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Scalable quantum photonics require efficient single-photon emitters as well as low-loss 

reconfigurable photonic platforms that connect and manipulate these single photons. 

Quantum dots are excellent sources of on-demand single photons and can act as stable 

quantum memories. Therefore, integration of quantum dots with photonic platforms is 

crucial for many applications in quantum information processing. 

In this thesis, we first describe hybrid integration of InAs quantum dots hosted 

in InP to silicon photonic waveguides. We demonstrate an efficient transition of 

quantum emission to silicon. Quantum nature of the emission is confirmed through 

photon correlation measurements. Secondly, we present a micro-disk resonator device 

based on silicon photonics that enables on-chip filtering and routing of single photons 

generated by quantum dots. The tunability of silicon photonics decreases at low 

temperatures due to “carrier freeze-out”. Because of a strong electro-optic effect in 

lithium niobate, this material is the ideal platform for reconfigurable photonics, even at 



  

cryogenic temperatures. To this end, we demonstrate integration of quantum dots with 

thin-film lithium niobate photonics promising for active switching and modulating of 

single photons. 

More complex quantum photonic devices require multiple identical single-

photon emitters on the chip. However, the transition wavelength of quantum dots varies 

because of the slightly different shape and size of each dot. To address this hurdle, we 

propose and characterize a quantum dot device located in an electrostatic field. The 

resonance wavelength of the quantum dot emission is tuned up to 8 nm, more than one 

order of magnitude greater than the transition linewidth, opening the possibility of 

tuning multiple quantum dots in resonance with each other. 

Finally, we discuss the application of a single quantum dot strongly coupled to 

a nanophotonic cavity as an efficient medium for non-linear phenomenon of optical 

amplification. Presence of a strong pump laser inverses the population of the quantum 

dot and leads to stimulated emission from the cavity-coupled quantum dot. Using this 

platform, we observe an optical gain of ~ 16%, significantly increased compared to 

previous demonstrations of gain in single solid-state quantum emitters without cavities 

or weakly coupled to cavities. These demonstrations are significant steps toward robust 

control of single photons using linear and non-linear photonic platforms.  
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Chapter 1: Introduction 

1.1 Overview 

Quantum information science has attracted great attention in the past few decades for 

its promise of revolutionizing the current information processing capabilities in 

applications ranging from computing [1] and communications [2] to sensing . Photons 

(i.e., quanta of light) are a great candidate for encoding and transmitting quantum 

information due to their low noise and low-loss distant propagation. On the other hand, 

advances in Photonic Integrated Circuits (PICs) have helped develop many optical 

elements required for information processing on-chip. Optical elements based on PICs 

offer additional functionalities, increased robustness, compact footprint, and 

programmable performance compared to their bulk optical counterparts.  

Exploiting the PIC technology for quantum applications is very promising and 

seems inevitable. With the increased size of quantum photonic experiments, realizing 

all the required elements with bulk optics will be extremely difficult and expensive. 

While classical and quantum photonic circuits share many of the building blocks, such 

as optical beam-splitters, phase shifters, etc., certain elements are unique to the 

quantum devices. 

Figure 1 shows a schematic of a programmable photonic hardware that can 

implement quantum algorithms for quantum computation, communications, 

simulation, and sensing. Such a circuit consists of three major modules that are 

responsible for 1) generation 2) manipulation and 3) detection of non-classical light. 

The first module consists of deterministic single-photon emitters. By carefully 
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designing the photonic structures this emission can be efficiently propagated to the low-

loss optical waveguides. Next module contains linear and non-linear optical elements 

for manipulating the photons coupled to the waveguides. Combination of directional 

couplers (i.e., on-chip beam-splitters) and phase-shifters is enough to perform any 

unitary operation on the photons. For non-linear operations one can rely on optical non-

linearities in the photonic platform or the non-linear nature of the light-matter 

interaction made possible with interfacing the photonic platform with single quantum 

emitters. Finally, after the linear and non-linear manipulation of the photons, sensitive 

detectors can measure the photons and determine the outcome of the experiment. In the 

following sections, each of these modules will be introduced and their material 

requirements will be discussed.  

 

1.2 Single-photon sources 

First requirement for photonic implementation of quantum algorithms is a high-quality 

source of light that emit photons one at a time. Such an emission has a significantly 

different statistics compared with thermal or coherent light sources. There are three 

 

Figure 1. Schematic of a hybrid integrated quantum photonic circuit consisting of 
different modules for generation, linear and non-linear manipulation, and detection 
of non-classical light on a single chip. 
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major criteria for a good single photon source [3]: a) High purity (i.e., ratio of the 

collected photons from the source that are single photons) b) High indistinguishability 

(i.e., wave-packet overlap between two photons generated from the source at different 

times) c) High brightness (i.e., number of single photons collected from the source 

divided by the number of times the source is triggered). Methods to measure these 

quantities will be discussed in the following chapters.   

 There are two common techniques for generating single photons: Probabilistic 

techniques based on non-linear optical processes such as spontaneous parametric down 

conversion and deterministic methods using quantum emitters [4]. Down conversion 

sources are limited in their quality due to the probabilistic nature of the light generation. 

There has been significant progress in improving their properties with various 

techniques, such as time-multiplexing [5], but those will not be the subject of this thesis.   

Quantum emitters are quantum objects like atoms, ions, molecules, and artificial atoms 

that emit single photons on-demand. Quantum emitters that are hosted in solids are 

particularly promising since there is no need for complicated active trapping unlike 

atoms or ions. Self-assembled and colloidal quantum dots [6,7], color centers in 

diamond and SiC [8], and defect centers in two-dimensional materials [9,10] are among 

the prominent examples of solid-state quantum emitters.  

 In this thesis, we have used Indium Arsenide (InAs) quantum dots hosted in 

Indium Phosphide (InP) which are bright indistinguishable sources of single photons 

in the telecommunications (telecom) wavelengths [11]. These quantum dots are 

specifically selected for their emission in the telecom band which is compatible with 

fiber optics networks.  
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1.3 PIC platforms 

The backbone of the architecture illustrated in Figure 1 is a photonic integrated circuit 

that consists of low-loss optical waveguides, linear, and non-linear optical elements. 

There are several candidate material platforms for quantum PICs with their unique 

strengths and weaknesses. Silicon-on-insulator (SOI), for example, is the most mature 

material platform due to its compatibility with Complementary Metal-Oxide-

Semiconductor (CMOS) technology and can be fabricated using the advanced foundry 

facilities previously developed for electronics. The high refractive index contrast 

between the silicon core and the silicon oxide cladding enables very small bending 

radius in this platform which means optical elements can be packed very efficiently in 

a small footprint. High-quality SOI waveguides also offer ultralow linear optical loss 

of the order of 2.7 𝑑𝑑𝑑𝑑/𝑚𝑚 [12]. Chapters 2 and 3 describe our results based on low-loss 

SOI waveguides.  

 Another important criterion for a good quantum PIC is reconfigurability. 

Available methods for reconfiguring silicon-based photonics lose their efficiency at 

cryogenic temperatures which is where quantum emitters mentioned above have their 

best performance. One possible solution is to use materials with electro-optic effect 

such as lithium niobate (LiNbO3) that can switch light at ultra-short time scales [13] 

even at cryogenic temperatures. Our experimental results using thin-film LiNbO3 

waveguides are described in Chapter 4.   

1.4 Single-photon detectors 

The third module of the quantum photonic circuit is sensitive detectors to measure the 

photons and identify the outcome of the experiment. Several schemes, such as grating 
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couplers, fiber couplers, and edge couplers, can couple the photons off chip and route 

them to stand-alone detectors. However, these schemes can be alignment-sensitive and 

narrow-band. Ideally, single-photon detectors can be integrated on the same chip so 

that photons do not leave the chip from generation to detection. Superconducting 

nanowire single-photon detectors are particularly promising because of their superior 

detection properties (efficiency > 90%, low dark count  < 1 𝑐𝑐𝑐𝑐𝑐𝑐, and low timing jitter 

< 100 𝑝𝑝𝑝𝑝) [14] and their compatibility with photonic integrated circuits [15]. While 

these detectors are very promising, realizing them was not the focus of this thesis and 

we used traditional techniques for photon collection based on out-of-plane emission 

and grating couplers which will be discussed in the following chapters.  

1.5 Hybrid integration 

Each module of the quantum photonic circuits has unique material requirements. There 

are several candidate material platforms for each of the modules. A material that is 

good for generating non-classical light is not necessarily the best photonic platform to 

route and manipulate the generated photons. For example, silicon photonics is a great 

platform for routing and propagating photons, but generation of light in this platform 

is limited to probabilistic processes. On the other hand, quantum dots in III-V materials 

generate high-quality single photons on-demand but photonic elements based on III-V 

materials are not at the maturity level of silicon photonics. Therefore, an ideal quantum 

photonic circuit consists of a hybrid material platform where each element is made of 

the ideal candidate material.  
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 There are several techniques to realize hybrid integrated quantum photonics with 

various degrees of complexity.   

Figure 2 shows simple schematics of these techniques. The most straight-forward technique is 

to randomly disperse quantum emitters that are hosted in nanoparticles onto a pre-patterned 

photonic structure as shown in Figure 2a. This method allows rapid prototyping and the non-

deterministic nature of the integration can be mitigated using patterned masks prior to 

deposition [16]. Another approach is to directly grow different materials on top of each other 

with epitaxial methods as shown in Figure 2b. While the film qualities in this method can be 

limited due to lattice mismatch in different layers, the possibility of realizing large area wafers 

makes this technique scalable for complex hybrid systems. Wafer bonding is another method 

that provides large scale devices made of different layers. Two dissimilar wafers are coated 

with thin layers that act as adhesive agent and by applying pressure to the stack of wafers a 

permanent bond will form between them [17]. 

Figures 2d and 2e show the principle for pick-and-place techniques using a transparent 

stamp [18] and a micro-probe [19], respectively. In contrast with the other methods, pick-and-

place offers the unique possibility of nano-fabricating and processing each chip separately 

before integration which is crucial when the processing steps for one chip are incompatible or 

possibly harmful for the other chip. To realize hybrid integrated quantum photonics, in this 

thesis, we have used the pick-and-place using a micro-probe which will be described in detail 

in the following section.  
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Figure 2. Schematics of various hybrid integration methods for the quantum emitters 
on the photonic platforms. (a) Randomly dispersed nanoparticles in the vicinity of 
photonic structures such as a microdisk or a photonic crystal cavity. (b) Epitaxially 
grown GaAs layer on a Si substrate with a buffer layer (not shown). (c) Wafer-bonding 
technique to form a heterostructure of a III-V layer on a Si substrate. (d) Transfer 
printing process of the nanobeam including quantum emitters on a waveguide using a 
rubber stamp. (e) Pick and place process using a microprobe that places the emitter on 
a waveguide. 
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1.6 Micro-probe assisted pick-and-place technique  

We perform the pick-and-place process in a scanning electron microscope (SEM) 

system combined with a focused ion beam (FIB) and a microprobe manipulator. To 

separate the nanobeam devices from the substrate, first we cut two of three thin tethers 

using focused ion beam and contact the probe on the nanobeam device (see Figure 3). 

Next we cut the remaining tether of the device using the FIB which fully separates the 

nanobeam from the substrate. The sample adheres to the tip by van der Waals force. 

We then move the nanobeam to the target chip and place the device on the pre-patterned 

photonic waveguides. We place the nanobeam with scanning electron microscope 

resolution, and thus we could deterministically integrate the nanobeam onto the target 

photonic circuit. This procedure takes approximately one hour to place the nanobeam 

in the correct position on or by the side of the waveguide.  

1.7 Fabrication of suspended nano-structures in InP 

Quantum dots are grown using molecular beam epitaxy (MBE). InAs quantum dots 

have a density of approximately 10 𝜇𝜇𝑚𝑚−2 in a 280 nm thick InP membrane on a 2 μm 

thick sacrificial layer. We pattern the nanobeam device using electron beam 

lithography followed by inductively coupled plasma reactive ion etching and used a 

chemical wet etch (H2O/HCl/H2O2 = 3:1:1) to remove the sacrificial layer leaving a 

suspended beam supported by several thin tethers. The nanobeam has a width of 500 

nm and tapered length of 5 μm and includes a Bragg mirror consisting of air hole arrays 

with a radius of 100 nm and pitch of 350 nm.  
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Figure 3. Micro-probe assisted pick-and-place process. Adopted from [20] (a) 
Suspended nano-structure in InP (b) Etching two out of three support tethers using 
focused ion beam. (c) Picking the nanostructure with the micro-probe and etching the 
last support tether. (d) Moving the nano-beam to the target wafer (e) Successful placing 
of several nano-beam on the target waveguides and beam-splitters.  

1.8 Micro-Photoluminescence measurement setup 

We characterize our devices in a low temperature micro-photoluminescence setup. A 

low vibration closed cycle cryostat (Montana Instruments) cooled the sample down to 

4 K. To measure the photoluminescence emission spectrum of the quantum dots, we 

used a 780 nm continuous wave or a 785 nm pulsed laser for excitation. We excited the 

quantum dots and collected the photoluminescence signal using an objective lens (NA 

= 0.7, 100x) and a spectrometer (Princeton Instrument). For the second-order 

correlation measurement, we measured the photon coincidences using two 

superconducting nanowire single photon detectors (Quantum Opus) operated at 3.2 K. 

The detectors had a dark count of 150 counts/s. 
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1.9 Thesis outline 

In chapter 2, we demonstrate coupling of single-photon emitters embedded in InP nano-

structures with silicon photonics. We use an on-chip beamsplitter to perform photon-

correlation measurements in order to confirm the single-photon nature of the emission. 

In chapter 3, we describe design, fabrication, and measurement of an on-chip silicon 

photonic add-drop filter for quantum emitters that can route and filter quantum dot 

emission. Chapter 4 covers the integration of quantum dot single photons to thin-film 

lithium niobate photonics. In chapter 5, we report design, simulation, and fabrication 

of a electrostatic capacitive device that can tune the emission energy of quantum dots 

using quantum confined Stark effect. In chapter 6, we demonstrate optical amplification 

of weak probe signals with a single quantum dot strongly coupled to a photonic crystal 

cavity. We conclude and discuss the future directions in chapter 7. Parts of this 

dissertation has been previously published in the following articles: 

Chapter 1: 

Kim, J.H., Aghaeimeibodi, S., Carolan, J., Englund, D. and Waks, E., 2019. 

Hybrid integration methods for on-chip quantum photonics. arXiv preprint 

arXiv:1911.12756 [21]. 

Chapter 2: 

Kim, J.H.*, Aghaeimeibodi, S.*, Richardson, C.J., Leavitt, R.P., Englund, D. 

and Waks, E., 2017. Hybrid integration of solid-state quantum emitters on a 

silicon photonic chip. Nano letters, 17(12), pp.7394-7400 (*equal contribution) 

[20]. 

Chapter 3: 
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Aghaeimeibodi, S., Kim, J.H., Lee, C.M., Buyukkaya, M.A., Richardson, C. 

and Waks, E., 2019. Silicon photonic add-drop filter for quantum emitters. 

Optics Express, 27(12), pp.16882-16889 [22]. 

Chapter 4: 

Aghaeimeibodi, S., Desiatov, B., Kim, J.H., Lee, C.M., Buyukkaya, M.A., 

Karasahin, A., Richardson, C.J., Leavitt, R.P., Lončar, M. and Waks, E., 2018. 

Integration of quantum dots with lithium niobate photonics. Applied Physics 

Letters, 113(22), p.221102 [23]. 

Chapter 5: 

Aghaeimeibodi, S., Lee, C.M., Buyukkaya, M.A., Richardson, C.J. and Waks, 

E., 2019. Large stark tuning of InAs/InP quantum dots. Applied Physics Letters, 

114(7), p.071105 [24]. 
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Chapter 2: Integration of quantum emitters with silicon 

photonics 

2.1 Introduction 

Silicon (Si) has many advantages as a material for integrated quantum photonic 

devices. It has a large refractive index that enables many photonic components to fit 

into a small device size [25,26]. Silicon is also compatible with standard CMOS 

fabrication methods that can combine electronics with photonics on a large scale [27]. 

Therefore, silicon photonics can achieve the most complex integrated photonic 

structures to date composed of thousands of optical components in a single chip 

[28]. However, silicon is an indirect bandgap material with poor optical emission 

properties. The most common approach for generating single photons in silicon is to 

exploit the third-order nonlinearity to create entangled photon pairs by down-

conversion [29]. But these sources only generate heralded single photons and extending 

them to an on-demand source by multiplexing remains a significant challenge. To date, 

the incorporation of on-demand single photon sources on a silicon photonic chip 

remains a difficult challenge. 

In this chapter, we demonstrate the integration of silicon photonic devices with 

a solid-state single-photon emitter. We use a hybrid approach that combines silicon 

photonic waveguides with InAs/InP quantum dots that act as efficient sources of single 

photons at telecom wavelengths spanning the O-band and C-band [11,30,31]. A pick-

and-place technique allows transferring of tapered InP nanobeams containing InAs 

quantum dots onto a silicon waveguide with nanometer-scale precision. The tapered 
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nanobeams efficiently couple the emission from the quantum dot to the silicon 

waveguide. The fabricated devices exhibit clear single-photon emission, which we 

validate via photon correlation measurements using an on-chip beamsplitter. Our 

approach could enable deterministic fabrication of complex circuits composed of 

multiple single photon emitters coupled to large-scale silicon photonic devices. 

2.2 Design and simulation of the hybrid structure 

Figure 4a shows a schematic of the heterogeneous integration by placement of a thin 

InP nanobeam on top of a silicon ridge waveguide. The quantum dots have an emission 

wavelength around 1300 nm, measured in a bulk sample at 4 K. This wavelength is 

well below the bandgap of silicon, ensuring that the emitted photons will experience 

low absorption losses. The InP nanobeam has a width of 500 nm and a thickness of 280 

nm while the silicon waveguide has a width of 400 nm and a thickness of 220 nm on 

the 3 μm thick silicon oxide (SiO2) layer on top of a silicon. We taper the nanobeam 

with a tapered angle of 6° and a tapered length of 5 μm in order to adiabatically convert 

the photonic mode from the InP beam to the silicon waveguide.  

 To estimate the coupling efficiency between the nanobeam and waveguide, we 

simulate the mode propagation in the integrated structure using a finite-difference time-

domain (FDTD) numerical simulation. We approximate the quantum dot emission with 

a dipole source located at the center of the nanobeam. Figure 4b shows the magnitude 

of the electric field generated by the dipole as it propagates through the tapered region. 

Near the center of the beam, the emission from the dipole couples to both the InP 

nanobeam and the Si waveguide due to their similar refractive indices of 3.2 and 3.5, 

respectively. But as the nanobeam tapers, the field adiabatically transforms to the single 
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mode of the silicon waveguide, as shown in the transverse mode profiles in Figure 4b 

taken at several positions along the taper. In the simulation, we assume that the 

quantum dot emission propagates only in one direction and calculate a 32% coupling 

efficiency from the dipole to the silicon waveguide mode while a non-tapered 

nanobeam has a lower coupling efficiency of 13% due to scattering and back-reflection 

at the end of the nanobeam as shown in Figure 5. 

 

Figure 4.  Schematic of the integrated InP nanobeam and silicon waveguide. (b) 
Simulated electric field (|E|) profiles at different cross-sectional positions of I, II, and 
III marked in (a). Black lines represent the boundary of the structures. 
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Figure 5. Coupling efficiency as a function of the InP nanobeam taper length. 

2.3 Fabrication and pick-and-place procedure 

We fabricate the InP nanobeam using the method described in 1.7. We also fabricate 

the silicon waveguide separately using electron beam lithography and dry etching. 

Figure 6a shows a scanning electron microscope image of the fabricated nanobeam that 

is suspended by thin tethers that attach it to the bulk substrate. The nanobeam contains 

a periodic array of air holes on one end that acts as a Bragg mirror to direct the quantum 

dot emission in one direction. Figure 6b shows a scanning electron microscope image 

of a fabricated silicon photonic waveguide. A grating coupler on one end of the device 

couples the emission from the waveguide to the out-of-plane for detection. The grating 

structure efficiently out-couples the transverse-electric mode with a coupling efficiency 

of 37% while the transverse-magnetic mode has a low coupling efficiency of 3%. These 

values are obtained from three-dimensional FDTD simulations. We also fabricate a y-

shaped waveguide acting as a 50-50 on-chip beamsplitter as shown in Figure 6c. The 
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square pad on the left end of the nanobeam and waveguide facilitates picking and 

placing the nanobeams as described in 1.6.   

 

Figure 6. (a) SEM image of the fabricated tapered nanobeam containing InAs quantum 
dots. (b,c) SEM images of the fabricated silicon (b) straight waveguide and (c) y-shaped 
50-50 waveguide beam splitter. 

Figure 7 shows a SEM image of four completed devices composed of integrated 

nanobeams on silicon waveguides using the pick-and-place technique described in 1.6. 

The fact that we can integrate a nanobeam on each structure in the 2 × 2 array of 

waveguides demonstrates the repeatability and high yield of this procedure.  

2.4 Device characterization 

We use a low temperature (4 K) micro-photoluminescence setup to characterize the 

integrated devices as described in 1.8. We excite the quantum dots using a 780 nm 
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continuous wave laser and collect the signal from the grating out-coupler. All the 

integrated devices in Figure 7 are optically functional and show multiple single 

quantum dot emissions through the grating coupler.  

 

Figure 7. False-color SEM image of the integrated nanobeam and silicon waveguide 
devices. Red, yellow, and navy colors indicate InP nanobeam, silicon waveguides, and 
SiO2 top surface, respectively. 

Figure 8 shows the resulting photoluminescence spectrum obtained from one of 

the straight waveguide devices. We observe multiple sharp peaks corresponding to 

single quantum dots, demonstrating that the emission from the quantum dots coupled 

to the waveguide mode. The quantum dot emissions from the grating show a factor of 

4 increase in intensity as compared to that of the quantum dots in a bulk sample, 

experimentally confirming our numerical predictions. 
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Figure 8. (a) Photoluminescence spectrum of the quantum dots on a straight silicon 
waveguide. Inset show the excitation and the collection scheme where the white dot is 
excitation spot and the dashed white circle is the collection area.  

To estimate the brightness of the waveguide-coupled quantum dots, we excite 

the quantum dots with a 40 MHz pulsed laser and measured the photon counting rate 

of 10.8 kHz at the single photon detector. On the basis of our spectroscopy system 

efficiency of 0.85%, including a transmission efficiency of optics (35%) and 

spectrometer (38%), fiber coupling efficiency to the detector (32%), and the detector 

quantum efficiency (20%), we determined a collection efficiency of 3.2% at the first 

lens for the measured quantum dot A in Figure 8. This efficiency is lower than the 

expected ideal efficiency of 11.8%. 

We calculated the collection efficiency of the emission quantum dots at the first 

lens (NA = 0.7) using a finite-difference time-domain simulation. A dipole source at 

the center of the nanobeam mimics the quantum dots in the simulation. From this 

simulation, we calculated the coupling efficiency of 71% from the quantum dots to the 
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integrated nanobeam and waveguide structure, the coupling efficiency of 45% from the 

integrated structures to the silicon waveguide, and the out-coupling efficiency of 37% 

at the grating coupler, resulting in a total collection efficiency of 11.8% at the first lens. 

In the simulation, we assumed that the quantum dot emission propagates only in one 

direction. 

One reason for this degraded efficiency is an imperfect reflection from the 

Bragg mirror. From the simulation, we calculate that the Bragg mirror sitting on a 

silicon waveguide reflects only 30% of the incident light, as compared to the Bragg 

mirror in air which reflects 95% of the light. Another reason for the low efficiency 

could be the dipole orientation of quantum dots, which may not be perfectly aligned 

with the TE mode of the waveguide. The nonideal position of the quantum dot within 

the nanobeam and the positional and rotational mis-alignment between the nanobeam 

and waveguide could further degrade the efficiency.  

From numerical simulations, we determined that the coupling efficiency drops 

by half when the quantum dots are displaced from the center of the nanobeam by 130 

nm (Figure 9a). We also calculate that the efficiencies drop by half when the nanobeam 

has a displacement of about 400 nm from the center of the silicon waveguide (Figure 

9b) or is rotated about 10° (Figure 9c). 
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Figure 9. Coupling efficiency as a function of (a) the distance of the quantum dot from 
the center of the nanobeam. (b) The distance of the nanobeam center from the silicon 
waveguide center. (c) relative angle between the nanobeam and the silicon waveguide. 

These simulations indicate that the alignment tolerances between the nanobeam 

and waveguide are relatively mild, and we could achieve these alignment accuracies 

between the nanobeam and waveguide. Finally, fabrication errors also reduce the 

coupling efficiency. In particular, we observe that the fabricated grating teeth has a 

width of 295 nm larger than the ideal value of 275 nm. This fabrication error reduces 

the out-coupling efficiency of the grating from 37% to 25% as shown in the Figure 10.  
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Figure 10. Grating coupler efficiency for the transverse electric mode as a function of 
the silicon width. 

2.5 On-chip photon statistics measurement 

In this section, we investigate the device shown in Figure 7  that integrates the 

nanobeam with an on-chip beamsplitter. Figure 11 plots the collected 

photoluminescence from top and bottom grating couplers when we excite the quantum 

dots near the center of the nanobeam. Each spectrum shows multiple sharp peaks 

corresponding to different quantum dots. We identify 16 independent resonant peaks, 

which we label in the figure. Each peak appears in both spectra, verifying that they 

originate from the same source. We independently measure the splitting ratio of the 

beamsplitter by sending a 1304 nm laser into the waveguide and comparing the 

intensities at the two gratings, giving a balanced splitting ratio of 43-57 as shown in 

Figure 12. 

The beamsplitter structure allows direct measurements of the second-order 

correlation to confirm the single photon nature of the quantum dot emission. We send 

the collected light from each grating coupler to separate spectrometers using a pickoff 
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mirror in order to filter the single quantum dot emission, and then couple the filtered 

signal to a single-photon detector (See 1.8).  

 
Figure 11. Photoluminescence spectrum of the quantum dots on a 50-50 on-chip 
beamsplitter collected at the (a) top grating and (b) bottom grating. Inset shows the 
excitation and collection scheme similar to the inset of the Figure 8. 

 

Figure 12.  (a) SEM image of on-chip silicon beamsplitter with input and output 
gratings. (b) Measured laser signals from top and bottom grating couplers. 
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Figure 13a shows the measured second-order correlation function 𝑔𝑔(2)(𝜏𝜏) from 

the quantum dot line 10 labeled in Figure 11 using the 50-50 waveguide beamsplitter 

after detector dark count subtraction. We have used a 780 nm continuous wave laser 

for this measurement. We fit the antibunching dip to the equation below: 

𝑔𝑔(2)(𝜏𝜏) = 1 − �1 − 𝑔𝑔(2)(0)� exp(−|𝜏𝜏|/𝜏𝜏0) 

To account for the limited detector time resolution (200 ps), we deconvolve the 

data with a Gaussian function and obtain 𝑔𝑔(2)(0) = 0.33, which is below the classical 

limit of 0.5. We also perform the same experiment with a pulsed laser having a 40 MHz 

repetition rate shown in Figure 13b and observe 𝑔𝑔𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
(2) (0) = 0.25, which was 

obtained by the ratio of the measured counts at the center peak divided by the average 

of the neighboring peaks.   

We attribute the residual multiphoton events (i.e., imperfect single photon 

purity) to residual background emission due to above-band pumping. This contribution 

could be fully eliminated using resonant [32–34] or quasi-resonant [35] excitation. 

 

Figure 13. Second-order correlation histogram of the single quantum dot emission (line 
10 in Figure 11) on the waveguide beamsplitter. (a) Continuous wave laser excitation 
and (b) pulsed laser excitation. Red solid-line in (a) is a fitted curve for g(2)(τ). 
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2.6 Summary and discussions 

In summary, in this chapter, we have demonstrated the deterministic integration of 

solid-state quantum emitters with silicon photonic devices. This integration opens up 

the possibility to leverage the highly advanced photonics capabilities developed in 

silicon to control and route nonclassical light from on-demand single photon sources. 

An example of a more complicated silicon photonics device will be described in the 

following chapter. 

In addition, the fabricated devices operate at telecom wavelengths which are 

useful for fiber-based quantum communications. In the current device, the grating 

couplers are the most significant source of loss. Improved grating couplers using partial 

etching can achieve the out-coupling efficiency higher than 92% [36]. Alternatively, 

collecting photons from the edge of the chip [37], tapered fiber coupling [38], or 

integrating detectors directly on the photonic chip [15,39] would significantly improve 

the overall efficiency as previously discussed in 1.4.  

Incorporation of site-controlled quantum dot growth [40,41] could further 

improve coupling efficiency of the emission to the waveguide by placing dots precisely 

in the nanobeam center and could improve the device yield when utilizing small mode-

volume cavities. Ultimately, quantum photonic devices will require methods to couple 

multiple identical quantum emitters on different waveguides. Such integration is 

difficult to scale using direct growth or wafer-bonding methods due to randomness in 

the quantum dot positions and emission wavelengths. Pick-and-place could solve these 

problems by pre-characterizing fabricated quantum dot devices to select and then 

transfer only the ones that contain a quantum emitter with the desired properties. Local 
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tuning methods based on temperature [42], strain [43], and quantum confined Stark 

effect [44] could provide additional fine-tuning to compensate for small residual 

spectral mismatch as well as to control on-chip interactions. We demonstrate this tuning 

in chapter 5 using quantum confined Stark effect. 

 Our results represent an important step toward complex quantum photonic 

circuits that could process many photons on a chip to simulate complex chemical 

reactions [45] and implement photonic quantum computation [1,46,47].  
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Chapter 3: On-chip filtering and routing of photons using silicon 

photonics 

3.1 Introduction 

Single photons are excellent carriers of quantum information and can be generated 

efficiently using quantum emitters [4]. Major advances have been made to integrate 

such high-quality single photon sources with low loss silicon-based optical 

waveguides. For example, several works have demonstrated the integration of solid-

state quantum emitters with SiO2 [48], silicon nitride (SiN) [19,49–52], and Si photonic 

chips [20,53]. We discussed an example of these efforts in the last chapter. Moreover, 

recent advances in developing on-chip single-photon detectors [39,54,55], have paved 

the way for quantum photonic circuits that are fully chip-integrated. Integrating these 

elements on the same chip enables compact quantum devices with robust and low loss 

operation as well as programmable functionality.  

In addition to the generation and detection of photons, researchers have 

demonstrated different approaches for on-chip routing of single photons in the near 

infrared regime. The electro-optic effect [56] and optomechanical forces [57] of GaAs 

have been used to demonstrate routing of single photons in suspended structures 

containing quantum dots. Implementing single photon routing using silicon-based 

photonics rather than suspended GaAs waveguides could enable easier scaling because 

of the mature foundry-level fabrication available for this platform. A hybrid platform 

based on SiN waveguides and quantum dots hosted in GaAs has been used to 

implement routing and multiplexing of single photons in the near infrared regime [50]. 
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However, SiN does not support fast reconfiguration mechanisms, which limits the 

ability to control the active filters in this platform to slow thermo-optic [50] or strain 

[58] tuning of the refractive index. In contrast, silicon photonics offers fast tuning by 

modulation of the carrier concentration using electrical contacts [59,60] or by 

introduction of field-induced second order nonlinearity [61]. To date, compact devices 

for routing and filtering quantum emitters with silicon photonics has yet to be 

implemented.  

In this chapter, we demonstrate a silicon photonic add-drop filter that can filter 

and route telecom emission from single quantum dots. We use InAs quantum dots 

embedded in an InP nanobeam as bright sources of single-photon emission at the 

telecom band similar to chapter 2. This emission efficiently couples to a silicon 

waveguide using an adiabatic taper. The filter is comprised of an ultracompact silicon 

microdisk resonator that is evanescently coupled to waveguides [62]. We used the pick-

and-place technique described in 1.6 to experimentally realize this hybrid structure. We 

demonstrate on-chip filtering of the unwanted background emission over a wide 

wavelength range while the desired quantum dot emission is efficiently transmitted 

through the filter. Moreover, by temperature tuning the system we can control the 

emission wavelength of a quantum dot with respect to that of the resonator and 

demonstrate routing of the emission between the drop and through channels. We also 

show tunability of the cavity resonance by direct laser heating the device. Filtering and 

routing single quantum dot emission in silicon photonics is an important step toward 

fully integrated quantum photonic circuits that generate, process, and detect light on a 

compact chip. 
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3.2 Device design 

Figure 14a shows the general working principle of our proposed hybrid device, which 

features an InP nanobeam embedded with InAs quantum dots as well as a silicon 

microdisk resonator. Emission from the quantum dot couple to the transverse electric 

mode of the InP nanobeam. A Bragg reflector (period of 290 nm and radius of 100 nm) 

on one end of the nanobeam directs the photons in a single direction. An adiabatic taper 

on the other side of the InP nanobeam efficiently transfers the emission to the silicon 

waveguide, which is also tapered to match the optical mode of the nanobeam. Both 

tapers in the coupling region are 5 μm long. 

 

Figure 14. (a) Illustration of the hybrid device containing InAs quantum dots embedded 
in an InP nanobeam and a silicon photonic microdisk resonator. (b) Simulated light 
propagation in the coupling region. 

The add-drop filter consists of a silicon microdisk resonator and two 
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waveguides (drop and through channels) evanescently coupled at the top and bottom 

of the microdisk. Telecom photons from the quantum dot that are transferred to the 

silicon waveguide are routed to the drop channel if resonant with the microdisk. 

Otherwise, they propagate to the through channel of the add-drop filter. By tuning the 

wavelength of either the quantum dot or the microdisk resonator we can essentially 

switch the quantum dot emission between the drop and through channels.   

Figure 14b shows the simulated propagation of light at the intersection of the 

InP nanobeam and the silicon waveguide when they are placed side by side. Using a 

finite-difference time-domain simulation (Lumerical, FDTD), we calculated a coupling 

efficiency exceeding 95% at 1300 nm, which is the typical emission wavelength of our 

quantum dots.  

We performed variational finite-difference time-domain simulations 

(Lumerical, Mode) to design the resonance wavelength and linewidth of the resonator. 

Linewidth of our quantum dots in nanobeam structures are ~0.1 nm (70 μeV) for the 

narrowest emission lines. We note that quantum dots in bulk show a slightly narrower 

linewidth, but still broader than more developed InAs/GaAs quantum dots. Figure 15 

shows the statistical study of linewidth of 100 quantum dots (50 in bulk and 50 in 

nanobeams).  

Considering the linewidth of our quantum dots, a quality factor larger than 1000 

for the microdisk resonator is not desirable for achieving efficient transfer of the 

photons to the drop channel due to losses from filtering the quantum dot emission 

spectrum. To maintain a small footprint, we used a disk radius of 2.125 μm, gap of 90 

nm between the drop/through channels and microdisk, and a waveguide width and 
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height of 230 nm and 220 nm, respectively. From simulation using these parameters, 

we obtained a resonance of around 1300 nm with a quality factor of 620.  

 

Figure 15. Statistical histogram of the quantum linewidth in (left) bulk (right) 
nanobeams. Gray shaded areas show the spectrometer resolution limit. 

Figure 16 a and b show the simulated transmission of light to the through and 

drop channels, respectively. The silicon waveguide width at the curves is 400 nm to 

avoid additional bending losses. The width tapers down to 230 nm to match the optical 

mode of the disk resonator over a length of 5 μm. Both drop and through channels end 

with periodic grating couplers (550 nm period and 50% duty cycle) with a 37% 

outcoupling efficiency for the transverse electric mode. We calculated a total efficiency 

of 29% which consists of quantum dot to InP coupling (93%), InP to Silicon 

transmission (95%), microdisk transmission to the drop channel (89.7%), and grating 

outcoupling efficiency (37%). This theoretical value of the coupling efficiency is 

comparable to that of the device in chapter 2, although the device in this chapter is more 

complicated.  
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3.3 Device fabrication and characterization 

The device fabrication and the pick-and-place procedure for the suspended InP 

nanobeams are described in 1.7 and 1.6, respectively. We chose a 220 nm thick silicon-

on-insulator substrate to define our add-drop filter and used electron beam lithography 

to pattern the resist. Then we deposited Cr as a metal mask. Finally, we etched the 

substrate with inductively coupled plasma etching and removed the Cr. Although 

fabrication of resonator devices with gaps as low as 90 nm is challenging, our fabricated 

devices indicate a reasonable repeatability as shown in Figure 17 demonstrating our 

control over the geometry of the disk and the gap.  

 

Figure 16. Simulated transmission of light to the (a) through and (b) drop channels of 
the add-drop filter. 
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Figure 17. (a) SEM image of the fabricated disk resonator. (b) measured gap distance 
for several fabricated devices showing repeatability. The dashed red box indicates the 
desired 90 nm gap.  

Figure 18a shows a false color SEM image of the integrated device after the 

pick-and-place. Figure 18b is a further magnified view of the coupling region where 

the InP and silicon tapered waveguides are placed side-by-side. To characterize the 

response of the microdisk resonator (see 1.8 for details), we used the broad emission 

of the ensemble quantum dots, which had an inhomogeneous broadening of more than 

200 nm [63]. Therefore, at high excitation powers (orders of magnitude higher than the 

saturation power of the quantum dots) they act as integrated broadband light sources.  

By collecting the photoluminescence signal from the drop and through channels 

and normalizing by the total signal, we obtained the response of the microdisk 
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resonator. Figure 19a and 19b show the transmission spectra of the through and drop 

channels respectively, when we excited the nanobeam with a power of 520 µW.  

 

Figure 18. (a) False color SEM image of the fabricated hybrid device. Red and yellow 
represent InP and silicon, respectively. (b) A magnified view of the adiabatic tapering 
in the coupling region. 

 
Figure 19. Measured normalized intensity at the (a) through and (b) drop channels when 
exciting the ensemble of the quantum dots above their saturation power. 
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We observe multiple dips (peaks) in the spectrum of the through (drop) channel 

that are separated by a free spectral range of ~ 16 nm. The suppression ratio of the filter 

varies among different free spectral range windows. We measured the highest 

suppression ratio to be 6.6 dB. 

3.4 Single quantum dot filtering and routing 

To isolate the single quantum dot emission, we lowered the excitation power to 5 µW 

which is below the dot saturation level. Figure 20a shows the photoluminescence 

spectrum when we excited the quantum dots and collected the signal directly from the 

nanobeam. We observed multiple quantum dot emission lines which is consistent with 

our laser spot size and the quantum dot density of 10 𝜇𝜇𝑚𝑚−2. Next, we measured the 

photoluminescence spectrum from the drop channel while still exciting the quantum 

dots with the same power (Figure 20b).  

We observed a significant suppression of the photoluminescence signal while a 

narrow wavelength range at around 1234 nm transferred to the drop channel. The 

quantum dot emission highlighted by the red shaded box (Figure 20) is on resonance 

with the microdisk resonator and therefore efficiently transferred to the drop channel 

while other emission lines were strongly suppressed. To further illustrate this fact, we 

overlap the cavity resonance with the quantum dot emission collected directly on top 

of the nanobeam as shown in Figure 21.  

Using integrated intensity of this quantum dot emission in Figure 20a and 20b, 

and the simulated ratio between waveguide-coupled and out-of-plane emission, we 

estimate a total device efficiency of 4%.  
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Figure 20. (a) Photoluminescence spectrum of the quantum dots when the excitation 
and collection spots are located on the nanobeam as shown in the inset. (b) 
Photoluminescence spectrum of the quantum dots when the excitation and collection 
spots are located on the nanobeam and drop channel, respectively. The shaded red 
boxes show the quantum dot emission that is transferred to the drop channel. 

This value is smaller than the designed value of 29% and could be due to 

imperfect fabrication of the hybrid device, small misalignments between the nanobeam 

and the silicon waveguide, and imperfect position and orientation of the quantum dot 

with respect to the nanobeam. There is also a small signal observed at the drop channel 



 

 

36 
 

around 1250 nm (Figure 20b), which may be a quantum dot emission coupled to 

another resonator mode. Moreover, multiple quantum dot emission lines couple to the 

resonator modes with wavelengths over 1300 nm (blue shaded box). The background 

suppression range can be expanded by designing resonators with a free spectral range 

larger than the inhomogeneous broadening of the quantum dots.  

 
Figure 21. Spectrum of the unfiltered quantum dot emission measured on top of the 
nanobeam overlapped with the resonator mode. Black dots are the measured data and 
the solid curve is a Lorentzian fit to the data. 

We also show that emission of a quantum dot can be routed to either the drop 

or through channels by tuning the dot wavelength with respect to the resonance of the 

microdisk. We use temperature tuning as a simple tool to tune the dot on and off 

resonance with the microdisk resonator. To be able to temperature-tune the emission 

wavelength of a quantum dot over the linewidth of the resonator we use one of the 

resonator modes (centered around 1364 nm) that has the highest quality factor (Q=661 
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obtained with a Lorentzian fit) and a quantum dot that is slightly blue-shifted from the 

resonator mode at 5 K. The shaded gray curve in Figure 22a shows a Lorentzian fit to 

the microdisk resonator response at the drop channel. The dashed vertical lines 

represent the emission wavelength of the quantum dot at different temperatures. By 

varying the temperature of the sample from 5 K to 50 K, we tune the emission 

wavelength over the entire resonance mode of the device. We note that we did not 

observe a shift in the resonance wavelength of the microdisk resonator in our 

measurements. This is because the refractive index of silicon is not very sensitive to 

temperature at cryogenic temperatures [64]. 

 

Figure 22. (a) A Lorentzian fit to the microdisk resonance (gray area) and center 
wavelength of the selected quantum dot at 5 K (blue), 35 K (orange), and 50 K (red). 
(b) The normalized integrated intensity of the dot for different detunings measured at 
the drop channel (black) and through channel (red). Top axis indicates the temperature 
at which the data was collected.  
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We collect the photoluminescence signal of the dot from both the through and 

drop channels at different temperatures. Figure 22b shows the normalized integrated 

intensity at different detunings (obtained at different temperatures) from the microdisk 

resonance for both the through and drop channels. We observe that when the dot is 

resonant with the resonator, it propagates to both the drop and through channels. 

However, when the emission wavelength is detuned from the resonance of the 

microdisk it mostly propagates to the through channel. We obtained a linewidth of 1.7 

nm from Lorentzian fits to the integrated intensity of Figure 22b, which is consistent 

with the 2.06±0.4 nm linewidth from the gray curve in Figure 22a.  

Ideally, all the emission should transfer to the drop channel at the resonance 

wavelength. However, fabrication imperfections in our silicon device prevents critical 

coupling between the waveguide and the resonator and leads to a small extinction ratio 

(i.e., the ratio between the maximum and minimum transmission) of 1.65. 

3.5 Cavity tuning using laser heating 

The temperature tuning approach described above, is a simple proof-of-principle 

demonstration that routing of the quantum dot emission is possible. However, 

increasing the temperature of the quantum dot can introduce dephasing mechanisms 

that could destroy the coherence of the quantum dot. A better approach would be either 

tuning the quantum dot with a less destructive mechanism such as quantum confined 

Stark effect or tuning the resonance of the cavity. We describe the former approach in 

chapter 5. In this section, we demonstrate a simple method for tuning the resonance of 

the cavity without any electrical contacts.  
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We shine a 650 nm continuous wave laser on the center of the disk which locally 

heats the device without increasing the temperature of the quantum dots (Figure 23a). 

By increasing the laser intensity up to 100 mW, we observe a red-shift of the cavity 

mode up more than 1 meV. Much more efficient switching of the cavity could be 

possible by introducing carefully designed electrodes [60] or using materials with 

electro-optic effect, an example of which will be described in chapter 4. 

 

Figure 23. (a) Heating spot for tuning the cavity resonance (b) Observed cavity shift as 
a function of the laser power.  

3.6 Summary and discussions 

In summary, we have implemented a hybrid platform containing a silicon microdisk 

resonator and InAs quantum dots embedded in an InP nanobeam for filtering single 

quantum dot emission at telecom wavelengths. Using our integrated device, we 

achieved filtering of the background emission over a wide wavelength range while the 

desired quantum dot emission transfers through the filter. Moreover, by temperature-
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tuning a quantum dot over the resonance mode of the microdisk we controlled the 

transmission of the emission to the drop and through channels.  

Improving the design of the filter for a higher free spectral range can enable 

suppression of the background over the entire range of the ensemble quantum dot 

emission. Furthermore, better design and fabrication accuracy is required to increase 

the extinction ratio of the routing. Replacing the disk resonator with a ring resonator 

may simplify the transmission spectrum by reducing the number of transverse modes. 

Incorporating electrical contacts for electro-optic switching of the router can achieve 

GHz modulation of the single photons. With improved extinction ratios and ultrafast 

switching available in silicon photonics, this platform may find applications in single-

photon de-multiplexing [65], realizing linear optical quantum computing [29,66], and 

boson sampling [67].  
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Chapter 4: Integration of quantum dots with lithium niobate 

photonics 

4.1 Introduction 

Thin-film lithium niobate (LiNbO3) is an emerging material platform for integrated 

photonics [13,68,69] that exhibits tightly confined optical modes, high refractive index, 

and wide transmission window (350 nm to 5 micron). Moreover, this material inherits 

the strong χ2 electro-optic nonlinearity from LiNbO3 bulk crystals [70–72], which 

enables ultrafast optical modulation. The tight confinement of the optical modes in thin-

film LiNbO3 significantly reduces the device size and facilitates scalable fabrication of 

many optical elements on a small chip. This scalability was not possible using 

conventional metal diffused waveguides, as they have large and loosely confined 

optical modes [73]. Recently, researchers have realized nanophotonic structures based 

on thin-film LiNbO3 with low loss [74–77] and high modulation bandwidth[78] 

competing with the metal diffusion technology, but with a much smaller footprint, 

turning thin-film LiNbO3 into a versatile platform for integrated photonic circuits.  

Strong electro-optic non-linearity and compact nature of thin-film LiNbO3 make it 

an ideal platform for quantum photonic circuits that can enable optical quantum 

computation [1,46,66,79–81], high-speed quantum communications [2,47], and 

simulation of non-classical problems in quantum physics [82], chemistry [45], and 

biology [83]. Many of these applications require quantum emitters that serve as both 

high-purity sources of indistinguishable single photons [3,4], and strong optical 

nonlinearities at the single photon level [84,85]. As a result, developing techniques for 
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the integration of LiNbO3 photonics with quantum emitters is an effective strategy for 

implementing fast reconfigurable quantum circuits. But to date this integration has yet 

to be demonstrated. One of the difficulties is that conventional metal diffused LiNbO3 

waveguides exhibit a small index contrast and large mode volume, which leads to poor 

transfer efficiencies for emitters that are embedded or evanescently coupled. But thin-

film LiNbO3 exhibits a much tighter mode confinement that could potentially solve this 

problem, which provides a new opportunity for quantum emitter integration. 

In this chapter, we demonstrate integration of quantum emitters with LiNbO3 

photonic devices. Similar to chapters 2 and 3, the quantum emitters are InAs quantum 

dots embedded in an InP nanobeam, which serve as efficient sources of single photons 

in the telecom band [11,30]. We develop a hybrid device structure that efficiently 

transfers the emission from the dots to a LiNbO3 waveguide. Tight confinement of the 

thin-film LiNbO3 waveguide enables large mode overlap between InP nanobeam and 

LiNbO3 waveguide that allows evanescent coupling [51,86] with efficiency exceeding 

34%. Realizing such mode overlap between a nanostructure containing quantum dots 

and metal diffused LiNbO3 waveguides would require a more complicated mode 

engineering potentially with very long adiabatic tapering. To experimentally 

demonstrate this approach, we fabricate the hybrid structure using the pick-and-place 

technique described in 1.6. We verify efficient transfer of emission from the quantum 

dot to the LiNbO3 and confirm the single-photon nature of the emission with photon 

correlation measurements. This approach could enable scalable integration of single-

photon emitters with complex LiNbO3 photonic circuits that can rapidly modulate the 

photons and perform user-defined linear optical transformations on them.  
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4.2 Design considerations 

Figure 24 shows the general scheme for coupling single-photon emitters with a LiNbO3 

waveguide. Figure 24a shows a cross-sectional illustration of the device which is 

composed of an InP nanobeam (500 nm wide and 280 nm thick) containing InAs 

quantum dots (with a density of ~10 μm-2) on top of a LiNbO3 waveguide. In the design 

we use a partially etched LiNbO3 waveguides with 1200 nm width, which ensures the 

single mode condition at the InAs quantum dot wavelength of ~1300 nm while 

maintaining a relatively large top surface area to transfer the InP nanobeams. We note 

that unlike the vertical waveguides in silicon-on-insulator platform demonstrated in 

chapters 2 and 3, thin-film lithium niobate waveguides have a sidewall angle of around 

30 degrees which is a direct consequence of its etching environment [87]. The lithium 

niobate waveguides in this chapter were fabricated by our collaborators at Harvard 

University.  

The single photon from the quantum dot couples to the InP nanobeam and then 

smoothly transfers to the LiNbO3 waveguide through a 5 μm adiabatic taper (Figure 

24b).  A Bragg reflector at one end of the nanobeam, composed of a periodic array of 

holes with a period of 290 nm and radii of 100 nm, ensures the quantum dot emission 

propagates in only one direction.  

We perform FDTD (Lumerical) simulations to estimate the efficiency of single 

photon coupling from the quantum dots to the InP nanobeam and subsequently to the 

LiNbO3 waveguide. In our simulation, we model the quantum dots as electric dipole 

emitters with an in-plane polarization that are located at the center of the nanobeam. 

Figure 25 (a-c) display cross sectional views of light propagation in the hybrid device 
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for different lengths of the taper. The simulation shows that emission from the quantum 

dot couples to the single mode of the InP nanobeam, and then adiabatically transfers to 

the LiNbO3 waveguide as the taper narrows down. We calculate the coupling efficiency 

between the InP nanobeam and LiNbO3 waveguide modes for a taper length of 5 μm 

to be 40.1%. A longer adiabatic taper can further improve this efficiency (See Figure 

25d). However, for our current devices, we use a 5 μm taper length to make it easier to 

transfer the nanobeam onto the waveguide using the pick-and-place. The total 

efficiency from the quantum dot to the LiNbO3 waveguide mode was calculated to be 

34% by multiplying the efficiency of coupling for the quantum dot to the InP mode 

(85%) and the efficiency of InP to LiNbO3 coupling (40.1%).  

 

Figure 24. An illustration of the hybrid platform consisting of the LiNbO3 waveguide 
and the InAs quantum dot embedded in InP nanobeam. (b) A side schematic of the 
hybrid device, showing the Bragg reflector on one side of the InP nanobeam and the 
adiabatic taper on the other side. 

4.3 Lithium niobate waveguides 

The substrate for the LiNbO3 waveguides was a 600 nm thick X-cut LiNbO3 film on 2 

μm thick silicon dioxide (SiO2) on a silicon substrate (obtained from NanoLN). We 

pattern the photonic structures with electron beam lithography using a hydrogen 
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silsesquioxane (HSQ) resist. Next, we transfer the patterns onto a LiNbO3 thin film 

using an optimized (Argon) Ar+ plasma etching recipe in a reactive ion etching tool.  

 

Figure 25. FDTD simulation of the electric field intensity |𝐸𝐸|2 in the coupling area for 
a taper length of (a) 20 𝜇𝜇𝜇𝜇, (b) 10 𝜇𝜇𝜇𝜇, (c) 5 𝜇𝜇𝜇𝜇. (d) Coupling efficiency from the 
nanobeam to the lithium niobate waveguide as a function of the taper length.  
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Finally, we remove the residual mask by buffered oxide etching. Figure 26 

shows the fabricated waveguide structures as well as y-branch 50-50 beamsplitters.  We 

terminated the waveguides with a periodic grating coupler with a period of 700 nm at 

one end of the structure for outcoupling the single-photon emission, with a calculated 

efficiency of 26.7%. 

 

Figure 26. SEM image of the LiNO3 straight waveguides and y-branch beamsplitters. 
The rectangular pads on the left end of the LiNbO3 waveguides assist in the transfer 
process. Periodic grating couplers on the right side of the devices extract the light from 
the waveguides to the out-of-plane dimension. 
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4.4 Hybrid integrated nanobeams on lithium niobate waveguides 

To form the InP nanobeams we follow the procedure in 1.7 and perform the pick-and-

place using the method described in 1.6. Figure 27 shows SEM images of two 

integrated devices, one with a nanobeam on top of a LiNbO3 waveguide (Figure 27a) 

and the other on top of a LiNbO3 y-splitter (Figure 27b). 

 

Figure 27. False color SEM image of the integrated InP nanobeam with a (a) straight 
LiNbO3 waveguide and (b) an on-chip LiNbO3 beamsplitter. Red and blue colors 
indicate InP and LiNbO3, respectively. Scale bar is 6 𝜇𝜇𝜇𝜇 for both panels. 

 

Using the setup described in 1.8, we excite the quantum dots with a 780 nm 

continuous wave laser and collected the photoluminescence spectrum through the 

grating couplers. Figure 28a shows the photoluminescence spectrum taken from the 

straight LiNbO3 waveguide integrated with quantum dots. We observe multiple 

emission lines in the photoluminescence spectrum that confirms the coupling of 

multiple spectrally resolved quantum dots.  
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To assess the photon collection efficiency in our hybrid device, we use a 785 nm 

pulsed laser excitation with 40 Mhz repetition rate. Correcting for our setup efficiency, 

we calculated a collection efficiency of 2.2% at the first lens for a representative 

coupled quantum dot labeled as QD1 in Figure 28a. This value is lower than the ideal 

collection efficiency of 9% that we determined from our simulations. The simulated 

collection efficiency is the product of the coupling efficiency from the quantum dot to 

LiNbO3 (34%) and the grating coupler efficiency (26.7%). We attribute the lower 

experimental collection efficiency to small fabrication imperfections, residual 

misalignment of the nanobeam with the LiNbO3 waveguide, and quantum dot 

deviations from the center of the nanobeam as carefully discussed in chapter 2. Figure 

28b shows the time-resolved photoluminescence signal from QD1. We fit the time-

resolved data to a single exponential decay model and obtain an excited state lifetime 

of 𝜏𝜏 = 1.77 ± 0.03 𝑛𝑛𝑛𝑛. 

To confirm the single photon nature of the emission, we perform second order 

photon correlation measurements on several of the coupled quantum dot emission lines. 

We send the collected signal through the grating coupler to a fiber beamsplitter and 

connected the two output ports of the beamsplitter to different single-photon detectors. 

Figure 29a shows a continuous wave second-order correlation measurement for QD1, 

using a 780 nm laser. The measurement shows a clear antibunching behavior. We fit 

the antibunching dip to a function of the form g(2)(τ)= 1- (1- g(2)(0)) exp(-|τ|/τ0) without 

dark count subtraction or deconvolution and obtained g(2)(0) = 0.08. Moreover, we 

perform pulsed photon correlation measurement (as shown in Figure 29b), and observe 

an antibunching behavior with g(2)(0) = 0.25. Both of these values are lower than the 
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classical limit of 0.5. Background emissions due to our non-resonant excitation cause 

the residual multiphoton events resulting in non-ideal g(2)(0) values in our photon 

correlation measurements. As mentioned previously in 2.5, these measurements could 

benefit from resonant excitation [34,88] or quasi-resonant excitation [35,89] which 

significantly reduce the background emission. 

 

Figure 28. (a) Photoluminescence spectrum of the waveguide coupled quantum dots 
when we excite the quantum dots on top of the nanobeam and collect the signal through 
the grating. (b) Time-resolved photoluminescence signal from the QD1 labeled in (a). 
The red curve is a single exponential fit to the data. 
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Figure 29. Second order photon correlation measurement of QD1 when excited with 
(a) continuous wave laser and (b) a pulsed laser. The curves in both panels are 
exponential fits to the data. 

4.5 Lithium niobate on-chip beamsplitter 

In this section, we investigate the hybrid device in Figure 27b that integrates quantum 

dots in the InP nanobeam with an on-chip LiNbO3 beamsplitter. We excite the quantum 

dots directly from the top of the nanobeam and collected the photoluminescence signal 

from both grating couplers. We separate the signal from each grating using a pick-off 

mirror in free space and sent each port to separate spectrometers that acted as spectral 

filters. Figure 30a and 30b show the collected photoluminescence signal from the top 
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and bottom gratings. We observed multiple quantum dot lines in both spectra. We 

identified 7 emission lines that appear in both spectra, suggesting that they originate 

from the same quantum dots.  

To confirm that the replicated emission lines in Figure 30 originate from the 

same quantum dot, we performed a photon correlation measurement on the quantum 

dot represented by line 4, and spectrally filter out all other emission lines. Figure 30c 

shows the second-order photon correlation measurement of this emission using 

continuous wave excitation, with g(2)(0) = 0.36. The measured g(2)(0) value is degraded 

as compared to the measurement in Figure 29. This degradation is due to the fact that 

the device with on-chip beamsplitter exhibited a poorer coupling efficiency, which 

required higher excitation power in order to obtain a second-order correlation. This 

higher excitation drove the quantum dot closer to the saturation level, resulting in a 

higher background level. This measurement demonstrates that the two matched lines 

from the grating couplers originate from the same quantum dot.  The on-chip LiNbO3 

beamsplitter enables the direct measurement of a second-order photon correlation from 

the quantum dots coupled to the LiNbO3 waveguide without an external beamsplitter. 

Implementing this functionality on-chip is a step toward scalable integration of multiple 

single-photon emitters with more complex LiNbO3 photonic circuits, where most of 

the light manipulations happen on a compact photonic chip. 
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Figure 30. (a,b) Photoluminescence spectrum collected through the (a) top and (b) 
bottom gratings. (c) Second order correlation measurement of emission line 4, labeled 
in (a,b). 

4.6 Summary and discussions 

In summary, we have deterministically coupled quantum emitters to a nanophotonic 

LiNbO3 waveguide. We confirmed the coupling of single photons to straight 

waveguides and y-branch beamsplitters using photon correlation measurements. The 
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collection efficiency of our devices was limited by the performance of the grating 

couplers. More efficient grating coupler design or better approaches of light collection, 

such as edge coupling [37], tapered fibers [38], or the incorporation of detectors on the 

chip [90], could boost the collection efficiency. Incorporation of Mach-Zehnder or 

resonator based electro-optic switches [78] would allow fast switching of  single 

photons. Moreover, by pre-characterizing the quantum dot devices before pick-and-

place [91], we can overcome the spectral and spatial randomness of the quantum dots 

and select the devices with emitters at the same resonance wavelength.  

In this way, we can efficiently extend our results to complex LiNbO3 circuits 

containing many identical single-photon emitters. Results demonstrated in this chapter, 

represent an important step toward routing and fast feedforwarding of on-demand 

single photons on a chip, which could enable high speed quantum communication 

[2,47] and linear optical approaches for photonic quantum computing [1,80]. 
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Chapter 5: Large Stark tuning of InAs/InP quantum dots 

5.1 Introduction 

As discussed in previous chapters, epitaxial InAs quantum dots embedded in InP 

(InAs/InP) are excellent sources of telecom single photons [31,92]. Previous studies 

have demonstrated single-photon generation in these materials with large Purcell 

enhancement [93] and record high single-photon purity [30]. InAs/InP quantum dots 

can also act as indistinguishable single-photon sources at telecom wavelengths suitable 

for quantum communications [11]. Many applications in quantum information 

processing require multiple identical quantum emitters. However, the emission 

wavelength of individual quantum dots varies due to small differences in their shape, 

size, strain environment, and chemical composition. This makes it difficult to integrate 

multiple identical quantum emitters on the same chip. To overcome this spectral 

randomness, we need a method to tune the emission wavelength of individual dots over 

a broad spectral range without degrading the coherence properties of the emitter. 

Stark tuning is an effective technique to tune the wavelengths of quantum dots. 

This technique uses an electric field to tune the emission wavelength using the 

quantum-confined Stark effect. In InAs/GaAs quantum dots emitting at wavelengths 

below 1 µm, Stark tuning has produced wavelength shifts of up to 25 meV with 

minimal degradation of emission properties [94,95], enabling two different dots to 

show two-photon interference [49,96]. Large Stark tuning at telecom wavelengths has 

been demonstrated in InAs quantum dots embedded in GaAs [97] or InAlGaAs [98]. 

However, the extension of this approach to InAs/InP has not been studied carefully. 
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Previous Stark tuning demonstrations of InAs/InP quantum dots suffered from a limited 

tuning range of < 0.8 meV [99,100], because at high electric field intensities the dot 

gains additional charges that cause discrete jumps in the optical spectrum. Achieving 

large wavelength tuning ranges requires new device geometries that limit this charging 

effect. 

In this chapter, we demonstrate a large DC Stark shift in the emission 

wavelength of InAs/InP quantum dots at telecommunication wavelengths. We place 

the InAs quantum dots embedded in InP between two metallic plates that are separated 

by a SiO2 buffer layer to avoid introduction of charges. An applied DC electric voltage 

shifts the emission of the quantum dot by more than 5 meV without any observed 

spectral jumps due to charging, providing a much larger tuning range than previously 

available for this material. Steady-state and time-resolved photoluminescence 

measurements show a clear tunneling effect introducing non-radiative decay processes 

that limit the emitter brightness at high voltages. Photon correlation measurements 

show robust anti-bunching behavior over a wide voltage range. We also examine a 

lateral electric field geometry which leads to a significantly less efficient tuning range. 

Our results pave the way for developing large identical arrays of quantum 

emitters at telecom wavelengths. Such identical quantum emitters are highly desirable 

for quantum information applications, such as boson sampling [67], quantum 

communication [2], and optical quantum computing [1,46,81]. Furthermore, our 

technique is agnostic to the nature of the substrate, and could thus be incorporated in 

more complex hybrid photonic device structures that combine quantum dots with 

silicon photonics [20] or lithium niobate photonics [23]. 
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5.2 Vertical field device 

Figure 31a shows the proposed device, in which the InAs/InP quantum dots are located 

between two metal plates that provide the vertical DC electric field for Stark tuning. 

We pattern the bottom contact on a silicon carrier chip with electron beam lithography 

followed by metal deposition (5 nm Chromium (Cr)/50 nm Gold (Au)) and lift-off. 

Next, we use a microprobe to transfer an InP waveguide containing InAs quantum dots 

onto the bottom contact as described in 1.6 and cover the sample with 500 nm SiO2 

deposited by plasma enhanced chemical vapor deposition. Then we form the top 

contact by electron beam lithography, followed by 20 nm Cr deposition and lift-off. 

We chose a thin Cr layer to have optical access through the contact. Finally, we open a 

window in the SiO2 by buffer oxide etching to electrically access the buried metal pad 

connected to the bottom contact. Figure 31b shows a false color SEM image of the 

fabricated device.  

 
Figure 31. (a) An illustration of the proposed Stark tuning device structure. (b) False 
color SEM image of the fabricated sample. 

Figure 32 shows the photoluminescence spectrum of multiple quantum dot 

emission lines at different DC electric voltages using the measurement setup described 
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in 1.8. All quantum dot emission lines start to red shift as we introduce the voltage due 

to the quantum confined Stark effect. 

 

Figure 32. Photoluminescence spectra of several quantum dots for different gate 
voltages. 

We extracted photoluminescence emission properties (center wavelength, 

integrated intensity, and linewidth) from Lorentzian fits to the photoluminescence 

spectrum at each applied voltage. The relative change in the center wavelength of a 

quantum dot (QD1) that we labeled in Figure 32 is shown in Figure 33a. We observe a 

large shift in the emission wavelength of up to 8 nm (5.1 meV) and attribute it to the 

quantum confined Stark effect. A quadratic fit of the form Δ𝐸𝐸 = 𝑝𝑝𝑝𝑝 + 𝛽𝛽 𝐹𝐹2 to this shift 

allows us to determine the polarizability (β) and dipole moment (𝑝𝑝) of the InAs/InP 

quantum dots. Here ΔE is the relative change in emission energy and F is the electric 

field intensity. In order to obtain F from the applied voltage, we perform electrostatic 
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COMSOL simulation for our device geometry that considers the dielectric constant of 

all the materials as well as the curvature due to oxide deposition as shown in Figure 34.  

From the fit we obtain 𝛽𝛽 = 0.19 ± 0.01 μeV cm2

kV2
 and 𝑝𝑝/𝑒𝑒 = 0.14 ± 0.02 nm, 

where e is the charge of an electron. These values are slightly lower than the previously 

reported values for InAs/InP quantum dots [99,100]. Different growth conditions and 

shape of the quantum dots, parasitic resistance in the device [101], and non-ideal 

thickness of the insulator could explain the lower measured values of dipole moment 

and polarizability compared to the previous works. 

 

Figure 33. (a) The Stark shift of QD1, (b) normalized intensity of QD1, and (c) full 
width at half maximum for QD1 when fitted to a Lorentzian function, all as a function 
of applied DC voltage. 
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Figure 34. Electrostatic COMSOL simulation of the vertical electric field for an applied 
voltage of 20 V, which leads to 𝐸𝐸𝑧𝑧 = 1.55 × 107𝑉𝑉/𝑚𝑚 at the center of the waveguide. 

Figure 33b and 33c show the integrated intensity and linewidth of the QD1 emission 

as a function of the applied voltage.  The integrated intensity of the QD1 emission at 

26 V drops to ~10% of its initial value at 0 V applied voltage. At large electric field 

intensities (See Figure 35) the created carriers are no longer confined in the quantum 

dot potential, which leads to tunneling [102,103]. Carrier tunneling reduces the 

efficiency of emission and therefore explains the drop in integrated intensity.  

The linewidth of QD1 (Figure 33c) remains constant until very high electric field 

intensities. We observe linewidth variations among different quantum dots. The 

particular dot (QD1) we studied has a broad linewidth, but other quantum dots in the 

sample can feature much narrower linewidths and can exhibit two-photon interference 

[42,104]. Therefore, narrow linewidth quantum dots combined with our Stark tuning 

approach are promising for multi-photon interference applications. 
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Before moving on to time-resolved and photon correlation measurements, we note 

that the large tuning demonstrated in QD1 was not a rare occasion on our chip. We also 

measured shifts of similar size for 9 different quantum dots on the same chip as 

demonstrated in the histogram plot in Figure 36. 

 

Figure 35. Schematic band diagram of a single InAs/InP quantum dot (a) without and 
(b) with an applied electric field. 

 
Figure 36. Histogram plot of Stark shift measured from 9 different quantum dots on the 
same chip at 26 V. 



 

 

61 
 

5.3 Time-resolved photoluminescence measurement 

The carrier tunneling effect also represents itself in the excited state lifetime of the 

quantum dots. Time-resolved photoluminescence measurements reveal changes in the 

lifetime due to oscillator strength modification as well as tunneling effects [95]. To 

measure the lifetime of the quantum dot emission, we used a 785 nm pulsed laser with 

40 MHz repetition rate. Figure 37 shows the evolution of the lifetime as we changed 

the applied voltage. Initially, at 0 V the lifetime is 1.44 ns and at higher electric fields 

(V = 28 V) the lifetime increases to 1.71 ns. We attribute the longer lifetime to the 

decrease in the oscillator strength of the quantum dot caused by larger separation of the 

electron-hole pair [105]. At even larger electric field intensities, tunneling effects 

dominate the lifetime and reduce it to 1.39 ns [95,105]. The rich dynamics of these two 

competing processes were absent in the photoluminescence intensity measurement 

(Figure 33b), because both the tunneling effect and oscillator strength reduction lead to 

a decrease in the emission intensity.  

 
Figure 37. Excited state lifetime of QD1 labeled in Figure 32 as a function of the 
applied voltage. 
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5.4 Second-order photon correlation measurement 

As mentioned in the previous chapters, single-photon emission from quantum dots is 

vital for their application in quantum information processing. Therefore, we perform 

photon correlation measurements at two different voltages to confirm the single-photon 

nature of the quantum dot emission and its stability while applying an electric field for 

Stark tuning. We use a 780 nm continuous-wave laser to excite the quantum dots and 

send the photoluminescence signal to a grating spectrometer to filter the emission from 

QD1. The filtered signal is then sent to a fiber-based beam splitter followed by two 

superconducting single-photon detectors.  

Figure 38a and 38b show the second-order photon correlation measurements for 

QD1 at 0 V and 19 V, respectively. Both measurements show clear antibunching 

behavior, confirming the single photon emission from QD1 even when the emission 

wavelength was shifted by ~1.8 meV. From exponential fits to the raw data without 

any deconvolution or background subtraction we obtain 𝑔𝑔(2)(0) = 0.12 ± 0.18 and 

𝑔𝑔(2)(0) = 0.31 ± 0.18 for applied voltages of 0 V and 19 V, respectively.  

To determine the effect of the electric field on the single-photon purity of the 

emission, we measure the background (including the detector dark counts) for both 

voltages by disconnecting the quantum dot signal from one of the single photon 

detectors [11]. We subtract the background from the measured coincidences and fit the 

subtracted data to an exponential function without any deconvolution. From the fits, 

we obtain 𝑔𝑔(2)(0) = 0.02 ± 0.2 and 𝑔𝑔(2)(0) = 0.09 ± 0.22 for applied voltages of 0 

V and 19 V, respectively. To the extent of our error bounds, the 𝑔𝑔(2)(0) at 19 V does 
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not degrade from its original value at 0 V and remains below the classical limit of 0.5, 

indicating the robustness of single-photon emission against Stark tuning. 

 

Figure 38. Second-order photon correlation measurement for QD1 at (a) 0 V and (b) 
19 V. 

5.5 Lateral field device 

In addition to the device based on vertical electric field, we also fabricate devices that 

support lateral (i.e., in-plane) electric fields. Figure 39a shows a schematic of the device 

that contains two Cr/Au electrodes on each side of the InP waveguide embedded with 

quantum dots. To experimentally realize such a device, we first deposit the electrodes 
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on a sapphire substrate and then using the pick-and-place approach introduced in 1.6, 

we transfer an InP waveguide to the gap between the two electrodes. 

 

Figure 39. (a) A schematic of the proposed device with lateral electric field. (b) False 
color SEM image of the fabricated device. Blue and gold correspond to InP waveguide 
and deposited gold electrodes, respectively. 

 

Figure 40. Change in the emission energy as a function of applied electric field intensity 
for a representative quantum dot. 

Similar to 5.2, we perform photoluminescence measurements while varying the 

applied lateral voltage. Figure 40 shows the shift in the emission energy of a 
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representative quantum dot as a function of electric field intensity. In this measurement, 

we raise the applied voltage up to 500 𝑉𝑉, and only observe Stark shifts of ~ 50 𝜇𝜇𝜇𝜇𝜇𝜇, 

which is two orders of magnitude smaller than the shift observed in the vertical field 

device. The blue cure in Figure 40 is a quadratic fit of the form Δ𝐸𝐸 = 𝑝𝑝𝑝𝑝 + 𝛽𝛽 𝐹𝐹2. Due 

to small tuning capability, this device geometry would be less promising for 

compensating spectral differences in quantum dots. Therefore, we did not pursue the 

time-resolved and photon correlation measurements as we did for the vertical field 

device in 5.3 and 5.4.    

5.6 Summary and discussions 

In this chapter, we have demonstrated a large Stark shift in the InAs/InP quantum dot 

emission wavelength, which is promising for the realization of multiple identical 

telecom single-photon emitters on a chip. Photon correlation measurements 

demonstrate robust single-photon emission of the quantum dots before and after Stark 

tuning. Introduction of wide bandgap barrier layers during the quantum dot growth can 

reduce the carrier tunneling rates. Therefore, Stark tuning range will only be limited 

due to reduction in oscillator strength and should further increase [95]. Photon 

collection in this device is based on out-of-plane radiation of the quantum dot through 

the top metal contact. Using fully transparent top contacts, such as graphene [106] and 

indium tin oxide [107], can prevent photon reflection at the top contact and improve 

the photon collection efficiency. Furthermore, integrating these wavelength-tunable 

single-photon emitters with integrated photonic waveguides will enable an on-chip 

optical network with multiple identical quantum emitters for studying multi-photon 
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interference effects [67], quantum simulation [45,82], and linear optical quantum 

computation [1,81].      
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Chapter 6: Optical amplification with a single quantum dot 

strongly coupled to a cavity 

6.1 Introduction 

One missing element in the quantum photonics toolbox to perform deterministic 

quantum information processing applications is photon-photon interactions. Naturally, 

photons do not interact with one another. An effective approach to overcome this 

limitation is to leverage the strong light-matter interaction in quantum emitters [108]. 

 Nanophotonic cavities coupled to quantum emitters can enhance the rate of 

light-matter interactions by confining the light in a small mode volume. Photonic 

crystal cavities are particularly interesting because they offer high quality factors in 

small mode volumes, which are both beneficial for enhancing the interactions between 

the photons and the quantum dot [85]. 

 In this chapter, we describe our preliminary results on amplification of weak 

optical signals using a strong pump laser that inverses the population of a quantum dot. 

Our system consists of a single InAs/GaAs quantum dot strongly coupled to a photonic 

crystal cavity. Moreover, the quantum dot is electrically controlled using a p-i-n diode 

structure that was formed during the MBE growth of the sample [109]. We observe that 

without the pump laser, our coupled system shows a familiar polaritonic behavior 

where the reflectivity is attenuated at the cavity resonance. However, increased pump 

power can inverse the quantum dot population which leads to a significantly different 

cavity reflectivity where the reflectivity is amplified at the resonance of the cavity. We 

attribute this amplification to stimulated emission from the quantum dot. 
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6.2 Device concept and fabrication 

Figure 41a shows an illustration of our measurement scheme. A single InAs/GaAs 

quantum dot is located at the center of the photonic crystal cavity. A strong laser excites 

the quantum dot from its ground state |𝑔𝑔⟩ to one of the excited states |𝑒𝑒⟩, which rapidly 

decays to the excitonic state |𝑋𝑋⟩ (Inset of Figure 41a). Since the |𝑒𝑒⟩ → |𝑋𝑋⟩ transition is 

much faster than the |𝑋𝑋⟩ → |𝑔𝑔⟩ transition, a population inversion could occur using a 

continuous wave laser [110]. 

We also probe the cavity reflectivity using a weak laser that is resonant with the 

|𝑋𝑋⟩ → |𝑔𝑔⟩ transition. In the following sections, we compare the cavity reflectivity 

obtained from the probe signal for different powers of the pump laser. We note that the 

pump laser itself causes fluorescence from the quantum dot, which we subtract from 

the probe signal to obtain the reflectivity at each pump power. 

To experimentally realize this system, we fabricate a photonic crystal cavity on 

the GaAs sample that contains quantum dots. The cavities are based on the design 

described in Akahane et al. [111]. To fabricate the suspended GaAs cavities, we follow 

a similar approach as in 1.7 with slight modifications. A complete description of the 

fabrication method is provided in Luo et al. [109]. Figure 41b shows a SEM image of 

the fabricated photonic crystal cavity. 
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Figure 41. (a) Schematic of the measurement scheme. A quantum dot is located at the 
center of a photonic crystal cavity. A pump laser excites the quantum dot from its 
ground state to the excited state and it rapidly decays to the exciton state |𝑋𝑋⟩, while a 
probe laser is measuring the cavity reflectivity around the |𝑋𝑋⟩ → |𝑔𝑔⟩ transition. (b) 
SEM image of the fabricated photonic crystal cavity in GaAs. 

6.3 Device characterization 

Using a modified version of the setup described in 1.8, we measure the reflectivity of 

the cavity at different sample voltages. Unlike photoluminescence measurements in the 

previous chapters, reflectivity measurement requires a cross-polarization setup where 

the excitation and the collection have orthogonal polarizations which we achieve with 

two separate linear polarizers. Moreover, since the emission wavelength of InAs/GaAs 

quantum dots are around 930 nm, we use different sets of spectrometers and single-

photon detectors. 

 Figure 42a represents the cavity reflectivity of the fabricated device for different 

sample voltages. At voltages around 620 𝑚𝑚𝑚𝑚, the quantum dot is activated and turns 

the spectrum into a polaritonic feature, while the spectrum remains a simple Lorentzian 

peak (due to the cavity) at voltages far from this value which indicates the absence of 
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the quantum dot. In this measurement, we weakly probe the cavity reflectively, while 

there is a small pumping laser. Figure 42b shows the pump power dependence of 

emission intensity in the absence of the probe laser. We observe that the emission 

intensity saturates at pump powers of the order of few tens of microwatts. We use this 

saturation curve as a measure of the population of the |𝑋𝑋⟩ state. 

 

Figure 42. (a) Reflectivity of the quantum dot coupled cavity at different voltages 
measured at the presence of both pump and the probe. The pump-induced fluorescence 
is subtracted from the spectra. (b) Integrated emission intensity of the system at 620 
mV for different pump powers in the absence of the probe laser. 

6.4 Optical amplification 

Probe signal is measured by subtracting the pump-induced fluorescence from the probe 

reflectivity. We further normalize this signal by the probe signal at the absence of the 

quantum dot. This is possible because of the electrical control on the state of the 

quantum dot. Figure 43a shows the normalized reflectivity of the cavity for different 

pump powers. At low pump powers, we observe that the reflectivity signal is attenuated 

at the cavity center. By increasing the pump power this attenuation decreases and 

eventually becomes an amplification. Figure 43b shows the measured amplification or 
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attenuation at the cavity center compared to the case where the probe laser is far 

detuned from the cavity. We define this property as optical gain in the system. Optical 

gain goes from negative values at low pump powers to zero and positive values at larger 

pump powers where the quantum dot population becomes 50% or more. We attribute 

this amplification or gain to stimulated emission from the quantum dot when the 

population of |𝑋𝑋⟩ is greater than the population of ground state |𝑔𝑔⟩ (i.e., population 

inversion). At 80 𝜇𝜇𝜇𝜇 of pump power, we observe ~ 16% of optical gain which is a 

factor of 8 greater than the previous demonstration of optical amplification using a 

quantum emitter weakly coupled to a fiber-based cavity [112].  

6.5 Summary and discussions 

In this chapter, we have demonstrated that a cavity strongly coupled to a quantum 

emitter significantly enhances the optical amplification compared to the quantum 

emitter alone or weakly coupled cavities. This result could be of great interest both for 

fundamental understanding of cavity quantum electrodynamics (cQED) in solid-state 

systems and technological applications in low-energy optical switches and amplifiers. 

To further increase this optical amplification higher quality factor cavities could be 

implemented in fiber-based systems in which the coupling is pushed farther to the 

strong coupling regime [113]. 
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Figure 43. (a) Normalized reflectivity of the cavity at different pump powers. (b) 
Measured gain as a function of pump power. 
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Chapter 7: Conclusions and future directions 

In this thesis, we have demonstrated several essential elements of an integrated 

quantum photonic processor. We implemented a hybrid integration approach with 

ultra-high precision accuracy for transferring nanostructures from one chip to another. 

Using this technique, we successfully transferred nanostructures containing quantum 

dots, efficient single-photon sources, to scalable integrated photonic platforms 

including silicon-on-insulator and lithium niobate. In these experiments, we confirmed 

single photon nature of the light with photon statistics measurements. We demonstrated 

on-chip filtering and routing of quantum dot emission using a silicon photonic add-

drop filter. The next step in this direction would be implementing fast switches using 

silicon or lithium niobate photonics in order to produce time-demultiplexed single-

photon sources [65]. 

 We used quantum confined Stark effect in a electrostatic capacitor device to 

tune the emission energy of InAs/InP quantum dots. The tuning range provided by our 

approach significantly increases the potential of this material for on-chip 

implementation of quantum interference. Recently, strain tuning of quantum dots 

hosted in GaAs has enabled wavelength tuning over the entire inhomogeneous 

broadening and interference between three quantum dots has been demonstrated [114]. 

Extension of this technique to InAs/InP quantum dots could be a promising path 

forward for quantum communication devices operating at the telecommunication 

wavelengths. 

 In the last chapter, we discussed our preliminary results on optical gain from a 

single quantum dot strongly coupled to a nanophotonic cavity. Since the quantum dots 
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are randomly placed on the sample and have different emission wavelengths, in order 

to have a cavity strongly coupled to a dot we had to fabricate hundreds of devices. 

There are several methods to improve this low device yield. Deterministic positioning 

of the quantum dots during the growth [115], in-situ imaging of the quantum dots 

during the electron beam lithography [116], cavity and quantum dot tuning techniques 

[117] could all be used to increase the device yield in strongly coupled systems. 

Moreover, to integrate with other photonic modules, strongly coupled devices need to 

be realized in planar geometries. This could be achieved by integration of cavities 

evanescently coupled to planar waveguides [53]. 

 Ultimately, a quantum photonic circuit that is capable of performing useful 

information processing tasks requires all of modules described in this thesis. We are at 

a stage which all of the individual elements have been realized. An important task 

would be to connect all these individual devices in a large platform and overcome the 

system-level challenges that rise from wavelength and material compatibility, energy 

consumption, and manufacturability.   
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