.

5.2 Derivation of numerical model

Figure 5.1(a) illustrates the general model for a nanocrystal quantum dot laser.
The laser is composed of an ensemble of quantum dots coupled to a single cavity
mode. The level structure of the quantum dots, shown in Fig. 5.1(b), consists of four

states: a ground state |1) which contains no carriers, the single exciton states |2)
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Figure 5.1: (a) Schematic of a laser composed of nanocrystal quantum dots coupled
to an optical cavity. (b) Level diagram for a four-level model of a nanocrystal

quantum dot.

and |3) which contain a single electron-hole pair, and the biexciton state |4) which
contains two electron-hole pairs. In the single exciton states, the quantum dot ab-
sorbs and emits a photon with nearly equal probability. Thus, only the biexciton
state can provide optical gain [34]. However, this state suffers from Auger recombi-
nation where an electron-hole pair recombines and transfers energy non-radiatively
to a third carrier [83]. The strong carrier confinement in the quantum dots leads to
fast Auger recombination, resulting in a low biexciton radiative efficiency.

Figure 5.1(b) also shows the relevant decay rates for our quantum dot model.
The biexciton state decays to each exciton state with the rate yo = 7 +7,/2, where
7o is the spontaneous emission rate and ~, is the total Auger recombination rate
of the biexciton state. We assume the single exciton states decay predominantly

by spontaneous emission. We also assume equal spontaneous emission rates for all
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four allowed transitions, and ignore long-lived trap states that are responsible for
blinking behavior [89,90]. These states can be incorporated as additional energy
levels in the model. The quantum dot is incoherently pumped with an external
source characterized by the excitation rate R.

In bare nanocrystal quantum dots Auger recombination is an order of mag-
nitude faster than spontaneous emission [83]. It therefore dominates the decay of
the biexciton state and quenches the optical gain. However, when the quantum dot
spectrally couples to an optical cavity, its spontaneous emission rate increases by
the factor [52].

29%(ro)

where ¢(rg) is the cavity-quantum dot coupling strength given by

_pe@ | hwe  |E(ro)]
g(ro) == 260V |E () [rmas

(5.2)

Here, E(rg) is the electric field amplitude, & is the polarization direction of the
cavity mode at the quantum dot position ry, w. is the cavity mode resonant fre-
quency, V,, = [d®re(r)|E(r)|*/[|E(r)|*|maz is the cavity mode-volume [91], ¢ is
the permittivity of free space, €(r) is the relative dielectric permittivity and pu is
the quantum dot dipole moment. The rate Kxx = (7 + 272 + 74)/2 represents
the total linewidth of the biexciton state, which is dominated by the dephasing rate
va at room-temperature [66,73,83]. We note that Eq. (5.1) is different from the
more common expression for F' that depends on the ratio of the cavity quality fac-
tor @ and the cavity mode-volume V;, [10,52]. This difference occurs because at
room temperature the dephasing rate of nanocrystal quantum dots is much larger
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than the cavity linewidth. The device therefore operates in the bad emitter regime,
where F' becomes independent of the cavity ). By engineering cavities with small
mode-volumes, we can achieve large F' and enhance the spontaneous emission rate,
thereby increasing the radiative efficiency of the quantum dot in the presence of
Auger recombination.

To analyze the nanocrystal quantum dot laser in the presence of Auger recom-

bination and spontaneous emission enhancement, we begin with the master equation

dp 1
% %[Pa H] +Lp (5.3)

where p is the density matrix of the combined cavity-quantum dot system, H is
the Hamiltonian, and L is the Liouvillian superoperator that accounts for incoher-

ent damping and excitation processes. The Hamiltonian of the system is given by

Hcavity + Hngp + Hiyc, where

Hcavity = hwcaTa (54)
N
Hrnagp = Y hwps (0o2m + O33.m) + hwp ™ Oaam (5.5)
m=1
N
Hjc = Z hgé(rm)(aﬂ,ma + 012,maT + 031ma + Uls,maT)
+ hgr)riX<rm)(o-42,ma + 024,maJr + o4z ma+ 0-34,maT) (5.6)

In the above equations a and a' are the bosonic annihilation and creation operators
of the cavity mode. The summation is carried out over all quantum dots in the
cavity, where we denote the total number of quantum dots by N. For the m!"
quantum dot, ok, = |j)(k| represents the atomic dipole operator when j # k and

the atomic population operator when j = k, for the single exciton states (j = 2, 3)
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and the biexciton state (j = 4). We set the energy of the quantum dot ground state

XX

-~ as the resonant frequencies of the single-exciton

to zero. We define w;® and w
and biexciton transitions, respectively. Similarly, the cavity-quantum dot coupling
strengths for the exciton and biexciton transitions are g (r,,) and gX*(r,,) for the
m*™ quantum dot at position r,,. At room temperature, the homogenous linewidth
of these quantum dots is much larger than the biexcitonic shift [92-95]. We therefore
assume all four transitions of each quantum dot are resonantly coupled to the cavity
mode (w. = wX = wX¥/2). The Liouvillian superoperator L is fully defined in
Appendix A.1.

The master equation is difficult to solve both analytically and numerically
when the number of quantum dots becomes large. However, we can simplify the
calculations by applying the semi-classical approximation in which the coherence
between the atoms and the field is neglected [96,97] and the density matrix can be
factorized into a product of the state of the field and atoms (see Appendix A.2).
Under this approximation, the system is described by the average cavity photon
number, p, and the quantum dot population density, n;(r) = limay o 3-,,(07;) /AV,
where the sum is carried out over all quantum dots contained in a small volume AV
at location r. We note that n,(r) is a function of the position r inside the cavity

because of the non-uniform cavity field distribution. We derive the equations of

motion of n;(r) from the master equation (see Appendix A.2) as

(‘)n(;t(r) = DIx(r)[(p+ 1)(na(r) + n3(r)) — 2pny(r)] + Yo[na(r) + n3(r)] — 2Rn(H)
angt(r) = —I'x(r)[(p+ )na(r) — pni(r)] + Txx(r)[(p + 1)ng(r) — pna(r)]
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— Yona(r) + Y2n4(r) + R[ni(r) — na(r)] (5.8)

M) L)+ Dms(x) — ()] + Dx6)[(p + () — pa(e)]

— qon3(r) + y2na(r) + Rni(r) — ns(r)] (5.9)
angir) = —Ixx(1)[2(p + 1)na(r) — p(na(r) + ns(r))] — 279m4(r)

+ Rlna(r) + ny(r)] (5.10)

In the above equations, I'y(r) = 2¢%(r)/Kx and I'xx(r) = 2¢*(r)/Kxx are
the modified spontaneous emission rates of the single-exciton and biexciton tran-
sitions, where Kx = (0 + 74 + 3R)/2 and Kxx = (Y0 + 272 + 74 + R)/2. Here,
we assume equal coupling strength for the single-exciton and biexciton transitions.
We also treat the quantum dots in a small volume AV of the cavity to be identical,
and therefore drop the subscript m from the coupling strength (g(r) = ¢X(r,,) =
95X ().

The average cavity photon number satisfies a rate equation given by (see Ap-

pendix A.3 for derivation)

g]t? = —pk + pG(p) + a(p) (5.11)

where k = w,/Q is the cavity energy decay rate. The above equation is coupled to the

quantum dot population density rate equations through the cavity gain coefficient

G(p) = /dgr {Lx(r)[na(r) + n3(r) — 2n1(r)] + Lxx (r)[2n4(r) — na(r) — n3(r)]}
(5.12)

and the spontaneous emission rate into the lasing mode

a(p) = /d31" {Lx(r)[na(r) + na(r)] + 20 xx (r)na(r)} (5.13)
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where the integral is over all space. We use the notation G(p) and a(p) to highlight
the fact that the above coefficients have a p dependence because the atomic densities
n;(r) depend on the cavity photon number. The absorbed pump power of the

nanocrystal quantum dot laser is given by
Pays = ho, R / dr[2n1 (r) + na(r) + na(r)] (5.14)
VP

where w,, is the pump frequency and Vj, is the optically pumped volume. The output
power of the laser is given by

P = hwpk (5.15)

An important figure of merit for small mode-volume cavities is the spontaneous
emission coupling efficiency, denoted by § (Note: This f is different from the one
used in Chapter 3 for stretched exponential fit.). This parameter quantifies the
fraction of photons spontaneously emitted to the cavity mode. A [ approaching
unity achieves thresholdless lasing [1]. In the quantum dot model, the single exciton

and biexciton transitions have different coupling efficiencies given by

Bx(r) Fxr(f)@% (5.16)
FXX (I‘)
Bxx(r) = Trx () + 7 (5.17)

The above coupling efficiencies depend on the position r due to the spatially varying
cavity field intensity. The rate equations Eqgs. (5.7)-(5.11) describe the dynamics
of a general nanocrystal quantum dot laser. We will use these equations in the

remaining sections.
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5.3 Lasing analysis under uniform-field approximation

The general cavity-quantum dot rate equation model, developed in the pre-
vious section, is still difficult to solve due to the spatial variation of the coupling
strength g(r). This spatial variation leads to a complex set of coupled differential
equations for each position inside the cavity volume. We note that this complexity
is not unique to the system we study. It occurs in virtually all laser systems and is
responsible for effects such as spatial hole burning [75]. One way to simplify the
problem is to make the uniform-field approximation, where we replace I';(r) (i = X,

XX) in Egs. (5.7)- (5.14) with its spatially averaged value

(2

o 242
T, = V;n/d‘?rl“,-(r) — [go (5.18)

where g, = - é\/wc/2heoeeffvm and

| E@)Pe)
[ dr|E(r))?

(5.19)

Under the uniform field approximation the atomic population densities n;(r)
are no longer spatially varying. We can therefore express the equations of motion
in terms of the total number of quantum dots in state j given by N; = V,,n; where
V., is the cavity mode volume. These quantum dot populations must satisfy the
constraint that 37, N; = N, where N is the total number of quantum dots contained
in the cavity. With these definitions, the equations of motion become the standard

cavity-atom rate equations, given by

ON- _
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ON- _ _
2 = Tx[(p+1)Ny — pNi] + Txex[(p + 1) Ny — pNo] — 9 No + 732Ny

ot
+ R(N, — N») (5.21)
AN, , _
el —I'x[(p+ 1)Ns — pN1] + Ixx[(p + 1) Ny — pN3] — 70 N5 + 72 Ns
+ R(N;, — Ny) (5.22)
ONy _
dp - _
o~ PetrG)+al) (5.24)
where
G(p) = Tx(Na 4 N3 — 2N1) 4+ Lxx (2N4 — Na — N3) (5.25)
and
a(p) = Px(Na + N3) + 20 xx Ny (5.26)

are the gain coefficient and spontaneous emission rate into the lasing mode. The

absorbed power is given by

Pabs = hwa(QNl + N2 + Ng) (527)

The output power of the laser is still given by Eq. (5.15).

We first determine the minimum number of quantum dots required to achieve
lasing. We define Ny, as the total number of quantum dots in the cavity required to
achieve a small signal gain equal to the cavity loss (lim, o G(p) = k), and calculate
it by using the analytical steady-state solutions to Egs. (5.20)- (5.23) along with
the condition )7, N; = N (see Appendices A.4, A.5). To perform calculations,
we consider the specific example of colloidal CdSe/ZnS core-shell quantum dots
that emit in a wavelength range of 500-700 nm. We perform simulations using a
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dephasing rate of 74 = 4.39x10* ns~! [73], a spontaneous emission rate of 75 = 1/18
ns~! [66], and an Auger recombination rate of 7, = 1/300 ps~* [83,98]. Nanocrystal
quantum dots can be incorporated into photonic devices in a variety of ways such
as spin-casting [48,99-102] and immersion in liquid suspension [47,103]. In these

cases, the quantum dots reside on the surfaces of the devices, so we set €.y = 1.
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Figure 5.2: (a) Ny as a function of pump rate for V;, = 0.01uym3, 1 um?3 and

100um?, v, = 1/300 ps~*. (b) N, for different mode-volumes for 7, = 1/300 ps~*.

Figure 5.2(a) plots Ny, as a function of pump rate R for V,, = 0.01um?3,
Lum3 and 100um?3 and v, = 1/300 ps~!. Each mode-volume exhibits an optimum
pump rate where the threshold quantum dot number is minimum. We denote this
minimum threshold quantum dot number by N,,. Figure 5.2(b) plots N, as a
function of V,,,. The figure shows that N, scales linearly with mode-volume.

Next, we investigate the laser input-output power characteristics. We cal-
culate the laser output power (using Eq. (5.15)) and the absorbed pump power
(using Eq. (5.27)) using the numerical steady-state solutions to Egs. (5.20)-(5.24).

Figure 5.3(a) plots P, as a function of P, (also known as the light-in light-out
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Figure 5.3: (a) Laser output power as a function of the absorbed pump power for

Vi = 0.01pum? and 100um3. (b)n as a function of mode-volume.

curve), under the uniform-field approximation, for two different mode-volumes of
Ve = 0.01 um?® and 100 pum?, as well as two different Auger recombination rates
of v, = 1/300 ps~* and 0. We set @ = 20000 and N = 2N,,; (Fig. 5.2(b)) for
each respective mode-volume. We calculate the curves in Fig. 5.3(a) using the same
range of R values for both the mode-volumes. We note that the curves for the small
mode volume cavity terminate earlier than those of the large mode volume cavity
because the number of quantum dots contained inside the cavity mode-volume is
much lower, which reduces the maximum output power.

The cavities with V}, = 100um3, indicated by the dashed curves in Fig. 5.3(a),
exhibit a pronounced threshold. Near threshold, the light-in light-out curve takes
on the well-known S-curve behavior as it transitions from the below-threshold to
above-threshold regime. Auger recombination increases the threshold by quenching
the gain, which causes the S-curve region to occur at higher absorbed powers. Similar

to Ny, we define the threshold power as the absorbed power where the small signal
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gain equals the cavity loss. We calculate this value numerically using the steady
state solutions to Eqs. (5.20)- (5.23), along with Eq. (5.27). The threshold power
for V,,, = 100 pum? is 122.7 uyW when 7, = 1/300 ps™!, and 5.9 yW when ~, =
0. Auger recombination therefore increases the lasing threshold by a factor of 21.
When the mode volume is V;, = 0.01 pum? the light-in light-out curve exhibits a
thresholdless lasing behavior. The output power is nearly a linear function of the
input power. Using the same definition of threshold, we determine the threshold
powers with and without Auger recombination to be 97 nW and 84 nW respectively,
corresponding to an increase of only 1.2. Thus, not only does the small mode volume
cavity exhibit a much lower overall lasing threshold, but the lasing threshold is also
largely unaffected by Auger recombination.

Figure 5.3(b) plots n = P/P’ as a function of V,,, where P is the absorbed
pump power at threshold with v, = 1/300 ps~* and P’ is the absorbed pump power
at threshold with v, = 0. We set the total quantum dot number in the cavities
to N = 2N, for each value of V;, (Fig. 5.2(b)). From this curve, we observe
that below a mode-volume of 0.1 pum? the lasing threshold is largely unaffected by
Auger recombination. Above this mode volume, 7 rapidly increases and eventually
reaches a saturated value. At large mode-volumes, 1 becomes independent of the
mode volume itself and achieves an asymptotic limit. From the upper and the
lower limits of 7 (21 and 1.2, respectively), we determine that spontaneous emission
enhancement can reduce the lasing threshold up to a factor of 17.

To verify that the improvement in lasing threshold is due to spontaneous

emission enhancement, we calculate the spontaneous emission coupling efficiency
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Figure 5.4: Spontaneous emission coupling efficiency for single-exciton transition

Bx and biexciton transition Sxx as a function of V,, for v, = 1 /300 ps~!

for the exciton and biexciton transition as a function of V,,. Using the uniform
field approximation, we replace I';(r) (i = X, XX) in Egs. (5.16) - (5.17) with its
spatially averaged value I'; which removes the spatial dependence and results in the

simplified expressions for the coupling efficiencies given by

_ FX
Bx Fx + % (5.28)
= Ixx
- 44 5.29
Pxx Ixx + 7 ( )

Figure 5.4 plots spontaneous emission coupling efficiencies for the single-exciton
transition Sy and the biexciton transition Sy x as a function of V,, using v, = 1/300
ps~'. At V,, = 100 um?, Bxx is more than an order of magnitude smaller than SByx.
As the mode volume decreases the two efficiencies approach unity. The coupling
efficiency of the biexciton transition begins to increase sharply and approach unity
around the same mode-volume where n (Fig. 5.3(b)) begins to saturate to unity.
Thus, at small mode-volumes Sy x is insensitive to Auger recombination, and there-
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fore the threshold pump power does not significantly change as indicated in Fig.

5.3(b).

5.4 Cavity device structure for low-threshold laser

The previous section established the advantage of using small mode-volume
cavities to achieve low threshold lasing with nanocrystal quantum dots. A promising
device structure for attaining this requirement is the nanobeam photonic crystal
cavity. Nanobeam photonic crystal cavities have been previously studied in a variety
of material systems, such as silicon [21-23], silicon nitride [24,25], silicon dioxide [26—
28], and gallium arsenide [29,30], and have been theoretically predicted to achieve

mode-volumes approaching the diffraction limit [22,23,28,31].

000@O000DBG® ©0
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Figure 5.5: The electric field intensity (]E|*) of the resonant cavity mode of a

nanobeam photonic crystal cavity. The seven holes in the center form the cavity

defect.

Figure 5.5 shows the nanobeam photonic crystal cavity design that we consider
for low threshold lasing. Nanocrystal quantum dots are typically spin cast onto the

device and therefore reside outside the dielectric. We therefore design the cavity
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mode to be localized in the air holes rather than the dielectric material. This design
choice maximizes the field overlap with the quantum dots.

The structure is composed of a silicon nitride beam with a one-dimensional
periodic array of air holes (radius r = 0.24a, where a is the lattice constant). The
cavity is composed of a defect in the structure created by gradually reducing the
radius of the three holes on either side of the hole labelled C to a minimum of
ro = 0.2a. The adiabatic reduction of hole radius creates a smooth confinement
for the photon and minimizes scattering due to edge states [104]. The cavity is
designed with beam thickness d = 0.727a and beam width b = 1.163a. The index
of refraction of silicon nitride is set to 2.01 [72]. We calculate the mode of the
cavity using three dimensional finite-difference time-domain simulation (Lumerical
Solutions, Inc.). Figure 5.5 shows the calculated electric field intensity overlaid on
the structure. The computed mode-volume is V,, = 0.38)\3 (= 0.11 um?) and the
quality factor is ) = 64, 000.

Nanobeam photonic crystal cavities achieve mode-volumes that are on the
order of a cubic wavelength. When the confinement volume of the cavity approaches
the spatial variation of the field distribution, the uniform-field approximation can
break down. We therefore analyze the nanobeam laser both with and without this
approximation. We calculate e.;y = 1.9 for the cavity by numerically integrating
Eq. (5.19) using the computed electric field intensity profile of the simulated cavity
structure (Fig. 5.5). Calculations under the uniform-field approximation follow the
same approach as in the section 5.3.

In order to investigate the input-output characteristics of the nanobeam laser
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without the uniform-field approximation, we first determine the total number of
quantum dots required for achieving lasing threshold. We assume a uniform volume-
density of quantum dots, denoted by n = N/V,, where V, is the volume of the
optically pumped region. We assume quantum dots reside only in the air holes and
on the top of the nanobeam, which are optically pumped with an illumination spot
with a diameter of 690 nm, covering the central three holes of the cavity (Fig. 5.5).
We divide the illuminated volume into small volume elements (with volume AV at
location r) and numerically solve Egs. (5.7)- (5.10) and Eq. (5.12) in steady state,
along with the conditions ), n;(r) = n for each volume element, and numerically
determine the required n to achieve lim, ,o G(p) = k. We assume that absorption
loss due to quantum dots outside of the excitation volume are negligible compared
to other loss mechanisms in the cavity.

Using the same simulation parameters as in the previous section, we numeri-
cally calculate the minimum number of quantum dots required to achieve threshold
to be Ny = 60. This number is nearly identical to the value calculated using the
uniform-field approximation which is 62. Next, we calculate the light-in light out
curve using Eq. (5.14) and Eq. (5.15) without the uniform-field approximation. As
in the previous section, we set the total number of quantum dots to be N = 2N,,;.

Figure 5.6(a) plots P, as a function of Py, for the nanobeam photonic crys-
tal cavity with simulated @ = 64,000 using v, = 1/300 ps~! and 0, both with and
without the uniform-field approximation. The calculations show good agreement
between the predicted input-output characteristics of the laser with and without

the uniform-field approximation. Without the uniform-field approximation, the ab-
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Figure 5.6: (a) Output power as a function of the absorbed pump power for
nanocrystal quantum dot laser comprised of nanobeam photonic crystal cavity, us-

Land 0, both with and without uniform-field approximation

ing 7, = 1/300 ps~
(abbreviated as UFA in the legend). (b) 1 as a function of mode-volume under the

uniform-field approximation for e.;y = 1.9 and @) = 64,000.

sorbed pump power at threshold for the nanobeam laser is 109.8 nW for ~, = 1/300
ps~t and 29.9 nW for v, = 0, resulting in n = 3.7. With the uniform-field approxi-
mation, the absorbed pump power at threshold for the nanobeam laser is 112.6 nW
for v, = 1/300 ps~! and 30 nW for ~, = 0, resulting in n = 3.8.

The €.f¢ for the nanobeam cavity, calculated from the cavity-field distribution,
is 1.9. This calculated e.ss is higher than the unity assumption in the previous
section because in this realistic cavity design a fraction of the cavity field leaks into
the dielectric medium (Fig. 5.5). Figure 5.6(b) plots n as a function of V;,, under
the uniform-field approximation for the same parameters used in Fig. 5.6(a). For
a cavity with a mode volume of 100 um?, we determine that n = 21.1. This value

is 5.6 times larger than the value for the nanobeam cavity. Thus, the nanobeam
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cavity lasing threshold is much less sensitive to Auger recombination.

5.5  Conclusion

In conclusion, we have theoretically shown that cavity-enhanced spontaneous
emission of the biexciton reduces the effect of Auger recombination, leading to a
lower lasing threshold. We developed a numerical model for a laser composed of an
ensemble of nanocrystal quantum dots coupled to an optical cavity. The model can
be expanded to incorporate more complex behavior of nanocrystal quantum dots,
such as blinking, by introducing additional trap states into the quantum dot level
structure [105,106]. This model can also be used to study lasing with other room-
temperature emitters such as quantum rods [84,86], and other types of cavities
such as plasmonic apertures [107]. Our results provide a direction for development
of low-threshold and highly tunable nanolasers that use nanocrystal quantum dot

as gain material at room temperature.
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Chapter 6: Deterministic Deposition of Quantum Dots using Dip-

pen Nanolithography

6.1 Motivation

To develop nanophotonic devices such as nanolasers, quantum dots need to
be localized in the cavity region, so that they do not act as absorbers or scatterers
in other parts of the devices. However, the common method of depositing colloidal
quantum dots, dab-casting or spin-casting, which we also used in our previous mea-
surements, leads to stochastic deposition of quantum dots on the devices. Figure
6.1 shows AFM images of the nanobeam cavities we used in previous measurements.
This stochastic deposition of quantum dots leads to degradation of the cavity qual-
ity factors due to the presence of quantum dots in the defect-free region (away from
the cavity region) of the nanobeam.

For more controlled deposition of quantum dots on the cavities and better
fabrication of quantum dot devices, we are using a dip-pen nanolithigrapy technique
[108,109] which uses an atomic force microscope (AFM) for precise deposition of

quantum dots.
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Figure 6.1: (a)AFM image of a nanobeam with low concentration of quantum dots,
used for lifetime measurements. (b) AFM image of a nanobeam with high concen-

tration of quantum dots, used for saturable absorption measurements.

6.2 Dip-pen Nanolithography

Dip-pen nanolithography is a technique that uses an AFM-tip as a “pen-nib”,
substrate (SiN here) as “paper”, and chemicals to be deposited deterministically
(quantum dots here) as “ink” [108]. This technique allows single-step lithography
with sub-50-nm resolution and does not involve any pre-modification of the substrate
[109]. This technique originated from a problem that affects high-resolution imaging
using AFM in ambient conditions: the narrow gap capillary between the AFM tip
and the substrate results in condensation of the ambient moisture in the gap, and
thus influences imaging [108]. Piner et al. [108] converted this imaging problem
into dip-pen nanolithography technique by using the the meniscus to transfer “ink”
to the substrate. Many factors affect the transport of the “ink” to the substrate.
Higher relative humidity [110], longer dwell time of the tip on the substrate [111] and
hydrophillic substrates [112] help in formation of larger meniscus and more transfer

of ink molecules.
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Figure 6.2: Illustration of dip-pen nanolithography technique for depositing colloidal
quantum dots on nanobeam photonic crystal cavity. The inset shows formation of
water meniscus and transfer of quantum dots when a prepared AFM tip is brought

close to a substrate.

Dip-pen nanolithography has been extensively used for patterning organic
molecules [108,113], DNA [114,115], and proteins [116] for biological applications.
For photonics applications, CdSe quantum dots were deposited on a gold surface
in the form of patches and lines, and photoluminescence from the deposited quan-
tum dots was shown [117]. In another variant of dip-pen nanolithography, nitrogen
vacancy centers [118], gold nanorods and gold spheres [119] were maneuvered us-
ing an AFM tip on different locations on photonic crystal cavities. In our work,
we are using dip-pen nanolithography to deterministically deposit quantum dots
on pre-patterned photonic crystal devices. Figure 6.2 shows an illustration of the
deposition technique, with inset showing the formation of water meniscus between

the AFM tip and the substrate, and the transport of quantum dots.
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6.3 Experiment

For dip-pen nanolithography, we prepare a SiN AFM probe (Bruker AFM
probes: DNP-10A) by immersing it in a 2uM aqueous solution of CdSe/ZnS quan-
tum dots (Invitrogen Qtracker CdSe/ZnS 655 nm) for 15 minutes. The photonic
crystal cavity design and fabrication are the same as in Chapter 3 and 4. We load
the photonic crystal sample in an AFM (Cypher, Asylum Research) over a water
pool (15 mm in diameter and 3 mm high) to create a humid environment (humidity
greater than 20%). The AFM is maintained at 30 °C. The prepared tip is mounted
in droplet holder (Asylum Research) such that the tip, the sample and the water
pool remain in an enclosed volume. The entire deposition is done in the enclosed
high-humidity volume.

For deposition on the nanobeam cavity, we first scan it in amplitude modulated
mode to locate its center. The tip is then moved to the center of the beam and
approaches the surface until its deflection increases by a set amount. The probe
dwells on the surface before it is retracted to a distance of 500 nm. We repeat it
multiple times with different dwell times.

After deposition, we conduct photoluminescence and time-resolved measure-
ments on the nanobeam. The sample is loaded into a sealed chamber filled with
purified nitrogen gas to prevent oxidation and photo-bleaching of the quantum dots
during the experiment. We follow the same measurement technique as in Chapter 3.
Figure 6.3 shows the preliminary data. Figure 6.3(a) shows a camera image of the

sample when illuminated by white light and a green laser spot covering the entire
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Figure 6.3: (a) Camera image of the sample when illuminated by white light and a
green laser spot covering the entire area. The working device (marked by a dashed
circle) has a bright spot in the center. (b) Photoluminescence spectrum of the
cavity mode. (c¢) Atomic force microscope image of the device after quantum dot
deposition, with inset showing the center of the cavity. The scale bars correspond
to 500 nm. (d) Photoluminescence spectra taken along the 10 pm length of the
nanobeam with a UV laser (= 1 pm spot size) in steps of ~ 600 nm. (e) Time-
resolved lifetime measurement of quantum dots on the cavity and on the unpatterned

surface.
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area. The deposited device (marked by a dashed circle) has a bright spot in the
center. Figure 6.3(b) shows a photoluminescence spectrum of the cavity mode with
) = 2500. Figure 6.3(c) shows an AFM image of the device after quantum dot
deposition, taken using a high frequency Si AFM probe (Olympus, AC55TS). The
deposited area (shown in the inset) shows a film on top of the holes. In ongoing
work, we are investigating how to resolve individual quantum dots deposited using
this technique. Figure 6.3(d) shows a scan of photoluminescence spectra across the
length of the nanobeam. The measurement was taken using a UV laser spot size of
~ 1 pm and in steps of ~ 600 nm. Figure 6.3(e) shows the time-resolved lifetime
measurement of the quantum dots deposited on the nanobeam and on unpatterned
surface, and the cavity lifetime is much shorter than the quantum dots on the unpat-
terned surface. In ongoing work, we are conducting more experiments with different
types of quantum dots to further develop this technique. We also plan to investigate

how surface chemistry and ligands attached to quantum dots affect the deposition.
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Chapter 7:  Conclusion and Future Directions

In this thesis, I have demonstrated enhanced interaction between colloidal
quantum dots and photonic crystal cavities at room temperature. I achieved an
average of 4.6 fold increase in spontaneous emission rate of quantum dots coupled
to the cavity. This enhancement can be further improved by embedding the quantum
dots in the dielectric, where most of the cavity field is concentrated. Another possible
way to improve the enhancement is to use the cavity design suggested in Chapter
5 in which the cavity field is concentrated in the air holes. I also demonstrated
saturable absorption of quantum dots coupled to the cavity mode by showing pump-
intensity dependent cavity-linewidth. Saturable absorption of these quantum dots is
interesting for developing optical switches at room temperature and is a precursor to
lasing. With higher spontaneous emission enhancement, low-threshold lasing with
colloidal quantum dots can be achieved.

Apart from high photoluminescence efficiency at room temperature, colloidal
quantum dots are attractive gain material because their emission wavelength is a
function of their physical size and they are not bound to any substrate. Thus,
a number of quantum dot devices, like nanolasers and modulators, operating at

different frequencies can be accommodated on a single semiconductor chip. This is
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important for developing integrated photonic devices which can have applications
ranging from optical communication to biological sensing. And our recent work
on deterministic placement of colloidal quantum dots on photonic crystal cavities,
using dip-pen nanolithography, can be an important step towards this direction, via
which different types of quantum dots can be placed on different photonic devices,
all located on the same semiconductor chip. The technique needs to be further

developed to achieve these goals.
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A.1 Liouvillian superoperator L

The Liouvillian superoperator L can be expressed as L = Lngp + Lpump +
Lecavity, where Lngp accounts for the spontaneous relaxation of the quantum dot
level structure, Lpump accounts for the incoherent pumping of the quantum dot

population, and Lecayity accounts for the cavity decay. These operators are

Yo,m
2

_ N
LNQDP = Y=t (2012,mp021,m — 021,m012,mpP — PO21,m012,;m

+ 2013 mPO31.m — 031.m013.mP — PO31,m013.m)

Y2,m 2
+ (2094.mPT12.m — T42.m024.mP — PO42.mT24.m,
+ 2034,mp043,m — 043,m034,mpP — pa43,m034,m) (1)
_ N
Lpumpﬂ = Zmzl *(2021,mp<712,m — 012,m021,mpP — PO12,m021,m

2

+ 2031 mP013,m — O13.m031,mP — PT13,m031,m

+  2040,mP02m — O2umTi2,mP — PO24m042.m

+ 2043 mPO34m — O34.m043,mP — PO34.m043.m) (2)
_ Kk t_ ot t
Leavieyp = 5 (2apa’ —a'ap — pa'a) (3)

The cavity energy decay rate is kK = w./Q.

A.2 Equations of motion: projected on quantum dot levels

The equations of motion for the projections of p on the levels (ij) of the m®
quantum dot and photon states (pp’) pfy j,; =m (4, 0|plj,P)m (i =1, 2,3, 4) and
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(p,p’ = 0 to 0o) are obtained using Eq. (5.3):

APy : m m m e m
# = igmv/P(Plpap1 = Pop-11p + Plpsp1 = Pap-1.1p) — 2RP1, 1,
+ (B0 + P 3p) + KD+ 1)AT 1 1er — PO ) (4)
Opspo ;
# = ng(\/]m<pg;,1p+l = Pipiizp) T VP(P2pap-1 ~ Pip-12p))

— (Yo + R)pypap + ROty 1, + V20 ap + 50+ 1) 10501 — PPy 2,) (D)

8pgn 3 . m m m m
# = ng(\/p + 1(p3p,1p+1 - p1p+1,3p) + \/ﬁ(pSpAp—l - p4p—1,3p))
- (w+ R)Pg;?,p + RPZ@,lp + ’72PZ;;,4p + K((p + 1)P§;;+1,3p+1 - ppgzl?,fﬂp) (6)
aIOT 4 . m m m m m
# = 1gm\/P+ 1(P4p,2p+1 — Poptiap T Pap3pr1 — 03p+1,4p) - 27203p,3p
+ R(pyy0p + Py 3,) + K((0+ 1)050 11 3011 — PP3p.3p) (7)
OPTpop—1 . m m m
% = ng\/ls(/hp,lp - P2p—1,2p—1) - KXPlp,2p—1 (8)
Oy ap—1 . m m m
% = iGm\/P(Pop2p — Pip—1,4p-1) — KxxPop ap1 9)
8p?}3,3p—1 . m m Ko™ 10
o ng\/]_)(plp,lp - p3p—l,3p—1) — KX P1p3p-1 (10)
8pg;b),4p71 . m m K m 11
ot ng\/ﬁ(piip,:ip - p4p71,4p71) — NXXP3pap—1 (11)

Here, Kx = (7o + 7 +3R)/2 and Kxx = (70 + 27 + 74 + R)/2 are the total
relaxation rates of the diagonal terms, and ~, is the dephasing rate of the quantum
dot (added phenomenologically). We set dephasing rate to be much greater than the
cavity decay rate 74 > k, allowing us to drop the cavity decay contributions from
the equations of motion of off-diagonal terms (Egs. (8) - (11)). Large dephasing
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rate also allows us to adiabatically eliminate the expectation value (p;, j,7) of the

off-diagonal terms (i # j)from Egs. (8) - (11), and reduces Egs. (4) - (7) to

aIO?ln 1 2912n m m 1 m
817;7 co= Kx (P3p—1,2p-1 F Pap—13p-1 = 201,15)P = 2B,
+ 70(/0727;,210 + pg;),?)p) +r((p+ 1)p71?9+1’1p+1 - ppﬁ’”’) (12)
ot = _?X(pr,Qp - /71p+1,1p+1)(p +1) + Kim(pélpflﬁlpfl - p2p72p)p
= (0 + R)Ppzp + Bpy, 1y + 2Py ap + K0+ 1)phpi1 ppr1 = PP32013)
apg; 3p 297271 m m 2972,1 m 4
5 _?X(p3p,3p - p1p+1,1p+1)(p +1) + Tm(p4p—1,4p—1 - p3pv3p)p
= (o + R)pzp5 + ROV, + 72004 + K0+ 1)05500 3501 — PP5,5014)
apT 4 29%1 m m e iy
% T Kxx (20449 = Popr1zprr = Pipraape) (P T 1) = 29200 4,

+ R0y 0, + P3p3p) T K0+ 1) P11 .4p11 — PPlUp.ap) (15)

Now, tracing over all the photon states in Eq. (12) - (15), and applying semi-classical
approximation to factorize full density matrix element into quantum dot and field

parts such that p;, ., = piippp, We get

= —"(pyy + p33 — 2011 (p) + ——(p35 + p33) — 2RpY} + Yo0(phy + p33)  (16)
ot Ky Ky

Opsy 2 m  m 2 (mm 2m | 20m m
ot Ky (P5s — P11)(p) + Kxx (Pis — Poa)(p) — Ky Pag + TXXPM

— (0 + R)pyy + Rpf} + 1201 (17)
Opsy 2 m m 2 (m m 20m . 20m
o Ky (P33 :011><p> + Tm(p44 P33)<p> Ki){ P33+ TXXPM

— (v + R)p3s + Rpfi + y2pis (18)
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oy 202

ot Kxx

- K Pis — 272P4 R(P22 + P33) (19)
XX

(201% — Pyy — P33)(P)

where (p) = 3°, ppyy is the mean photon number. We define n;(r) = limay 0 3°,,,(07}) /AV
as the quantum dot population density of the j** lasing level where the sum is carried
out over all quantum dots contained in small volume AV at location r and get Egs.

(5.7) - (5.10).

A.3 Rate equation for mean cavity photon number

The rate equation for the mean cavity photon number is given by

<p> = prpp (20)

Using Eqgs. (12) - (15)

2

(p) = Z ZP { K*(P2p—1,2p—1 - lolp,lp)p T K. (P2p,2p - P1p+1,1p+1>(1) + 1)

+ 2m (P53, — Plpap)P — 20 (P3p.3p — P1; )(p+1)
KX 3p—1,3p—1 1p,1p KX 3p,3p 1p+1,1p+1
292 m m 295 m m
+ rXX (p4p71,4p71 - p2p,2p)p - 7KXX (p4p,4p - Pzp+1,2p+1)(p + 1)
+ Kxx (p4p71,4p71 - P3p,3p)P - 7KXX (p4p,4p - Psp+1,3p+1)(p +1)

— WPy = (P + Dpprapa)} (21)

Applying semi-classical approximation to factorize full density matrix element into

quantum dot and field parts py, i, = piippp, and identifying 3°>2  pp,, = (p) gives

) = —rlp)+ Z{KiX@m + P55 — 2011 () + Kxx (2043 = P32 — p33)(P)
+ (P35 + p33) + Pl (22)

Kx Kxx
Eq. (22) leads us to Eq. (5.11).
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A4 Expression for N; under the uniform-field approximation

Assuming total number of quantum dots in the cavity, N, such that -, V; = N,

Egs. (5.20)-(5.23) can be solved in the steady-state as

N - ((p ;Plirf;%>2j\é (23)
Ny = NB:;VC (24)
N = <<p —fll))(li(xii7> Z‘ _ %)

¢ = R (26)

where ( is the ratio of the total quantum dot population to the total single-exciton

quantum dot population.

A.5 Quantum dot number required for achieving lasing threshold

Under uniform-field approximation

T
_ We XQ—EVO +1+ 2fxf+272
N = 2 - (27)
I'x(1 -1)

T s R
B ECT N S
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