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The unconditional security of quantum networks and unparalleled acceleration 

of quantum algorithms enabled by “quantum computers” has motivated significant 

research across scientific communities. Among these different architectures to achieve 

such quantum information processing paradigms, a promising and straightforward 

proposal is the use of photons as flying qubits to transfer quantum information as well 

as local quantum memories to store and process quantum information. Toward this 

goal, it is very important to develop a type of quantum memory that can efficiently 

interface with photons while possessing good qubit properties, including a long 

coherence time and good scalability. To date, researchers have developed promising 

solid state quantum memory platforms, such as defects in diamond and other group IV 

compounds, rare earth ions hosted in various materials and self-assembled quantum 

dots.  While each platform has its strengths and challenges, this thesis will focus on 

charge tunable InAs quantum dots grown inside a GaAs matrix that is doped into a PN 



  

junction. Though not long after the first demonstration of optically active self-

assembled quantum dots, researchers have already developed the idea to sandwich 

them inside a PN junction to tune their charge status. The spin manipulation in the 

strong coupling regime has been mostly using these dots without PN junction doping, 

which has resulted in limited dot-cavity cooperativity and spin lifetime due to electron 

tunneling.  

In this thesis, I will first show the design, fabrication and characterization of 

several common photonic cavities, with their performance compared. Second I will 

show strong coupling between a negatively charged quantum dot and photonic crystal 

cavity, where the resonant cavity reflectivity is strongly dependent on the spin state. 

Third I will show that the electron spin lifetime (T1) can be significantly shortened by 

an off-resonant laser that reaches the device surface. While the exact reason for this 

undesired effect is not clear yet, we did observe the thickness of the electron tunnel 

barrier of the quantum dot wafer can result in distinct spin properties. I will present 

electron spin T1 characterization across several different quantum dot samples with 

different electron tunneling barrier thickness. Lastly, I will present coherent control of 

electron spin using picosecond laser pulse and sidebands of modulated continuous 

wave laser with limited spin rotation fidelity due to the off-resonant laser induced 

deterioration of the spin properties. 
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Figure 3.2 A single electron charged quantum dot near the cavity resonance. (a) 

Photoluminescence spectra of quantum dots and the cavity at different gate voltages. 

Inside the dashed circles are the neutral exciton state (X0) and single electron charged 

state (X-) of a quantum dot. (b) Cross-polarized reflectivity spectrum under different 

magnetic fields (0–6 T, Voigt configuration). The single emission peak of the 

quantum dot splits into four emission peaks with increasing magnetic field amplitude, 

corresponding to the four optical transitions (σ1 to σ4, from short to long wavelength) 

shown in (c). (c) Raman emissions from the four-level charged quantum dot when 

scanning the pumping laser wavelength across the four optical transitions at 6.2 T and 

0.87 V. ......................................................................................................................... 33 
Figure 3.3 Photoluminescence Spectra of cavity 3113 after being cleaned by IPA. The 

Red dash box showing the position of the dot emission line. The blue curved arrow 

shows the trace of the shift of cavity resonance wavelength. Note the emission 

wavelength of QD was almost stayed unchanged. Only the cavity resonance shifted a 

lot due to change of effective refractive index. ........................................................... 35 

Figure 3.4 Normalized reflectivity spectra versus the Voigt-geometry magnetic field 

amplitude from 0 to 6.5 T at 0.87 V. The spectral jumps and wandering observed here 

are also due to sample stage realignment in response to the magnetic field as in Figure 

3.2(b). .......................................................................................................................... 36 
Figure 3.5 The effect of optical pumping on the spin population and cavity reflectivity 

at 0.87 V and 6.2 T. (a) The cross-polarized reflectivity spectrum (blue dots) 

measured without laser pumping. The blue solid line is the numerical fitting. The blue 

arrows indicate the wavelength positions of the quantum dot’s four optical transitions. 

(b) The cross-polarized reflectivity spectrum (red dots) measured with the pumping 

laser on resonance with transition σ1. The data points near 931.32 nm were discarded 

because of the strong reflected signal from the optical pumping laser at that 

wavelength. The red solid line is the numerical fitting using the same model as (a). (c) 

Schematic diagram of the experiment in (b). A pumping laser resonant with transition 

σ1 was used to initialize the electron population to the ↓ state. ϒ1 and ϒ3 are the 

spontaneous emission induced by the pumping laser, which have the same 

wavelength as transition σ1 and σ3, respectively. ϒ3 is the spin-flip process that 

brings the spin population from ↑ to ↓. A weak tunable laser was scanned across all 

the transitions to probe the cavity reflectivity spectrum. ............................................ 37 
Figure 4.1(a) Spectrum of T1 experiment of InAs quantum dot spin. A laser resonant 

with transition σ1 is driving the four level system with Rabi frequency 𝛺𝑝 as the 

insert shows. The excited state has two spontaneous emission channels leading to the 

two ground states with decay rate ϒ1 and ϒ3 respectively. The spin has a relaxation 

rate ζ between its two ground states ↑ and ↓. (b) Illustration of the resonant laser pulse 

used to measure T1 lifetime of QD electron spin. The optical pulse train was 

produced by modulating a CW laser going through a fiber-based electro-optic 

modulator using RF signal generated by an arbitrary waveform generator (AWG). . 43 

Figure 4.2 Illustration of T1 measurement data from Sample R111101F. (a) Pump 

laser pulse train measured on a SPCM. (b) The resulted Raman signal corresponds to 

the pump laser in (a). (c) The added counts of initial 5 nanoseconds (blue shadow in 

(b)) of each Raman pulse versus the time delay between adjacent pump laser pulses. 

The exponential fitting shows this dot has a T1 lifetime of 36 nanoseconds. ............ 45 
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Figure 4.3 QDs electron spin T1 measured on different samples at 6 Tesla. Red data 

points were measured on QDs in L3 photonic cavity fabricated on wafer R161031F 

with 30 nm tunneling barrier. Black data points were from dots inside bullseye 

cavities fabricated on QDs wafer without diode structure. Blue data points were 

measured on QDs in L3 photonic cavity fabricated on wafer R111101F with 40 nm 

tunneling barrier. Magenta data points were from bulk dots inside a planar DBR 

cavity with 40 nm tunneling barrier. ........................................................................... 46 
Figure 4.4 Raman signal of T1 measurement under different off-resonant light 

condition on the same dot of cavity 3113 fabricated from sample R161031F. In 

addition to pump laser used to perform T1 measurement, an additional   off-resonant 

CW laser with different power was focused on the device surface ((a) to (d)). In (e), a 

picosecond rotation laser not synchronized with T1 pump laser pulses was used 

instead of CW laser in (a)-(d). In (f), a white light source was focused on the device 

surface instead of the CW lasers used in (a)-(e). ........................................................ 48 
Figure 4.5 (a) Normalized T1 versus off-resonant laser power acquired using the 

same chip as in Figure 3.1 but on a different L3 cavity. The T1 without off-resonant 

laser was measured to be 218 ns. All T1 values were normalized to 218 ns. T1 

measurement was performed at 6 Tesla. (b) The measured T1 of two bullseye cavities 

fabricated on sample.M918 (no diode structure) under different charging laser 

powers. The above band laser used here was a 780 nm diode laser. .......................... 49 

Figure 5.1 (a) Bloch sphere of a spin Qubit. (b) Illustration of spin rotation using 

optical fields that drive detuned transitions of QDs. In addition to the resonant CW 

laser (Ωp) used to initialize and read out the spin state as in T1 measurement, two time 

varying laser fields Ω1(t) and Ω2(t), which are detuned from excited state by Δ, are 

used to rotate the spin between its two ground states. ................................................ 52 

Figure 5.2 Laser pulse sequence of Ramsey Interference measurement. A 4 ns pulse 

created by EOM was used to perform spin initialization and readout as in T1 

measurement. Two picosecond pulses from Mode-lock laser were used to rotate the 

spin along Bloch sphere. The period of the experiment (around 13.3 ns, 76 MHz) was 

determined by the repetition rate of Mode-lock laser. The delay between two rotation 

pulses is produced by a translation stage with several tens of picoseconds step size. 53 

Figure 5.3 Ramsey fringes at two different magnetic field, 3 Tesla ((a)) and 6 Tesla 

((b)). The rotation laser used here is a 4 picosecond laser with 1 nm red detuned from 

the excited states and with a measured average power of around 1 µW. ................... 55 
Figure 5.4 Raman counts versus picosecond pulse power used for rotation. (a) Rabi 

experiment performed on an electron spin of sample R111101F with 40 nm tunneling 

barrier. The picosecond laser is 1.3 nm red detuned from excited state. R111101F is a 

planar DBR cavity sample as previously mentioned. (b) Rabi experiment performed 

on electron spin inside 3113 L3 cavity of sample R161031F with tunneling barrier 

thickness of 30 nm. Rotation laser was 1.5 nm red detuned from excited state. (c) 

Rabi rotation performed on an electron spin inside a bullseye cavity 7613 of sample 

M918 without any diode structure. Picosecond laser was 1.5 nm detuned from excited 
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Figure 5.5 Spectrum of output laser from an electro-optic modulator. The input of the 

modulator is a CW laser with frequency indicated by Original Freq. The RF 

modulation frequency is ω, which equals to the distance between two first order 
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Chapter 1: Introduction 

1.1 Overview 

Future quantum networks1,2 and distributed quantum computing3 rely on 

quantum information and entanglement to be distributed among distant nodes. Photons 

are natural and ideal flying qubits that can be used to transfer quantum information and 

distribute entanglement4,5. Spins are pristine quantum memory that can be used to store 

and process quantum information. Effectively interfacing spin with a photon can be 

used to achieve basic building blocks of the above mentioned quantum information 

processing paradigm such as spin-mediated photon-photon interactions6–8 for photonic 

quantum computation6,9 and entanglement distribution. 

Solid state spin systems can be easily integrated with various functional 

photonic devices10,11 and have advantage of scalability compared to more isolated 

systems, like trapped ions and cold atoms. Electron or hole spins hosted in 

semiconductor self-assembled quantum dots12–14 are one of the most promising solid 

states systems that have been found so far. On the one hand, it has been reported to 

have a spin lifetime (T1) of up to milliseconds12,15 and coherence time of up to 

microseconds16 under a finite external magnetic field (few Tesla). On the other hand, 

the spin ground states are connected to its excited states via optical transitions that can 

be utilized as a quantum light source.17,18 So far, single photon sources that feature high 

quantum efficiency (> 90%), low impurity (< 0.01) and high indistinguishability (> 

0.99) have been demonstrated using these opticallt active self-assembled quantum 

dots19,20. Other non-classical light states21, such as cluster states22 and GHZ states23 



 

 

2 

 

which are important for photonic quantum information processing could also be 

prepared using quantum dots.  

Coupling such charged quantum dots to photonic crystal cavities enables strong 

spin−photon interfaces7,24–30, where the spin state of the quantum dot can modulate the 

cavity reflectivity, allowing the spin to control the state of the reflected photons. Such 

interfaces are essential for solid-state quantum networks and photonic quantum 

computation, and have been proposed as a building block for applications like quantum 

phase gates6 and quantum repeaters31,32.  

Several studies have demonstrated such strong spin-photon interfaces between 

the electron spin of a charged quantum dot and cavity33–36, enabling optical 

nonlinearities such as Kerr rotations35,37 and single-photon transistors.33 These studies 

have relied on probabilistically charged quantum dots due to nearby impurities. 

However, this charging mechanism results in low charge stability due to carrier 

tunneling36, causing poor spin initialization and qubit gate fidelity33. Alternatively, 

charge tunable devices,38–40 which typically feature a p-i-n diode structure, can be used 

to control and stabilize the electron charging state in a quantum dot. This diode 

structure can also increase atom-cavity cooperativity (a figure of merit that describes 

the efficacy of the coherent energy exchange between the emitter and cavity field) by 

suppressing spectral wandering due to electric field noise induced by trapped surface 

charges.41,42 

In this dissertation, we demonstrate a strong spin-photon interface using charge 

tunable quantum dot strongly coupled to an L3 photonic crystal cavity. We show a 

spin-cavity cooperativity with one order of magnitude improvement over previous 
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studies using probabilistically charged dots. In addition, we explored electron spin 

properties across multiple charge tunable quantum dots samples. Electron tunneling 

limited spin T1 lifetimes and laser-induced shortening of T1 was observed. We also 

demonstrated coherent rotation of these electron spins with picosecond laser. This 

dissertation research represents an important step towards understanding and utilizing 

electron spins in such charge tunable devices. 

 

1.2 Charge-Tunable Self-assembled Quantum Dots    

Self-assembled quantum dots14 are nano-particles that are several to hundreds 

of nanometers in size. They are grown within a host material using molecular beam 

epitaxy (MBE) in Starnski-Krastanov (SK) mode.43 Quantum dots are a 3D potential 

well that can host semiconductor particles such as electrons, holes, and excitons.44 

Because excitons can be created and combined in quantum dots (they are usually a 

direct band gap material), they are typically optically active and thus sometimes they 

are also called optically active quantum dot. Since the quantum confinement is so tight 

due to their small size, quantum dots can have quasi discrete energy levels just like real 

atoms. This is also the reason that quantum dots are called “artificial atoms”. From this 

point of view, applications and experiments based on real atoms should be possible to 

implement on quantum dots, which is one of the main research paths in the quantum 

dots community.  

Self-assembled quantum dots have counterparts in other forms, including 

colloidal45 and gate-defined quantum dots.46 Colloidal quantum dots are synthesized 

using chemical methods and have many variants of different compositions. Their 
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applications typically focus on generating classical and coherent light as optical 

emitters and laser gain media. Gate-defined dots are spatially defined by electrodes of 

micrometer size that are patterned on the surface of semiconductor wafers using 

standard lithography. Multiple electrodes on the sample surface create a 2D potential 

well with micrometer lateral size. The wafer itself is single crystal or compound since 

the potential well is defined by the electrodes and does not rely on the interface of 

different semiconductor materials. Therefore, gate-defined quantum dots are 

sometimes also called strain-free quantum dots. Gate-defined dot are one of the earliest 

and most popular platforms that researchers have used as quantum bits (qubits) for the 

purpose of quantum information processing.47 They share a lot physical mechanisms 

and properties as self-assembled quantum dots in term of their solid-state 

environment48–50. While measurement methods of gate-defined dots are mainly using 

Radio Frequency (RF) technique, the measurement of self-assembled dots are primarily 

optical.  

In this thesis, I will exclusively focus on self-assembled quantum dots, 

specifically InAs quantum dots grown in a GaAs matrix wafer that emits at a near 

infrared band (roughly between 900 nm and 1000 nm). The 900-1000 nm emission 

band is not ideal for low loss transmission through optical fibers. For this reason, InAs 

dots sandwiched in an indium phosphide (InP) matrix that emits at the telecom band is 

also under intense development.51  
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1.3 Layered Structure 

 

Figure 1.1 shows the layered structure of two typical types of quantum dot 

samples that are widely used. Figure 1.1(a) is a more traditional structure, in which a 

layer of InAs quantum dots (yellow triangles) on top of its wetting layer (orange layer, 

several nanometers thick) is sandwiched between intrinsic GaAs membrane, which 

typically has a thickness of several tens of nanometers.  The InAs dots we use have a 

pyramidal shape with a lateral size of ~10 nanometers and height of several nanometers. 

The emerging positions of quantum dots during the growth are random but quasi 

uniform over the whole wafer. Typically 10 – 100 dots per micron square density is 

used with a good balance between device yielding and distinguishability. For the 

purpose of optical mode confinement, an aluminum gallium arsenide (AlGaAs) layer 

is usually grown below the GaAs to serve as a sacrificial layer to suspend the GaAs 

membrane. This is particularly important when photonic structures are patterned on the 

Figure 1.1 Layer structure of two typical types of self-assembled quantum dots used in this thesis. (a) Traditional 

quantum dots sample with a thin doping layer tens of nanometers below to increase the charging probability. The 

wafer we have doesn’t have the n-type doping layer and its charging is thus created by nearby defects and need 

to be stabilized with above band lasers. (b) Charge tunable quantum dots buried in a p-i-n-i-n diode enabling its 

charging statusto be deterministically changed. (c) SEM of the cross section of a quantum dots wafer patterned 

with arrays of photonic crystal holes. The aluminum layer is not etched here. (d) SEM cross section of suspended 

photonic crystal cavity membrane. Image taken by Tao Cai of the Waks Group. 
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GaAs membrane. Below the sacrificial layer, a distributed Bragg reflector (DBR) 

composed of tens of pairs of λ/2 mirrors is added to increase the upward light collection 

efficiency. Most of the dots in such structure are neutral. Some of them can be charged 

either with electrons or holes due to the natural defects of the wafer, but the charging 

probability is very low. To improve the charging probability, researchers usually add a 

doping layer around ten nanometers below the dots as carrier donors. Such sample 

structure cannot control the charging status of individual quantum dots and the charging 

stability is also poor.52 

To deterministically control and stabilize the charging status of individual dot, 

researchers have developed PN junction type quantum dot wafers as shown in Figure 

1.1(b). The PN junction or its variants can tune the relative position between the 

electron fermi surface and the quantum dots’ energy band by varying the external gate 

voltage applied across the junction region, thus different number of electrons or holes 

can tunnel into the dot to form different charging states.53,54  

Figure 1.1(c) and (d) are scanning electron microscopy (SEM) images of the 

cross-section of quantum dot wafers used in this thesis. The holes on the top surface 

are photonic crystals patterned by electron beam lithography (EBL) and induction 

coupled plasma (ICP) dry etching. The sacrificial layer in (d) is etched away by 

hydrofluoric acid (HF), leaving the photonic structure containing quantum dots 

suspended to better confine the optical mode.  

1.4 Quantum Dot Energy Band 

Figure 1.2 (a) is the energy band structure corresponding to the quantum dots 

wafer in Figure 1.1(a)13,55,56. Just like atoms, it also has discrete states with s- and p- 
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shape density functions56,57. Higher excited states are possible but not considered here. 

When an electron-hole pair or exciton is created in the GaAs bulk by light, it can 

migrate to the InAs quantum well, following the path of the wetting layer, p-shell state 

and s-shell state. The timescale moving from GaAs to InAs is reported to be around 

nanosecond.13 The decay from the p-shell to s-shell is relatively fast, on the order of 

picosecond, accompanied with the release of phonons. The lifetime of the s-shell state 

is on the order of one nanosecond, allowing those dots to emit single photons on the 

GHz regime.24 

 

Figure 1.2 (b) is the energy band structure corresponding to the quantum dots 

wafer in Figure 1.1(b). When the GaAs membrane is doped into a PN junction or its 

variants, the energy band is tilted by the overall electrical field that the dots feel. By 

changing the external gate voltage across the PN diode, the relative distance between 

the quantum dots’ electronic states and electron fermi surface can be tuned. Thus, 

individual electrons can tunnel in and out of the quantum dots depending on the gate 

Figure 1.2 Energy band corresponding to the two types of quantum dot samples shown in Figure 1.1 respectively. 

(a) Energy band of quantum dot without p- or n- type doping. (b) Energy band of an InAs quantum dot sandwiched 

in a GaAs p-i-n diode. The energy band is tilt along the growth direction by the built-in electrical field and 

externally applied gate voltage. The wetting layer is omitted here for simplicity. 
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voltage,56  allowing the number of extra electrons inside the quantum dots to be 

controlled.   

Figure 1.3 Energy level of quantum dots. (a) Energy level of a neutral quantum dot with (left) and without (right) 

an external magnetic field. (b) Energy level of a quantum dot charged with one electron with (left) and without 

(right) an external magnetic field. 

When we only consider the lowest excited state of quantum dots (s-shell), which 

is usually enough to capture the most important physics, neutral quantum dots can be 

simplified as a two level system (TLS), as the left half of Figure 1.3 (a) shows. Its 

excited state is an electron-hole pair in the s-shell and its ground state is empty. The 

excited state and ground state is linked by an optical transition. When an external 

magnetic field is applied across dots, the excited state splits into two states with 

opposite spin projection along the direction of the magnetic field. The ground state is 

now connected to two excited states through two opposite circularly polarized optical 

transitions following spin conservation. When the dot is negatively charged with one 

electron, the energy level diagram is as shown in Figure 1.3 (b). When a magnetic field 

is applied, both ground and excited state degeneracy is lifted, forming four optical 

transitions.55 When the direction of the magnetic field is aligned with the wafer growth 

direction (Z axis), which is the so-called Faraday configuration, only σ1 and σ4 are 

optically allowed with circular polarization due to spin conservation. While σ2 and σ3 
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are forbidden transitions in principle, they are weakly allowed with a dipole strength 

one or two orders smaller than the other two transitions due to heavy and light hole 

mixing in GaAs.55 If the direction of the magnetic field is perpendicular to the wafer 

growth direction, which is called the Voigt configuration, all of the four transitions are 

optically allowed and are linearly polarized. In particular, the polarization of σ1 and σ4 

are perpendicular to that of the other two.  

1.5 Optical Properties 

Self-assembled quantum dots are by far the best quantum emitter people have 

found. They can emit single photons at the GHz level with more than 90% quantum 

efficiency. Combined with their simple integration with various photonic structures, 

single photon source with over 50% collection efficiency has been demonstrated,19 

making it the brightest single photon emitter platform. Additionally, researchers have 

shown transform limit linewidth down to 1 µeV in bulk quantum dot samples.58,59 

Though surface charge states and charge noise created by etched surfaces can broaden 

the emission linewidth, below 1 GHz linewidth has been reported by many groups.58–

Figure 1.4 Photoluminescence of bulk quantum dots pumped by an above band laser around 890 nm. 

The sample were kept in a 4 Kelvin cryostat and measured at 0 Tesla. 
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60 More importantly, over 99.9% single photon purity and over 99% single photon 

indistinguishability has been reported using InAs quantum dots, making them 

undoubtedly the best quantum source so far. 19,20 

Figure 1.4 shows the typical above-band photoluminescence spectrum of bulk 

InAs quantum dots. Since the size of the laser spot focus on the sample surface is on 

the order of micrometer, several tens of quantum dots can be excited simultaneously. 

Each peak on the spectrum is emitted from a single quantum dot. Dots on the same 

wafer have slightly different physical size and local environments, such as strain, so 

their emission spectra have large inhomogeneous broadening, typically around several 

tens of nanometers. This is one of the disadvantages and challenges when trying to 

scale quantum optical devices based on self-assembled quantum dots. Another 

challenge applying these dots in real life is their location on the wafer is somewhat 

random, which obscures their on chip scalability. Several techniques have been 

developed to circumvent this problem, like site-controlled growth,61 on-site 

lithography62 and hybrid integration using the pick-place technique.63 
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Figure 1.5 shows a common bias map of a charge tunable quantum dot sample 

grown by the Naval Research Lab. The photoluminescence at different gate voltage 

applied across the sample is recorded and then plotted in a 2D map form. Each emission 

line can only exist at a certain voltage range corresponding to one charging state of a 

single dot. The emission wavelengths of different charging states of a single dot are 

distinct from each other, typically separated by 0.1 to 10 nanometers. Each single line 

in Figure 1.5 represents the emission line of one charging state of a single dot. When 

the gate voltage is scanned across its multiple charging state, its emission wavelength 

jumps.  

 

1.6 Spin Properties 

When using an electron spin for the purpose of quantum information 

processing, two key figures of merit are spin’s lifetime and coherence time. The spin 

Figure 1.5 Photoluminescence of an early charge tunable quantum dots sample at different gate voltages. The 

color scale bar represents the intensity of the spectrum. 
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lifetime is also called the T1 time. Self-assembled InGaAs quantum dots have been 

reported to have T1 lifetimes ranging from nanoseconds to milliseconds,12,15,64–71 and 

a coherence time (T2*) of several nanoseconds to microseconds.16,48,52,72 Since the 

electron spin of self-assembled quantum dots exists in a solid-state environment, 

deterioration of its spin properties is quite common due to the interaction with reservoir 

like phonons and surrounding nuclei spins. We will cover the spin properties of our 

sample in detail in the following chapters. 

 

1.7 Comparison with other Solid State Spin Systems 

Compared with two other popular solid state spin systems, defect in diamonds73 

and rare earth ions,74,75 self-assembled quantum dots are superior in terms of optical 

properties but fall short in regarding to spin properties. The small optical dipole 

strength of rare earth ions and diamond defects makes it difficult to achieve strong 

light-matter interactions. Their integration with various photonic structures is also not 

easy due to fabrication difficulties. Ions typically have very long lifetime, making them 

undesirable as high bandwidth quantum emitters. On the other hand, ions and diamond 

defects have shown very long spin lifetimes and coherence times. Up to hour long spin 

T1 and up to minutes of T2* coherence time have been reported in ion systems. 

Meanwhile up to minutes of T1 time and up to seconds of T2* coherence time have 

also been reported in diamond systems. Also, both ions and defects in diamond are site 

controllable as they are usually implanted via focus ion beams, making them preferable 

for scalability. Additionally, ions and diamond spins usually have very small 

inhomogeneous broadening.  
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While each system has its own advantages and challenges, hybrid devices take 

best of each world is a good solution. Since the research in this quantum engineering 

community is still undergoing rapid development, new spin platforms may emerge in 

the future. 

1.8 Cavity Quantum Electrodynamics 

 

Figure 1.6 is a schematic picture of a classic cavity quantum electrodynamics 

(QED) model. When an atom is placed in an optical cavity, its state density is modified 

by the coupling between its emission field and cavity mode, which is the so called 

Purcell effect. The coupling strength g can be quantified by the overlap between the 

atom emission field and cavity field. The optical cavity can be simplified as two highly 

reflective mirrors between which photons can be trapped with some lifetime due to the 

reflection of the mirror. The decay rate of light escaping the cavity can be described by 

cavity loss rate κ. Additionally, the atom’s optical transition has its limited lifetime ϒ. 

When the coupling strength between the atom and cavity is larger than their own decay 

rates, hybridization of the modes of these two quantum systems (atom and cavity mode) 

occurs and forms two new modes with components from each individual system, which 

Figure 1.6 Schematic drawing of a cavity QED system composed of an atom 

and an optical cavity. The optical cavity is formed by two mirrors that are 

highly reflective. The atom is put inside the cavity with its emission field 

overlapping with the cavity modes. 
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is the so-called polaritons76,77. Since the coupling between the atom and cavity is larger 

than their own decay rates, coherent energy transfer can happen between atom and 

cavity before the light eventually leaks out of the cavity. This scenario is also called 

the strong coupling regime. Such cavity system is a generalized way to enhance light-

matter interactions since photons will travel back and forth inside the cavity, during 

which it can interact with the atom more times. The atom in Figure 1.6 can be extended 

to many optical emitters including quantum dots, ions, and diamond color centers. 

Additionally, the optical cavity can take many forms.  

1.9 Thesis Outline 

In following chapters, I will describe in detail how I achieve strong a spin-

photon interface using charge tunable quantum dots coupled to photonic structures. 

Additionally, I will discuss how we characterize the spin properties of the electron spins 

confined in those devices. Specifically, in Chapter 2, I will describe the design, 

fabrication and comparison of several photonic cavities I used during my Ph.D. 

research. In Chapter 3, I will demonstrate how to achieve strong coupling between 

charge tunable quantum dots and photonic crystal cavities. Additionally, I will show 

the statistical T1 measurement of electron spin across different wafers and how the T1 

can be shortened by the laser reaching the sample surface. In Chapter Four, I will show 

the coherent manipulation of electron spin using picosecond laser and modulated 

continuous wave (CW) laser. Finally, in Chapter Five, I will give a conclusion of this 

dissertation research and an outlook of future experiments. Measurement setup and 

fabrication method are described in Appendix A and Appendix B respectively. 
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Chapter 2: Photonic Cavities 
 

2.1 Chapter Introduction 

 

In this Chapter, I will present several designs of photonic cavities I used in this 

dissertation research, specifically L3 (Linear three) photonic crystal cavity78 (PhC), 

directional cavity79, H1 PhC80 and bullseye cavity81,82. All of them belong to the 

category of so called photonic crystal cavity except bullseye cavity.  

 The integration of quantum emitters with photonic cavities mainly has two 

purposes. One is to enhance the excitation and collection efficiency from the emitter 

through the redirection of light propagation via optical structures and the modification 

of emitter’s lifetime via Purcell effect. The second purpose is to exploit the cavity QED 

effect, especially in the high cooperativity and strong coupling regime, where the cavity 

reflectivity can be modulated by the coupling between the cavity and atom. To fulfill 

these two goals, cavities with high quality factor (high Q), small mode volume and 

Gaussian shape far field emission patterned are preferred.  

 I will explain the design and measurement of one type of cavities in each sub 

chapter.  

 

2.2 M1 mode of L3 Photonic Crystal Cavity 

Photonic crystal cavity is a kind of nano-photonic cavity, featuring arrays of 

repetitive structures like real crystals. Its functioning idea was triggered by its 

counterpart in solid states system, where the repetitive wave functions with phase shift 

of atom crystal form the energy band.  Those cavities usually have very small optical 
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mode volume ~(𝜆/𝑛)3  and moderate quality factor (~104), thus is suitable for the 

purpose to achieve strong light matter interaction. 

 

Figure 2.1 shows the design of L3 cavity78 we used for InAs quantum dots. In 

the middle of the air hole lattice, three air holes are taken away to form the cavity 

region, which is the reason that it is called Linear Three (L3) cavity. The wavelength 

of its fundamental mode (M1 mode) is shifted to around 930 nm to match InAs quantum 

dots’ emitting range from 900 nm to 960 nm (Figure 1.4 and Figure 1.5). The cavity’s 

resonance wavelength is mainly dependent on the hole lattice constant, which is set to 

be 230 nm to achieve a cavity resonance of 930 nm. The nearest holes left and right to 

the cavity region is shifted to maximize its quality factor. The FDTD simulation shows 

a quality factor of ~120,000 with above design. More holes near cavity center can be 

included to be shifted around to increase the cavity quality factor, but the gain is not 

much. The radius of the air hole will also affect the cavity mode wavelength and quality 

factor, which is optimized to be 70 nm.   

 

 

Figure 2.1 L3 Photonic Crystal Cavity. (a) Design of a L3 cavity with its resonance at around 934 nm. (b) The 

SEM image of fabricated L3 cavity on a GaAs slab with InAs quantum dots inside following the design in (a).   
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Figure 2.2 is the simulation results of a L3 cavity with the design shown in 

Figure 2.1 using commercial finite element method (FEM) software (Lumerical 

FDTD). Figure 2.2(a) is the electrical field intensity distribution of the fundamental 

mode with its resonance at around 934 nm. As is shown, the majority of the mode is 

confined in the center of the cavity within in around one micron. The mode volume V 

is ~0.68 (𝜆/𝑛)3, where n is the refractive index (RI) of GaAs (3.55) and 𝜆 is the cavity 

resonance wavelength. Figure 2.2(b) is the far field projection pattern of the 

fundamental mode of the L3 cavity. As is shown in (b), most energy can be collected 

into an objective lens with N.A. = 0.65 used in our setup. However, the far field pattern 

deviates a lot from standard Gaussian shape, making it inefficient to be coupled into a 

single mode fiber. Thus a cavity with more Gaussian far field pattern is preferred when 

high brightness is needed. 

 

 

Figure 2.2 Simulation results of L3 cavity with design specified in Figure 2.1(a). (a) Electrical 

field intensity distribution of the fundamental mode of the L3 Cavity. (b) Far field pattern of the 

L3 cavity, with numerical aperture (N.A. = 0.65) of the objective lens of the experiment setup (see 

Appendix A) labelled.   
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Figure 2.3 is the measured Photoluminescence of a fabricated L3 cavity on an 

InAs quantum dots wafer. The linewidth of cavity resonance is around 0.11 nm 

corresponding to a quality factor around 8300. The measured Q is much smaller than 

the designed Q, mainly due to the fabrication imperfection and material absorption. 

The highest Q we have measured on these L3 cavities is around 15,000, and there have 

been reports of over 50,000 quality factor using pure GaAs slab.83 

Figure 2.3 Measured PL spectra (black line) of a L3 cavity fabricated using the design in Figure 2.1. Red 

line is a Lorentz fitting to extract cavity linewidth. The fitted cavity quality factor is around 8300 for this 

particular L3 cavity. 

Figure 2.4 Distribution of resonance wavelength and quality factor of L3 cavity fabricated on the same piece of 

quantum dots wafer. Black points are cavity quality factors. Red data points are cavity resonance wavelengths. 
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Figure 2.4 is the distribution of resonance wavelengths and quality factors of 

35 L3 cavities fabricated on the same chip using the design in Figure 2.1. Their 

resonances are mainly distributed between 926 nm and 928.5 nm. Most of them have a 

quality factor between 6000 and 9000. The inhomogeneous distribution of cavity 

resonance wavelength and quality factor arises from the fabrication imperfections. 

The fundamental mode of L3 cavity has very small mode volume and moderate 

measured Q, which theoretically can give very large coupling strength between its 

mode and a quantum emitter embedded in it. 

 

2.3 M3 mode of L3 Cavity 

 

L3 cavity has multiple higher order modes in addition to its fundamental mode. 

As mentioned above, the fundamental mode of L3 cavity has a non-Gaussian far field 

pattern, making its coupling into single mode fiber inefficient. The third mode of L3 

Figure 2.5 FDTD simulation result of M3 mode of L3 cavity. (a) Electrical field intensity of M3 

mode with its resonance wavelength shifted to around 930 nm. (b) The far field pattern of M3 

mode with N.A. of objective used in lab labeled. 
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cavity (M3)84 instead has a pretty Gaussian far field as shown in Figure 2.5(b). To shift 

the resonance of M3 mode to match the emission range of InAs quantum dots, the 

lattice constant of photonic crystal is increased to 255 nm and the radius of air hole is 

shifted to 77 nm compared to the design of M1 mode in Figure 2.1. The short side of 

M3 mode is that its quality factor is pretty low, with simulation Q falling at around 

1200. 

 

Figure 2.6 is the optical measurement results of a L3 cavity with its M3 mode 

shifted to 930 nm band. Figure 2.6(a) is the resonant reflectivity spectrum of M3 mode 

excited by a broadband Light Emitting Diode (LED) using cross-polarization technique 

(See appendix A for measurement details). The fitted mode quality factor is around 975 

as shown by the red curve in (a), very close to the simulation result. The measured 

resonance wavelength of the M3 mode (~909 nm) is deviated from its target value of 

930 nm because of the fabrication deviations, which can be adjusted through more 

fabrication trials. Figure 2.6 (b) is the comparison of quantum dots photoluminescence 

Figure 2.6 Optical measurement of the M3 mode of a L3 cavity with resonance at around 908 nm. (a) Cross-

polarized resonant reflectivity spectrum (black circles) of M3 mode excited by a broad band LED with Lorentz 

fit (Red Line). (b) Photoluminescence of quantum dots inside a L3 cavity (Black Line) and bulk quantum dots 

(Red Line) excited by an above band laser at around 860 nm. 
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in (black spectrum) and out (red spectrum) of the cavity region. As is shown in Figure 

2.6(b), the brightness of the dots inside the cavity has a gain of more than 30 over the 

dots in bulk region, which partially justifies the high collection efficiency of the M3 

mode. 

2.4 Directional Cavity 

While the  M1 mode of L3 cavity suffers from low coupling efficiency into 

fiber and the M3 mode of L3 cavity suffers from low quality, people proposed a type 

of new design based on L3 cavity, which is the so-called directional cavity.79 The 

design of directional cavity is based on L3 photonic crystal cavity as shown in Figure 

2.7. The only difference is that the red holes as indicated in Figure 2.7(a) is enlarged or 

shrunk compared to normal L3 design. For clarification and simplicity, in the following 

chapters, we will use Red Hole to refer to the red holes with changed radius in (a). The 

motivation is to change the propagation vector of cavity’s far field emission pattern 

through the perturbation of the surrounding hole radius to enhance the collection 

efficiency. While it is a type of perturbation of high Q mode of L3 cavity, its quality 

factor is supposed to maintain at a high level. Figure 2.7(b) is the simulated far field 

Figure 2.7 Design and simulation of directional cavity. (a) Illustration of design of directional cavity 

based on L3 cavity. The red holes are the holes whose radius are to be changed to optimize cavity’s far 

field pattern. (b) The far field pattern of a directional cavity with radius of red holes in (a) decreased 

to 66 nm compare to the normal radius of 70 nm of the remaining holes. 



 

 

22 

 

pattern of a directional cavity, whose surrounding holes are shrunk to 66 nm compared 

to the normal radius of 70 nm of the remaining holes. Clearly compared to the M1 mode 

of L3 cavity, its far field is more Gaussian and most of its far field emission is 

concentrated within the N.A. of objective lens. The simulation shows that it has a 

quality factor of around 11,000, very close to the measured Q of a normal L3 cavity. 

 When the radius of red holes in Figure 2.7(a) is swept around its normal value 

(70 nm), there will be trade-off between quality factor and collection efficiency. We 

fabricated arrays of directional cavities with different Red Hole sizes. Figure 2.8 is the 

optical measurement results of the directional cavities with varying Red Hole radius 

fabricated on the same chip. Figure 2.8(a) is the photoluminescence of those directional 

cavities with Red Hole radius varying from 48 nm to 64 nm as indicated by the legends. 

The hole radius value in (a) refers to holes drawn in the electronic files (CAD file) used 

for electron beam lithography (EBL). After the electron beam exposure and dry 

etching, the real hole size in the end tends to be enlarged compared to the original CAD 

drawing. In reality, when a 70 nm hole is targeted, 60 nm is used in the CAD file of 

EBL. As the trend in (a) shows, the resonance wavelength gets shorter as the Red Hole 

size increases. This is because increasing Red Hole radius would decrease the cavity 

Figure 2.8 Optical measurement results of directional cavities. (a) Photoluminescence spectra of directional cavities 

with different Red Hole sizes. (b) Linewidth of directional cavities in (a). 
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length, thus decreases the wavelength of its fundamental mode. Figure 2.8(b) is the 

linewidth of those cavity resonances in (a). As the Red Hole size is shifted further from 

its normal value, which brings larger perturbation to the cavity mode, the linewidth 

increases (cavity quality factor drops). 

2.5 H1 Cavity 

 

H1 cavity80 is formed by taking only one air hole away from the photonic 

crystal. It is principally supposed to be one of the best photonic crystal cavity structures, 

which simultaneously features small mode volume (~0.5 (𝜆/𝑛)3), high quality factor 

(simulation Q > 30,000) and high coupling efficiency into single mode fiber due to its  

Gaussian far field pattern. It also has two degenerated fundamental modes with 

orthogonal linear polarizations (x-dipole mode and y-dipole mode), allowing circular 

polarized light to be coupled into cavity, which is important for spin ration (see Chapter 

5). However, the fabrication of H1 cavity is quite challenging, since the positons of the 

Figure 2.9 Design and simulation result of H1 cavity with the resonance of fundamental mode at around 930 nm. 

(a) SEM image of a H1 cavity fabricated on InAs quantum dot sample. White circles indicate the position-shifted 

and size-changed holes of the air hole crystal with a lattice constant a =240 nm. Here, the holes labelled with 1, 

2 and 3 are shifted by 0.12a, 0a and -0.26a respectively. The radius of hole 1 and hole 2 are shrunk to 0.24a = 

57.6 nm and 0.27a = 64.8 nm respectively. The measured radius of these two holes are 53.5 nm and 63.4 nm as 

indicated by the yellow circles. (b) Simulated electrical field intensity of x-dipole of the fundamental mode of H1 

cavity with design described in (a). (c) Simulated far field pattern of H1 cavity with design specified in (a). 
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surrounding holes around the cavity center need to be shifted and their radii need to be 

shrunk or enlarged. Thus its performance is very sensitive to fabrication errors.  

Figure 2.9 is the design and simulation results of the H1 cavity with its 

resonance wavelength shifted to 930 nm by scaling its lattice constant to 240 nm. The 

optimization of H1 cavity involves shifting the positions and varying the sizes of the 

nearest three holes as circled using white dashed lines in Figure 2.9(a) and is a trade-

off between its quality factor and far field pattern. With design parameters described in 

Figure 2.9(a), the simulation gives a quality factor of around 100,000 and a quite 

Gaussian far field pattern as shown in Figure 2.9(c). 

 

Figure 2.10 is the measurement results of two H1 cavities fabricated on the 

same InAs quantum dots sample using the design in Figure 2.9. Figure 2.10(a) is a 

typical photoluminescence spectrum of H1 cavity. The degeneracy of its x-dipole and 

y-dipole is lifted due to the fabrication imperfections. The red and blue solid lines are 

Lorentz fit, which shows that the fabricated Q is around 6000. Figure 2.10(b) is the 

Figure 2.10 Photoluminescence of two H1 cavities fabricated in the same GaAs quantum dots sample with same 

design parameters. Black circles are the measured data. Solid lines are Lorentz fit.  
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spectrum of one of the highest quality factor we have measured on this chip. The y-

dipole of this particular H1 cavity is missing, probably due to fabrication errors. 

 

2.6 Bullseye Cavity 

 

Bullseye cavity82,85 is a kind of vertical grating coupler that has very Gaussian 

far field pattern, which is ideal to enhance the collection efficiency from embedded 

quantum emitters into single mode fiber. So far, people have demonstrated over 50% 

collection efficiency on single quantum dot using the bullseye structure20 for the 

purpose of achieving a bright single photon source. The design and simulation results 

of bullseye cavities optimized for GaAs slab of 180 nm thickness are shown in Figure 

2.11. The bullseye cavity mainly is composed of two parts. One is the center disk that 

Figure 2.11 FDTD simulation results of the bullseye cavity. (a) Simulated y-dipole 

mode of Bullseye cavity with resonance at 930 nm. (b) The far field pattern of Bullseye 

cavity with design shown in (a). (c) The simulated y-dipole field of bullseye cavity with 

supporting bridges added on top of the design in (a). (d) The far field pattern of (c). 
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determines the resonance wavelength of its fundamental mode. For InAs quantum dots 

eimtting at around 930 nm, we set the radius of the center disk to be 363 nm to target a 

resonance wavelength of 930 nm. The second part is the surround ring gratings that 

help shape the Gaussian far field pattern (Figure 2.11(b)), which is related to the radius 

of center disk and was set to be 154 nm here. To support the grating structure on a 

suspended GaAs membrane, we added bridges between the gratings to connect them to 

the bulk region as shown in Figure 2.11(c) and Figure 2.12 below. To minimize the 

perturbation brought by those extra supporting bridges, we tried to minimize the size 

of those supporting bridges but made them wide enough to support the weight of the 

gratings. As shown in Figure 2.11(c), bridges of 2.5 arc with respect to the center of 

the cavity were used. Figure 2.11 (c) and (d) are the y-dipole electrical field intensity 

and far field pattern of the bullseye cavity with supporting bridges. Compared to the 

simulation results of the original bullseye design in (a) and (b), it is clear that 

introducing bridge structures doesn’t affect the optical modes of bullseye cavity much. 

The simulation shows bullseye cavity typically features a quality factor of around 1000.  

Figure 2.12 SEM images of two bullseye cavities fabricated on the same InAs quantum dots sample. 
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Figure 2.12 shows the SEM images of two bullseye cavities fabricated on the 

same chip. The supporting bridges were shifted around in Figure 2.12(b) compared to 

the original design of (a) for the purpose of reducing perturbation to the cavity field. 

The radius of the center disk were diminished due to etching and other process of 

fabrication, causing that the resonance wavelength was blue shifted to around 920 nm 

compared to the target value of 930 nm (Figure 2.13(a)).  

 

Figure 2.13 is the optical measurement results of two bullseye cavities 

fabricated on the same chip. Figure 2.13(a) shows two orthogonal resonance modes of 

the bullseye cavity illuminated by the quantum dots inside the cavity. The original 

degeneracy of its fundamental modes of different polarizations due to its rotational 

symmetry is broken by the added supporting bridges and the fabrication imperfections. 

Under similar measurement conditions used in characterization of above-mentioned 

photonic cavities, the photoluminescence of those bullseye cavities easily saturated the 

Figure 2.13 Photoluminescence of two bullseye cavities. (a) Bullseye cavity modes excited by above band pumping. 

The rotation symmetry of bullseye was broken by added bridges and fabrication imperfections. (b) Emission 

spectrum of quantum dots in (black) and out of (red) the bullseye cavity. The blue shaded region corresponds to 

the x-dipole mode in (a). The red spectrum is from bulk region and is multiplied by a factor of 10. 
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CCD camera as shown in Figure 2.13(a), which indicates that they have pretty good 

coupling efficiency into the single mode fiber. 

Figure 2.13(b) is the photoluminescence of another bullseye cavity containing 

several bright quantum dots emission peaks. The bright dots region which is labelled 

by the blue shadow is very close to the wavelength of the x-polarization mode of the 

bullseye cavity in (a), which is a strong indication that their high brightness compared 

to the dots in bulk region (red spectrum in (b)) is a result of the collection enhancement 

brought by bullseye cavity. 

2.7 Conclusion 

 

In this chapter, five common types of optical cavities are explored. For the 

purpose of a strong spin-photon interface, several goals or criteria need to be considered 

during the selection and optimization of photonic cavities: (1) High quality factor Q 

and small mode volume V to achieve strong light-matter interaction, since the coupling 

strength between the emitter and cavity mode g, is proportional to 𝑔~𝑄/√𝑉. (2) High 

collection efficiency into single mode fiber, which means Gaussian far field pattern. 

(3) Degenerated modes with orthogonal polarizations which allows efficient electron 

spin rotation using laser field (see Chapter 5 for details of spin rotation using laser). 

The goal of (1) and (2) can sometimes contradict to each other because better coupling 

efficiency usually means larger cavity coupling loss. Since total cavity quality factor Q 

is inverse of cavity loss κ, and can be written as 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 +

𝑄𝑐𝑜𝑢𝑝𝑖𝑛𝑔, 𝑄𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 1/𝜅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 , 𝑄𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 = 1/𝜅𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 , thus larger coupling 

efficiency will decrease the cavity quality factor.  
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Table 1 Summary of Photonic Cavities Design 

 
Design 

Q 

Measured  

Q (Waks) 

Mode 

Volume 

Collection 

Efficiency 

Mode 

Polarization 

M1 mode, 

L3 Cavity 
>120,000 8000-30,000 0.68(𝜆/𝑛)3 Low 

one linear 

polarization 

M3 mode, 

L3Cavity 
~1200 ~1000 0.77(𝜆/𝑛)3 high 

one linear 

polarization 

Directional 

Cavity 

5000-

30,000 
2000-10,000 0.81(𝜆/𝑛)3 medium 

one linear 

polarization 

H1 Cavity ~95,000 5000-19,000 0.53(𝜆/𝑛)3 high 
two linear, 

orthogonal 

Bullseye 

Cavity 
~1200 ~500 1.3(𝜆/𝑛)3 best 

support all 

polarization 

 

Table I is a performance summary of above discussed cavities in this chapter. 

It is clear that H1 is the best candidate that satisfies all the requirements for strong spin-

photon interface. When cavity QED effects are not required, bullseye cavity would be 

the best choice since it is easy to be fabricated. It is also worth mentioning that the 

fabrication imperfections would lift the mode degeneracy of H1 and bullseye cavities 

as shown by the measurement results. A lot of methods have been proposed to 

overcome this problem86,87. Also among all those cavities, H1 cavity requires the most 

significant tuning of its surrounding holes’ positions and sizes. Its performance (quality 

factor and far field pattern) is also very sensitive to the variation of those tuning 

parameters. Therefore H1 turns out to be the most challenging one to fabricate. The 

small cavity spatial size also makes H1 cavity have the lowest yielding in terms of 

finding a QD inside the cavity area, since QDs are random distributed over the wafer 

and smaller cavity volume means lower probability to find a quantum dot inside the 

cavity. Due to these two reasons, H1 cavity was not used in the following chapters of 
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this thesis research. Instead, when we tried to explore the strong coupling between QDs 

and photonic cavities, L3 cavity was used since it could stably produce measured 

quality factor above 8000 and has a relatively larger cavity size. To study the spin 

properties, bullseye cavity was used because the spin readout and control experiments 

requires stronger optical signal.  
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Chapter 3: Spin-dependent Resonant Cavity Reflectivity 
 

3.1 Chapter Introduction 

Photons have limited direct interaction with each other. One way to mediate their 

interactions is using a cavity QED system, where the cavity reflectivity is strongly 

dependent on atom state. In such system, the early incident photons can change the 

cavity resonant reflection coefficient by changing the atom’s state, thus modulating the 

later incident photons. Such scheme has been proposed to achieve many important 

applications for quantum network, like building a quantum phase gate and generating 

multi-dimensional photon entanglement. In this chapter, I will present such cavity QED 

system based on a charge tunable InAs quantum dot strongly coupled to a L3 cavity.  

3.2 Device Characterization 

 

Figure 3.1 shows the device structure used in this chapter. (a) is the picture of 

the wired device in a chip carrier. As shown in (d), the top and bottom of the sample 

were wired to two pins of chip carrier using conductive epoxy cure in 120 degree for 

Figure 3.1 Device Structure. (a) Picture of wired device on a chip carrier. (b) Optical microscope image of 

fabricated L3 cavity matrix on a GaAs quantum sample piece. (c) SEM image of one of the L3 cavity in (b). (d) 

The layered structure of wafer used in (a) showing a p-i-n-i-n diode with a 30 nm electron tunneling barrier. (d) 

The energy-level diagram of a single electron-charged quantum dot coupled to a microcavity under a magnetic 

field in the Voigt configuration. Only transition σ4 is on-resonance with the cavity. 
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30 minutes. (b) is the optical microscopic image of the L3 cavity arrays pattered on 

chip using EBL. Matrix of exactly same L3 cavities were patterned over the chip 

surface. Around 500 cavities were characterized before around 20 of them were found 

to have a quantum dot within 2 nm of the cavity resonance wavelength showing 

signature of strong coupling. The following experiments were performed based on one 

of such cavity with label 3113.  

In order to trap and stabilize an electron in the quantum dot to form this four-

level system, we utilize a device structure featuring InAs quantum dots embedded in a 

p-i-n-i-i-n GaAs diode membrane of 180 nm in thickness (layered structure shown in 

Figure 3.1(d)). In this membrane we patterned L3 photonic crystal cavities88 (scanning 

electron microscopy image shown in Figure 3.1(c)) that featured a high-quality factor 

(~104). We used an optical cryogenic setup similar to that in Sun et al.34 to measure the 

photoluminescence and cross-polarized reflectivity spectrum of the quantum dots and 

cavity. Details about the device fabrication and optical measurements can be found in 

the Appendix A and B. 

Figure 3.1(e) is the energy-level diagram of a negatively charged quantum dot 

under an external in-plane magnetic field (Voigt geometry). It features two opposite 

electron spins (spin up and spin down) that form the two ground states, labelled as |↑⟩ 

and |↓⟩, respectively. Meanwhile an electron pair with the opposite hole spin form the 

two excited states, labelled as |↑↓, ⇑⟩ and |↑↓, ⇓⟩.55 An in-plane magnetic field can be 

applied to break the energy degeneracy of the opposite spin states, enabling us to 
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individually address the four optically allowed and linearly polarized transitions (𝜎1 to 

𝜎4). 

 

Photoluminescence spectrum of the cavity at different gate voltages were 

measured to identify the charging states of the embedded quantum dots. Figure 3.2(a) 

shows the measured spectra as a function of the voltage bias.  A quantum dot with a 

resonance frequency of ~927.7 nm (labelled X0) emits at a bias voltage range of 0.64–

0.74 V, while at a higher voltage range of 0.73–0.99 V we observed another emission 

at ~931.5 nm (labelled X-). These states correspond to a neutral and charged exciton 

emission. The bright peak near 932 nm (labelled “Cavity”) is the L3 cavity mode 

illuminated by nearby quantum dot emissions. The X- peak is much brighter than the 

X0 peak due to Purcell enhancement by the nearby cavity mode.  

To determine the charging state of X- in Figure 3.2(a), we measured its 

reflectivity spectrum under increasing external magnetic field (Voigt-geometry) using 

Figure 3.2 A single electron charged quantum dot near the cavity resonance. (a) Photoluminescence spectra of 

quantum dots and the cavity at different gate voltages. Inside the dashed circles are the neutral exciton state (X0) 

and single electron charged state (X-) of a quantum dot. (b) Cross-polarized reflectivity spectrum under different 

magnetic fields (0–6 T, Voigt configuration). The single emission peak of the quantum dot splits into four emission 

peaks with increasing magnetic field amplitude, corresponding to the four optical transitions (σ1 to σ4, from short 

to long wavelength) shown in (c). (c) Raman emissions from the four-level charged quantum dot when scanning 

the pumping laser wavelength across the four optical transitions at 6.2 T and 0.87 V. 
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cross-polarized resonance reflectivity spectroscopy (Figure 3.2(b)). For these 

measurements, the gate voltage was set to 0.87 V to stabilize the X- state, where it 

features the strongest signal and narrowest linewidth (Figure 3.2(a)), indicating the 

diode bias was set at the maximized spin lifetime for this particular dot. The single X- 

peak at low magnetic field splits into four peaks at high field (> ~3T), indicating a four-

energy level system, which suggests a charged quantum dot state (i.e., a trion; Figure 

3.2(b)).  

To confirm the energy levels shown in Figure 3.1(e), we scanned the 

wavelength of a narrow linewidth laser through the four optical transitions at 6.2 T 

(Figure 3.2(c)). The strong diagonal signal in Figure 3.2(c) arises from direct reflection 

of the scanning laser off of the sample surface. When the laser wavelength is close to 

σ1 and σ2, it produces Stokes emission close to σ3 and σ4 in wavelength, while exciting 

near the σ3 and σ4 transitions produces Anti-Stokes emission close to σ1 and σ2. The 

wavelength difference between the scanning laser and the Raman emission it produces 

corresponds to the splitting between the two ground states of the quantum dot, which 

we determined to be 0.12 nm at 6.2 T (Figure 3.2(b)). From the peak wavelength of the 

Raman signal, we estimated that σ1 and σ2 are near 931.32 nm while σ3 and σ4 are 

near 931.44 nm, which is in agreement with the wavelength of these four transitions 

shown in Figure 3.2(b). The observation of Raman emission induced by the pumping 

laser also confirms we can use the spin-flip process accompanying the Raman emission 

to initialize the spin state, which is also called optical pumping. 
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In order to determine whether the X- state is due to a hole or electron charging 

event, we calculated the Lande g-factor of this quantum dot using the equation 𝑔𝑙 =

ℏ∆𝑒/𝜇𝐵𝐵 , in which ∆𝑒 is the energy splitting between two trion ground states under 

an external magnetic strength of 𝐵, 𝜇𝐵 is the Bohr magneton. For this system, we found 

a Lande g-factor of 𝑔𝑙 ≈ 0.47,   which is consistent with the 0.4–0.6 range reported for 

a single-electron-charged quantum dot.34,72,89–91 Furthermore, the X0 and X- states are 

separated by ~3.8 nm (Figure 3.2(a)), which is consistent with the previously reported 

trion binding energy of an InGaAs quantum dot.36,92–94 This combined evidence 

suggests that X0 and X- are the neutral and negatively charged states of the quantum 

dot, respectively.  

3.3 Tuning of Cavity Wavelength using IPA 

 

To enable the charged quantum dot to modulate the cavity reflectivity under an 

external magnetic field, it was necessary to bring one of the trion transitions on-

resonance with the cavity. However, trion transitions shift toward shorter wavelengths 

Figure 3.3 Photoluminescence Spectra of cavity 3113 after being cleaned by IPA. The Red dash box showing 

the position of the dot emission line. The blue curved arrow shows the trace of the shift of cavity resonance 

wavelength. Note the emission wavelength of QD was almost stayed unchanged. Only the cavity resonance 

shifted a lot due to change of effective refractive index. 
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with increasing magnetic field due to diamagnetic effect, as shown in Figure 3.2(b).  

Therefore we shifted the cavity wavelength to the shorter side of the quantum dot 

emission at 0 T (~931.45 nm, Figure 3.3) by performing a surface cleaning treatment. 

We then applied a magnetic field to break the trion energy degeneracy and shift one of 

the transitions on-resonance with the cavity via the Zeeman Effect to achieve coupling.  

3.4 Characterization of Strong Coupling 

 

Figure 3.4 is the reflectivity spectra as a function of this magnetic field 

amplitude at 0.87 V, excited by a broadband light emitting diode. In contrast to Figure 

3.2(b), where the cavity and dot are clearly separated in emission wavelength, the 

emission spectrum in Figure 3.4 exhibits multiple anti-crossings between the different 

trion transitions (𝜎1–𝜎4) as they are tuned across the wavelength of the cavity mode 

Figure 3.4 Normalized reflectivity spectra versus the Voigt-

geometry magnetic field amplitude from 0 to 6.5 T at 0.87 

V. The spectral jumps and wandering observed here are 

also due to sample stage realignment in response to the 

magnetic field as in Figure 3.2(b). 
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due to the strong coupling between the quantum dot and the cavity.41,95,96 At ~6 T, 

transition 𝜎4 is near on-resonance with the cavity. We note that 𝜎3 is also coupled to 

the cavity with a slight detuning under these conditions due to the small splitting 

between the two excited states (~0.04 nm at 6 T).  

3.5 Spin-dependent Cavity Reflectivity 

We therefore fixed the magnetic field at 6.2 T where 𝜎4 is near on-resonance 

with the cavity to study how the quantum dot spin state affects the cavity reflectivity. 

We first measured the cavity reflectivity at thermal equilibrium (Figure 3.5(a)) by 

scanning a tunable narrow linewidth laser, which was weak enough to avoid optically 

pumping the electron spin. The observed two dips in the spectrum at 931.42 nm and 

931.46 nm correspond to transitions σ3 and σ4, respectively. These dips are due to the 

Figure 3.5 The effect of optical pumping on the spin population and cavity reflectivity at 0.87 V and 6.2 

T. (a) The cross-polarized reflectivity spectrum (blue dots) measured without laser pumping. The blue 

solid line is the numerical fitting. The blue arrows indicate the wavelength positions of the quantum 

dot’s four optical transitions. (b) The cross-polarized reflectivity spectrum (red dots) measured with the 

pumping laser on resonance with transition σ1. The data points near 931.32 nm were discarded because 

of the strong reflected signal from the optical pumping laser at that wavelength. The red solid line is 

the numerical fitting using the same model as (a). (c) Schematic diagram of the experiment in (b). A 

pumping laser resonant with transition σ1 was used to initialize the electron population to the |↓⟩ state. 

ϒ1 and ϒ3 are the spontaneous emission induced by the pumping laser, which have the same wavelength 

as transition σ1 and σ3, respectively. ϒ3 is the spin-flip process that brings the spin population from |↑⟩ 

to |↓⟩. A weak tunable laser was scanned across all the transitions to probe the cavity reflectivity 

spectrum. 
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cavity reflectivity modification brought by the destructive interference between the 

quantum dot transitions and cavity field. The relative depth of those dips depends on 

the atomic cooperativity between the transition and the cavity, defined as 𝐶 = 2𝑔2/𝜅𝛾, 

where 𝑔 is the coupling strength between the individual transition and cavity, and 𝜅 

and 𝛾 are the decay rate of the cavity and the quantum dot transition. We measured 

𝜅/2𝜋 = 31.79 𝐺𝐻𝑧, corresponding to a quality factor around 10,000. Transitions σ1 

and σ2 near 931.32 nm are too weak to be resolved in this spectrum because of large 

detuning from the cavity.  

The depths of the two dips in the reflectivity spectrum are poor because the spin 

state of the quantum dot is not in the pure |↓⟩ state but rather a mixed state of |↑⟩ and 

|↓⟩ , with a probability of 𝑃𝑢𝑝  and 𝑃𝑑𝑜𝑤𝑛 = 1 − 𝑃𝑢𝑝 , respectively, determined by 

thermal equilibrium. Accordingly, the reflectivity spectrum of the mixed state (𝑅𝑚) 

can be viewed as a probabilistic superposition of two individual spectra, 𝑅𝑢𝑝  and 

𝑅𝑑𝑜𝑤𝑛 , quantified as 𝑅𝑚 = 𝑃𝑢𝑝 𝑅𝑢𝑝 + (1 − 𝑃𝑢𝑝) 𝑅𝑑𝑜𝑤𝑛 ,34 where 𝑅𝑢𝑝  and 𝑅𝑑𝑜𝑤𝑛  are 

the reflectivity spectra when the quantum dot spin is in the pure |↑⟩  or |↓⟩  state, 

respectively. 𝑅𝑢𝑝 can be approximated by the bare cavity reflectivity (i.e., without any 

quantum dot emission; Figure 7.3(b)), since when the spin population is in the |↑⟩ state, 

the quantum dot can only make transitions σ1 and σ2 (Figure 3.1(e)), which are largely 

detuned and thus not coupled to the cavity. When the population is in the |↓⟩ state, the 

quantum dot can only make optical transitions σ3 and σ4. Thus the reflectance at the 

cavity resonance wavelength will be strongly suppressed and appear as a dip in the 

spectrum due to the destructive interference between σ4 and the cavity field. We fit the 
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reflectivity results in Figure 3.5(a) to a theoretical model (blue line) and extracted 𝑃𝑢𝑝 

to be 0.52. While theoretically, the population occupation at thermal equilibrium should 

be proportional to 𝑒−∆𝐸/𝑘𝐵𝑇 , from which we calculated 𝑃𝑢𝑝  to be 0.39, with 

∆𝐸~0.165 𝑚𝑒𝑉 (energy splitting between |↑⟩ and |↓⟩, 0.12 nm) and 𝑘𝐵𝑇~0.362 𝑚𝑒𝑉 

(at 4.2 K). We attribute the deviation of the experimentally extracted value of 𝑃𝑢𝑝 from 

the theoretical prediction to the distortion of reflectivity spectrum caused by the 

inevitable etaloning fringes of the optical setup. 

We used optical pumping34,90,97 to move the system out of thermal equilibrium 

and initialize the quantum dot to the spin-down state to observe the resulting change in 

the cavity reflectivity.  We chose to resonantly drive transition σ1 using an optimal 

pumping wavelength and power (931.32 nm, 120 μW) because driving σ2 would 

introduce Raman emission near the cavity resonance wavelength, which would 

interfere with the reflectivity measurements. As we pumped this transition, we 

simultaneously probed the system’s cavity reflectivity (Figure 3.5(b)). The dip at 

931.47 nm created by the interference between the cavity and the quantum dot emission 

field is  more significant compared to that in Figure 3.5(a) because the optical pumping 

initializes more spin population to the |↓⟩  state. Figure3.5(c) demonstrates the 

schematic diagram of this pump and probe experiment.  

We fit the spectrum (red line Figure 3.5(b)) and extracted 𝑃𝑢𝑝 < 0.02 (95% 

confidential bound), which shows we were able to initialize most of the spin population 

to the |↓⟩ state, consistent with a previous report90. Based on this fitting, we also 

extracted the detuning between the σ4 transition and cavity to be within  2.8 𝐺𝐻𝑧, 
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confirming that σ4 was near resonance with the cavity. The corresponding coupling 

was 𝑔4/2𝜋 =  17.2 ± 0.6GHz. The coupling between the σ3 transition and cavity was 

thus 𝑔3/2𝜋 = √𝑔2 − 𝑔4
2 = 7.2 GHz. We believe the difference between σ3 and σ4’s 

coupling strength with the cavity is due to the different polarization alignment of σ3 

and σ4 with the cavity field polarization. From the fitting, we also extracted the 

dephasing of σ4 and σ3 to be 𝛾𝑑4/2𝜋 = 1.4 ± 0.4 𝐺𝐻𝑧 and 𝛾𝑑3/2𝜋 = 3.1 ± 1.5𝐺𝐻𝑧, 

respectively. From these derived parameters, we calculated the cooperativity between 

σ4 and the cavity to be 𝐶 = 2𝑔2/𝜅𝛾 = 12.4, which is a significant improvement from 

previous reports of coupled negatively charged quantum dot-cavity systems 

(C~2).34,37,94 We attribute this improvement partially to the increased charging stability 

imposed by the diode. The system also satisfies the strong coupling criteria (4𝑔 > κ +

γ), meaning it operates in the strong coupling regime95,96,98. We also tried optically 

pumping σ3 to transfer the population to the spin-up state. However, because the 

detuning between σ3 and σ4 is small (12 GHz (0.04 nm) separation), we cannot resolve 

the probe laser from the direct reflection of the stronger optical pumping laser. 

3.6 Conclusion 

In conclusion, we have achieved spin-dependent cavity reflectivity within a 

charge tunable device. The diode structure allows us to deterministically load and 

stabilize electron spin inside quantum dots, which leads to a cooperativity as high as 

12. Using samples with a bottom distributed Bragg reflector could increase the device 

signal collected. Additionally, integrating the cavity with a tapered fiber99 or on-chip 

waveguide100 would allow higher signal collection efficiency. Increasing the quality 
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factor of the  L3 cavity to over 50,000101 could also lead to a much larger atomic 

cooperativity. The strong solid state spin and photon interface demonstrated in this 

work could enable many quantum information processing tasks, such as deterministic 

spin-photon entanglement102 and single-shot spin readout,103 and could be used as a 

building block for future quantum networks linked by photonic qubits. 
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Chapter 4: Quantum dot spin T1 

4.1 Chapter Introduction 

The storage and processing of quantum information requires that a qubit has a 

long coherence time (T2) and lifetime (T1), where T2 is limited by T1 through  2 ∗

𝑇2 < 𝑇1.49 Unlike real atoms such as cold atoms and trapped ions which are quite 

isolated from environment, solid state spin systems are usually strongly coupled to their 

host reservoir. Thus their spin properties can be affected by many factors like 

phonons,50 nuclei spins,64,104 charge fluctuations.60 Those couplings to the solid state 

environment tend to degenerate their spin properties and make them strongly sample 

dependent. Even within the same wafer, the local micro-environment can be quite 

different, leading to inhomogeneous distribution of various properties of those spins. 

Compared to other solid state system like defects in diamond and rare earth ions, self-

assembled QDs are more prone to be affected by solid state environment, since more 

atoms (~105) are involved in a single quantum dot.104  

Electron spin confined in self-assembled InAs quantum dots has been reported 

with T1 lifetime up to millisecond.12,15,56,66 But most of the published work so far show 

a T1 lifetime in the microsecond regime of those dots.69,71,93,103 The mechanism of the 

spin flip process in GaInAs dots has been well studied, where the phonon assisted spin-

flip process is the major spin decay channel and the flip rate is scaled to B5 as the 

magnetic field increases, where B is the magnetic field strength. While reducing 

external magnetic field would certainly increase QDs T1, magnetic field in the Tesla 

regime is necessary to create observable energy gap between two spin ground states, 
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making four optical transitions of QDs being individually addressable. For those dots 

sandwiched in PN diode, electron tunneling between the dot and the electron Fermi sea 

can sometimes be the T1 limiting factor.64,105 Recent study has shown that when the 

magnetic field is small and thus Phonon induced flip is slow, the T1 is dominated by 

electron tunneling process.56 During our experiments, we realized that the T1s of all 

our samples were very short (as short as several tens of nanoseconds) and finally 

limited their coherence time. In this chapter, we measured T1 across multiple samples 

with different wafer vertical layer structures and we show that T1 of QDs spin can be 

destroyed by off-resonant laser applied to rotate the spin. 

4.2 Measurement Technique 

 

Figure 4.1(a) Spectrum of T1 experiment of InAs quantum dot spin. A laser resonant with transition σ1 is driving 

the four level system with Rabi frequency 𝛺𝑝 as the insert shows. The excited state has two spontaneous emission 

channels leading to the two ground states with decay rate ϒ1 and ϒ3 respectively. The spin has a relaxation rate 

ζ between its two ground states |↑⟩ and |↓⟩. (b) Illustration of the resonant laser pulse used to measure T1 lifetime 

of QD electron spin. The optical pulse train was produced by modulating a CW laser going through a fiber-based 

electro-optic modulator using RF signal generated by an arbitrary waveform generator (AWG). 



 

 

44 

 

We used a common pump-delay-probe way to measure the spin lifetime.15,69 

Figure 4.1(a) is the spectrum of a typical T1 measurement. A pulsed laser resonant with 

one of the four optical transitions of QD is used to initialize the spin to one of the 

ground state as the insert shows. When the QD is brought to its excited state, it can 

spontaneous decay to two ground states. If the QD returns back to its original ground 

state, then it will be pumped by the driving laser again until all the population is 

initialized to the other ground state. Over 99% spin initialization fidelity have been 

reported with CW laser or laser pulse of several nanoseconds long69,90. After some time 

delay, the spin will relax back to its original state due to various spin relaxation 

mechanism as mentioned above. At this point, we can apply the same pumping laser 

pulse again, the resulting Raman count will be proportional to the population relaxed 

back to the original spin state. By varying the delay between first and second pump 

laser pulse and monitoring the resulting Raman counts, we can extract the spin 

relaxation time. Figure 4.1(b) is the scheme of the laser pulse used to read out the T1. 

Multiple laser pulses with different time delays between them are produced by 

modulating a CW laser using a 30 GHz electro-optic modulator. The pulse shape was 

printed into optical pulse from the Radio Frequency (RF) signal out of an arbitrary 

waveform generator (AWG). Each laser pulse serves both as a pump laser to initialize 

the spin state and also as a probe laser to read out the spin population. The laser pulse 

usually has a duration of several nanoseconds to ensure the complete initialization of 

the spin state. The Raman signal shown in Figure 4.1(a) caused by the laser pulse train 

will be filtered out by a spectrometer and then sent to a SPCM so we can get the time-

resolved Raman counts corresponding to each pump laser pulse.  
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Figure 4.2 illustrates a typical dataset of T1 measurement. Figure 4.2(a) is the 

pump laser pulse train measured on a SPCM after being filtered out by the 

spectrometer. The on-off extinction ratio of the laser pulse can reach around 30 dB, 

which is primarily limited by the extinction ratio of EOM we have. Figure 4.2(b) is the 

resulted Raman signal pumped by the laser pulse train in (a) measured on SPCM. The 

spike at the beginning of each Raman signal pulse (blue shadow area) is due to the spin 

population that relaxes back to original spin state during the time interval between two 

consecutive pump laser pulses. Each Raman pulse has a non-zero floor count due to 

the short T1 lifetime (large relaxation rate). Figure 4.2(c) plots the normalized Raman 

count spike of each Raman pulse in (b) versus its delay with respect to the Raman pulse 

to its left. Each data point in (c) is normalized to the added count of the first Raman 

Figure 4.2 Illustration of T1 measurement data from Sample R111101F. (a) Pump laser pulse train measured on 

a SPCM. (b) The resulted Raman signal corresponds to the pump laser in (a). (c) The added counts of initial 5 

nanoseconds (blue shadow in (b)) of each Raman pulse versus the time delay between adjacent pump laser pulses. 

The exponential fitting shows this dot has a T1 lifetime of 36 nanoseconds. 
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pulse spike in (b). The data is fitted to exponential, 𝐵 + 𝐴 ∗ 𝑒−𝑇1/𝜏, to extract the T1 

lifetime. B and A are the background and scaling factor used as free fitting parameters.  

4.3 T1 of Different QD samples 

 

By the time of writing this dissertation, we have measured spin properties of 

two major types of InAs quantum dots we have. One is QDs buried in various PN diode 

structure (charge-tunable dots) with basic layered structure shown in Figure 1.1(b). The 

other is those tradition QDs without diode structure similar to the one shown in Figure 

1.1(a). For the charge tunable dots, the key difference among them are the tunneling 

barrier thickness between the QDs layer and the n-type doped layer beneath them (See 

Figure 1.1(b)). So far, we have two different tunneling barrier thicknesses, most of the 

wafers have a 30 nm barrier and several of them have a 40 nm barrier. In the QDs 

community, we have seen reports of tunneling barrier varying from 20 nm to 60 

Figure 4.3 QDs electron spin T1 measured on different samples at 6 Tesla. Red data points were measured on QDs 

in L3 photonic cavity fabricated on wafer R161031F with 30 nm tunneling barrier. Black data points were from 

dots inside bullseye cavities fabricated on QDs wafer without diode structure. Blue data points were measured on 

QDs in L3 photonic cavity fabricated on wafer R111101F with 40 nm tunneling barrier. Magenta data points were 

from bulk dots inside a planar DBR cavity with 40 nm tunneling barrier. 
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nm.56,69,93 Some of the wafers have extra AlGaAs blocking layer with thickness up to 

hundred nanometers to further reduce the electron tunneling.15,58 The layered structures 

of those charge tunable QDs can vary a lot, but basically they are modified versions 

based on p-i-n or Schottky diode.36 

Figure 4.3 summarizes the measured T1 of QDs across several different 

samples at 6 Tesla. Red data points are from 30 nm tunneling barrier sample. Each dot 

measured are inside L3 cavity. On average, T1 in this sample is less than a few hundred 

nanoseconds at 6T. Blue and Magenta data sets are from 40 nm tunneling barrier 

samples. Though there are several data points showing T1 around 100 nanoseconds, it 

is safe to say that dots in 40 nm barrier can easily reach a few microseconds T1 lifetime. 

It is worth noting that etched surface of photonic structures can bring surface states and 

trapped charges that disturb spin properties. This may explain the several extreme low 

T1s measured on the 40 nm barrier sample. Also, the longest T1 measured on QD inside 

photonic cavity (1933 ns, blue data point) is comparable to the one measured on bulk 

dot inside planar DBR cavity without any etching (2097 ns, Magenta points). This 

might mean that for the dot located inside photonic structures but far away from the 

etched surface, the spin properties like T1 might still be protected. While 40 nm barrier 

samples clearly show advantage over 30 nm barrier sample in terms of T1 time, all 

those T1 data in the microsecond regime are much lower than the over 100 

microseconds T1s at a few Tesla reported by several groups12,15,56. However, we also 

saw several groups reported several microseconds T1 at few Tesla,69,71,93 which means 

our case might not be rare and T1 of QDs can vary a lot among different samples.  At 

the time writing this dissertation, one work that compared QDs spin T1 of different 
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tunneling barrier is published online.56 The authors reported three orders of magnitude 

difference of T1 between 37 nm barrier sample and 57 nm barrier sample.   

4.4 Laser Induced Decay of T1 

Red detuned lasers are commonly used to rotate solid state spins with optical 

transitions54,72. Usually the rotation lasers are 0.1 to several nanometers red detuned 

from the optical transitions of QDs spins. Broadband picosecond laser pulse and 

modulated CW laser with two sidebands are two most popular ways to rotate electron 

spin inside QDs. We observed serious decay of T1 brought by those off-resonant lasers 

which might explain the poor spin rotation fidelity we will present in next chapter. 

 

Figure 4.4 Raman signal of T1 measurement under different off-resonant light condition on the same dot of cavity 

3113 fabricated from sample R161031F. In addition to pump laser used to perform T1 measurement, an additional   

off-resonant CW laser with different power was focused on the device surface ((a) to (d)). In (e), a picosecond 

rotation laser not synchronized with T1 pump laser pulses was used instead of CW laser in (a)-(d). In (f), a white 

light source was focused on the device surface instead of the CW lasers used in (a)-(e). 
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Figure 4.4 is the Raman signal generated by T1 pump laser pulse under different 

off-resonant laser condition. In addition to the resonant laser pulse train used to 

measure T1 as above, a CW laser that is 1.5 nm red detuned from the resonant laser is 

also focused on the QD from the same single mode fiber as the resonant laser. Figure 

4.4(a) is the Raman signal without any off-resonant laser showing slow rising Raman 

spikes as the time delay increases. Also the background count plateau of Raman signal 

pulse, which is a balance between spin relaxation rate and laser initialization rate, is 

very low. When the off-resonant laser power is increased from 4 µW to 200 µW ((b) 

to (d)), the Raman spike of second pulse and background count increase sharply, 

indicating rapid worsening of T1 as the off-resonant laser power increases. In Figure 

4.4(d), the spike, which is a signature of spin initialization, even disappears, indicating 

the laser initializing rate is smaller than the spin relaxation rate itself. Figure 4.4(e) is 

the case when a 200 µW picosecond laser was used instead of CW laser. Figure 4.4(f) 

is the case where a white light source, which is commonly used to image the sample 

surface, is used instead of the CW laser. The resulting T1 Raman is quite similar to that 

in (a), indicating the white light source has no effect on T1. 

Figure 4.5 (a) Normalized T1 versus off-resonant laser power acquired using the same chip as in Figure 3.1 but 

on a different L3 cavity. The T1 without off-resonant laser was measured to be 218 ns. All T1 values were 

normalized to 218 ns. T1 measurement was performed at 6 Tesla. (b) The measured T1 of two bullseye cavities 

fabricated on sample.M918 (no diode structure) under different charging laser powers. The above band laser 

used here was a 780 nm diode laser. 
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Figure 4.5(a) plots the normalized spin T1 of cavity 5211 of sample R161031F 

versus the off-resonant CW laser power applied. The red line is the exponential decay 

fitting using 𝐴 ∗ 𝑒^(𝑃/𝜏) + 𝐶. The fitting result shows an off-resonant laser with 11 

µW power could reduce the T1 to 1/𝑒. We measured the decay curve of several dots, 

and the 1/𝑒 decay power constants are around 10 µW. 

Figure 4.5(b) is the measured T1 versus charging laser power of two dots from 

sample without diode structure (sample M918). Unlike those charge tunable dots buried 

inside PN diode, the charges inside those ungated dots are created by above band laser 

pumping. Excitons created by the above band laser would be captured by the dot. And 

due to each dot’s local environment, only one of the electron-hole pair can stably stay 

inside the dot and the other would tunnel out of the dot, leaving the dot either negatively 

charged with one electron or positively charged with one hole. As mentioned above, 

this charging probability is very low, and in fact most of the dots in such sample are 

neutral. As shown in Figure 4.5(b), increasing charging laser would create more 

electrons to tunnel in and out of the dot, thus decreases the T1. However if the charging 

laser is too weak, which would reduce the time during which the dot is charged, the 

signal from the dot would become too weak to be measured. At larger charging laser 

power, the T1 of two different dots converges, indicating laser induced electron 

tunneling is the limiting factor of T1 at this time. 

4.5 Conclusion 

There are several important conclusions need to be made here: 1) We found 40 

nm tunneling barrier samples have longer T1 lifetime (few microseconds) than the 30 

nm barrier sample (a few hundred nanoseconds). This findings is also in line with 



 

 

51 

 

recently published paper.56 2) The measured T1 at few microseconds regime at 6 Tesla 

is comparable to several groups’ reported T1 numbers but falls way behind the highest 

reported value, which are in the hundred microseconds regime. 3) We observed that T1 

of electron spin could be strongly destroyed by off-resonant lasers, which are inevitably 

required to rotate the spin (see Chapter 5). This effect was only mentioned in one paper 

as laser induced depolarization106, and the real mechanism behind is not clear yet.  

From these two facts, it is safe to say that we need thicker tunnel barrier wafer 

to get longer T1. Also the mechanism leading to the laser induced T1 shortening needs 

to be understood and avoided.  
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Chapter 5:  Coherent Control of an electron spin 

 

5.1 Chapter Introduction 

The use of spin as a Qubit requires coherent rotation of the spin along its Bloch 

sphere72. This can be achieved by driving the three-level lambda system with two laser 

fields slight detuned from the excited states as shown in Figure 5.1(b).72 Changing the 

power or the time duration of these two laser fields will coherently driving the system 

back and forth between its two ground states. The laser field needs to be detuned from 

the excited state to avoid pumping the system to its excited states. Combining with 

resonant laser initialization that has been introduced in Chapter 4, arbitrary rotation 

along the Bloch sphere with optical laser field can be achieved.72 The difference of the 

frequency of these two laser fields should be equal to the ground spin states energy gap, 

which is the so-called two-photon resonance condition. To produce such optical field 

with two frequency, one can either use picosecond laser pulse from a Mode-Lock laser 

which features several tens of GHz bandwidth that is enough to cover the gap between 

Figure 5.1 (a) Bloch sphere of a spin Qubit. (b) Illustration of spin rotation using optical fields that 

drive detuned transitions of QDs. In addition to the resonant CW laser (Ωp) used to initialize and 

read out the spin state as in T1 measurement, two time varying laser fields Ω1(t) and Ω2(t), which are 

detuned from excited state by Δ, are used to rotate the spin between its two ground states. 
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two ground states,93,107 or one can use amplitude modulator to modulate CW laser104 to 

produce two sidebands with frequency separation equal to the modulation frequency. 

We have developed both methods of spin rotation in our group, but this dissertation 

will primarily focus on picosecond laser technique. Another common method to rotate 

the spin is to use microwave to directly driving the transition between two spin ground 

states, which is widely used in the diamond spins32 and requires the spin system to have 

large magnet dipole strength between its spin ground states. However, so far only one 

paper demonstrated electron spin resonance on InAs quantum dots using a macro 

coil.108 And the electron spin resonance contrast in this paper is very small. Applying 

microwave rotation on QDs electron spin would be a quite exciting step because 

microwave is much simpler and more scalable and flexible than using lasers.  

5.2 Ramsey Interferometry Experiment 

Figure 5.2 shows the pulse sequence used for Ramsey experiment.34,107 A 4 ns 

pulse resonant with one of the optical transition created by an EOM was used to 

initialize the spin to either spin-up and spin-down state. Then two consecutive 

picosecond pulses with time delay between them were used to rotate the spin. The 

Figure 5.2 Laser pulse sequence of Ramsey Interference measurement. A 4 ns pulse created by EOM 

was used to perform spin initialization and readout as in T1 measurement. Two picosecond pulses 

from Mode-lock laser were used to rotate the spin along Bloch sphere. The period of the experiment 

(around 13.3 ns, 76 MHz) was determined by the repetition rate of Mode-lock laser. The delay 

between two rotation pulses is produced by a translation stage with several tens of picoseconds step 

size. 
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degree of rotation of each pulse depends on their power and can be measured via Rabi 

experiment in next section. After being rotated by certain degree from up or down state 

by the first rotation pulse, the spin will start to process along the z-axis of the Bloch 

sphere with period determined by its ground state energy gap. Thus when the delay 

between two rotation pulses varies, the spin will reach different azimuth angle of the 

Bloch sphere. And depending on the location of spin at the time when second rotation 

pulse comes, the spin will be rotated to different location of the Bloch sphere. When 

the rotation pulse is a π/2 pulse, the final spin state will oscillate between up and down 

states, resulting oscillating Raman counts with maximum contrast. When the rotation 

pulse deviates from π/2 pulse, the contrast of Ramsey fringe will decrease. 

To resolve individual optical transitions of QDs, we usually applied a magnetic 

field above 2 Tesla and up to 7 Tesla. This corresponds to a ground state energy gap 

ranging from 12 GHz to 40 GHz.  The mode-lock laser we have can produce optical 

pulse with around 4 picoseconds width in time, corresponding to around 78 GHz and 

0.22 nm in spectrum, which is enough to cover the energy gap of our dots at reasonable 

magnetic field strength. 
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Figure 5.3 is the readout Raman counts on CCD camera when the delay between 

two rotation pulses is varied. The rotation laser is 1 nm red detuned from excited states 

with averaged power of around 1 µW at the entrance of cryostation. This rotation laser 

power was intentionally kept small to avoid laser induced depolarization described in 

Chapter 4, which means the rotation pulse was far from a π/2 pulse and the Ramsey 

fringe would be small. The Raman counts were directly read out on CCD camera 

mounted on the spectrometer since all light fields were different in wavelength. The 

Fourier transform of the oscillation data in (b) shows a principle frequency component 

at 23.3 GHz, matching the energy gap at 6 Tesla well. The frequency of (a) at 3 T is 

11.5 GHz, which is half of that of (b) at 6 T as expected. The fringes in (a) and (b) 

shows decaying due to the limited coherence time of QDs electron spin (𝑇2
∗ < 5 𝑛𝑠 

Figure 5.3 Ramsey fringes at two different magnetic field, 3 Tesla ((a)) and 6 Tesla 

((b)). The rotation laser used here is a 4 picosecond laser with 1 nm red detuned from 

the excited states and with a measured average power of around 1 µW. 
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34,93,107,109 without any decoupling technique110,111 and 𝑇2
∗~ µ𝑠 16 with spin echo or 

decoupling technique). Due to the length of our translation stage (300 mm) that was 

used to create the time delay between rotation pulses, longer time delay (> 2 ns)  was 

not achievable. There is slow baseline drift of the Raman counts in Figure 5.3. This is 

due to the long term drifts of our setup, such as the drift of polarization in fiber and the 

drift of mechanical position of the piezo stages. 

5.3 Rabi Oscillation Experiment 

 

The spin rotation angle of the rotation laser depends on its energy area within 

each pulse. When the rotation laser power is increased, the spin would oscillate between 

spin-up and spin-down states, thus resulting oscillating Raman counts, so-called Rabi 

oscillation.16,104 In Rabi oscillation experiment, the second rotation pulse in Figure 5.2 

was removed and the power of first rotation pulse is varied while monitoring the Raman 

counts caused by initialization laser. Rabi experiment is a good way to determine π/2 

pulse power and the rotation fidelity.  
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Figure 5.4 shows Rabi experiment performed on three different wafer using 

picosecond laser that was around 1.5 nm red detuned from the excited states. Figure 

5.4(a) is the Rabi experiment data from an electron spin in a planar DBR sample with 

40 nm tunneling barrier (R111101F). This is the best Rabi data we have got so far with 

Figure 5.4 Raman counts versus picosecond pulse power used for rotation. (a) 

Rabi experiment performed on an electron spin of sample R111101F with 40 nm 

tunneling barrier. The picosecond laser is 1.3 nm red detuned from excited state. 

R111101F is a planar DBR cavity sample as previously mentioned. (b) Rabi 

experiment performed on electron spin inside 3113 L3 cavity of sample R161031F 

with tunneling barrier thickness of 30 nm. Rotation laser was 1.5 nm red detuned 

from excited state. (c) Rabi rotation performed on an electron spin inside a bullseye 

cavity 7613 of sample M918 without any diode structure. Picosecond laser was 1.5 

nm detuned from excited state. 
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clear oscillations of several π. The increasing rotation power however caused off-

resonant pumping and laser-induced depolarization, which stopped the Raman counts 

from reaching complete zero. Figure 5.4(b) is the data from an electron spin inside 

cavity 3113 of sample R161031F with a 30 nm tunneling barrier. Compared to (a), the 

rotation fidelity is even worse without a clear sinusoidal period. We believe this is due 

to the fact that the tunneling barrier is thinner than the sample used in (a), making 

sample more vulnerable to off-resonant laser related effects. Figure 5.4(c) is the Rabi 

rotation performed on an electron spin inside a Bullseye cavity (No.7614) from sample 

M918, which has no diode structure and relies on above band laser to charge the dot. 

The increasing rotation laser power in (c) causes the decrease of Raman count. This is 

very likely because the red detuned picosecond laser pushes the electron to tunnel out 

of the dot, thus leading to a decreased Raman count. The experiments in Figure 5.4 

were performed mainly using a laser red detuned of around 1.5 nm. In fact, we have 

tried various detuning from less than 0.5 nm to 3 nm, but didn’t see an improvement of 

rotation fidelity. We also tried Rabi rotation on multiple dots across different samples 

we have beyond the data shown in Figure 5.4, but they all suffered from off-resonant 

induced negative effects as is shown in Figure 5.4. So far people have reported up to 

12π Rabi rotations with high oscillation contrast16,107. We believe the poor rotation 

fidelity of our sample is mainly due to the off-resonant laser induced depolarization.  

5.4 Spin Rotation Using Sidebands of Modulated CW Laser 

The rotation of spin basically involves two time varying laser fields that satisfy 

two photon resonance condition as Figure 5.1(b) shows. Picosecond laser is narrow in 

time thus is broaden in spectrum. This means not all frequency components of the 
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picosecond laser pulse is effective when being applied to rotate an electron spin. The 

spin rotation using picosecond laser pulse usually requires several tens of micro Watt 

to reach sample surface34 and thus can be detrimental when the laser induced spin 

degeneracy effect exists. Those picosecond pulse is usually produced by optical 

methods like mode-lock, so it is difficult to produce picosecond pulses at arbitrary time 

with desired peak intensity. Alternatively, sidebands produced by modulating a CW 

laser can be used as rotation laser.104 The frequency detuning between two sidebands 

equals to the intensity modulation frequency, while their center wavelength is the 

carrier laser frequency (Figure 5.5). Thus by varying the intensity modulation 

frequency, two photon resonance condition can be satisfied. The modulation of CW 

laser can be achieved by using those electro-optic modulator (EOM) or acoustic-optic 

modulator (AOM). The optical transmission of those modulator is determined by the 

electrical signal level sent to the RF port of the modulator. Thus the optical output of 

the modulator can be viewed as a print of the RF input signal. This allows us to produce 

complex rotation pulse sequences by simply preparing corresponding electrical signal 

using signal generators like AWG. 

Figure 5.5 Spectrum of output laser from an electro-optic modulator. The input of the modulator is a CW laser 

with frequency indicated by Original Freq. The RF modulation frequency is ω, which equals to the distance 

between two first order sidebands. The bias of the modulator was tuned to minimize the component of carrier 

frequency and higher order sidebands. The elector-optic modulator we used was fiber based and had 20 GHz 

analog bandwidth, which was bought from EOSAPCE and ixblue. 
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We developed the modulated CW technique in Waks group. This project was 

led by Dr. Farfurnik and here I will just briefly present some of the initial results. Figure 

5.6 (a) is the Ramsey Interference experiment performed by modulated CW laser at 2 

Tesla. It allows us to produce very long delay between two rotation pulses, which 

otherwise would be limited by the length of optical delay line used in picosecond 

rotation experiment in Figure 5.3. Figure 5.6(b) is the Rabi oscillation experiment with 

those modulated CW laser. Instead of increasing the laser peak intensity used in Figure 

5.4, the length of rotation pulse was varied in Figure 5.6(b). Since the peak intensity 

was kept same in Figure 5.6(b), the laser induced spin degeneracy was less severe and 

thus gave us better oscillation contrast. 

Figure 5.6 Spin rotation using sidebands of modulated CW laser. (a) Ramsey 

interference measured at 2 Tesla. (b) Rabi rotation with increasing rotation 

pulse length instead of increasing pulse peak intensity used in picosecond laser 

rotation experiment. 
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5.5 Conclusion 

In conclusion, we have demonstrated Rabi rotation and Ramsey interference on 

different samples we have. 40 nm barrier sample has better rotation fidelity than the 30 

nm barrier sample and the ungated sample. The low rotation fidelity is very likely due 

to the laser induced depolarization. Just as discussed in chapter 4, better sample with 

thicker tunneling barrier is necessary and needed. Also better photonic structures that 

can couple light more efficiently to the dots may help reduce the laser power that is 

needed to achieve π/2 and π rotation, thus increases the rotation fidelity. The using of 

modulated CW laser instead of picosecond pulse can also reduce the laser power 

needed to reach sample surface, thus reducing the laser induced effects. 
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Chapter 6:  Conclusion and Outlooks 

 

Here we summarize the content of this dissertation. In Chapter 2, various 

common photonic cavities were designed, scaled and optimized for InAs QDs emitting 

at 900 nm band. The designed cavities were fabricated and optically characterized, with 

comparison of their performance summarized in Table I. L3 cavity was found to have 

highest repeatable quality factor and small mode volume and was thus used in Chapter 

3 for achieving strong coupling. Bullseye cavity was found to be bright and was thus 

used in Chapter 4 and 5 to explore spin properties. H1 cavity is theoretically the best 

candidate but was found difficult to be fabricated in reality. In Chapter 3, we achieved 

strong coupling between electron spin and L3 cavity, and demonstrated strong spin 

state dependent cavity resonant reflectivity. In Chapter 4, quantum dots electron spin 

T1 of different samples was measured and summarized. Few microseconds T1 were 

measured which are close to the values reported by several other groups but falls two 

order of magnitude behind the highest value reported so far. Samples with thicker 

tunneling barrier were found to have longer T1. Strong off-resonant laser induced 

shortening of T1 was observed. In Chapter 5, rotation of quantum dots electron spin 

using picosecond laser pulse was demonstrated. Both Ramsey interference and Rabi 

oscillation were presented. Sample with thicker tunneling barrier was found to have 

better rotation fidelity.  

The near future work can be divided into two stages. In the first stage, sample 

with longer T1 and less prone to off-resonant laser needs to be developed. This can be 

achieved through close loop grow-measure-feedback process together with our 
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collaborators who provide us wafer. Second, the fabrication of H1 cavity, which in 

theory should have very high light coupling efficiency, needs to be perfected through 

multiple trials. This might be the key to reduce the off resonant laser-induced effects 

we are facing, through decreasing the laser power needed to reach sample surface. 

Third, mechanism behind the laser induced depolarization that destroys the spin 

properties, needs to be studied in depth since there are not much reports of such effects. 

After the goals of the first stage being achieved, which is to have quantum dots wafer 

with long T1 and immune to off-resonant laser depolarization, several important 

experiments can be performed, like deterministic spin-photon entanglement102,112 and 

memory enhanced quantum comminication32 which is based on such entanglement.  

In the long run, to make quantum dots truly suitable for quantum information 

processing, methods to overcome inhomogeneous broadening, better coupling into 

single mode fiber, longer coherence time and higher gate fidelity need to be pushed 

forward. 
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Appendices 
 

Appendix A. Experiment Setup 

 

The sample was mounted in a closed cycle liquid helium cryostat with a base 

temperature of ∼4.3 K. A superconducting coil allowed us to apply a magnetic field of 

up to 9 T at a direction perpendicular to the sample growth (Voigt configuration). For 

photoluminescence measurements, we excited the InAs quantum dots with an above 

band laser (∼890 nm) and collected their photoluminescence signal through the same 

objective lens with a N.A. of 0.68. For cavity reflectivity measurements, we excited the 

cavity with right-circularly polarized light and collected the left-circularly polarized 

component of the reflected signal using either a broadband light-emitting diode or a 

Figure 7.1 Scheme of optical setup. M: mirror, HWP: half-wave plate, QWP: quarter-wave plate, P: linear 

polarizer, BS: beam splitter, CCD: charge coupled device, SPCM: single photon counting module, AWG: 

arbitrary waveform generator, Obj.: objective lens, B: Magnetic field in Voigt Configuration, Pico: Picosecond 

laser pulse, CW: continuous wave laser, ns: nanosecond. The communication between instruments and PC was 

based on serial ports like RS232 and USB. Most of the instruments were automized and controlled using 

MATLAB. 



 

 

65 

 

narrow line width tunable laser for better spectral resolution. The rejection between the 

two cross-polarized components imposed by a pair of polarizers in the setup was larger 

than 105.  The collected signal was then directed to a spectrometer with a grating 

resolution of less than 0.02 nm. For the optical pumping measurement, we 

simultaneously sent two narrow line width, tunable lasers into the cavity. For the time 

resolved measurement like T1, the Raman peak was filtered using spectrometer and 

then sent to SPCM for photon counting. 

To produce picosecond pulse, mode-lock Ti-sapphire laser with tuning range 

from 700 nm to 1000 nm was used (Spectra Physics Tsunami). One end mirror of 

optical cavity of mode-lock laser was sit on a motor and piezo stage, allowing itself to 

be triggered and synchronized with external gate signal. The pulse width of picosecond 

laser was measured to be around 4 ps using an auto-correlator. To produce arbitrary 

laser pulse on the nanosecond regime, fiber based electro-optic modulator (30 GHz 

bandwidth from EOSPACE and 20 GHz bandwidth from ixblue) was used with the 

optical pulse printed by the microwave (MW) electrical pulse generated by Arbitrary 

Waveform Generator (Keysight M8195A). To produce time delay between picosecond 

pulses, a beam splitter was first used to split the optical pulse into two paths, with one 

of the paths going through an optical delay line formed by a retro reflector sitting on a 

linear translation stage with 300 mm travel distance from Thorlabs. And then the two 

optical pulses with time delay were combined by a second beam splitter and focused 

into the same single mode fiber. 
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Appendix B. Semiconductor Fabrication 

 

 

 

The GaAs diode-gated InAs quantum dot material was grown by a molecular 

beam epitaxy process similar to that used by Carter et al.54 We spin-coated a positive 

photoresist (ZEP520A) with a thickness of ∼500 nm on the sample surface. L3 cavities 

with a lattice constant of 236 nm and hole radius of 70 nm were patterned into the 

photoresist by electron beam lithography and then transferred to the diode by 

inductively coupled plasma dry etching. A suspended cavity membrane with a 

thickness of 180 nm was formed after we wet-etched away the n-type AlGaAs 

sacrificial layer using hydrofluoric acid. Electrical contacts were made to the top and 

bottom of the sample with indium and conductive epoxy, and the sample was glued to 

a chip carrier. 

  

Figure 7.2 Semiconductor fabrication flow chart of GaAs. 
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Appendix C. Extracting the Cavity Quantum Electrodynamic Parameters at 0 T 

 

To extract the cavity loss κ, we fine scanned the cavity reflectivity using a 

tunable narrow linewidth laser (Figure 7.3(b), black circles). The voltage was set to 0 

V, which eliminated all the quantum dots emission (bare cavity). We fit the spectra to 

a Lorentzian shape (blue line in Figure 7.3(b)) and extracted a cavity decay rate of 

𝜅/2𝜋 = 31.79  ± 1.9 𝐺𝐻𝑧, which is equivalent to a cavity quality factor of Q ~10,000. 

To measure the coupling strength between the charged quantum dot and the 

cavity at 0 T, we scanned the cavity reflectivity at 0.87 V (Figure 7.3 (c), black circles). 

We fit the coupled cavity-dot spectrum in Figure 7.3 (c) to equation S126,113:                                                    

                                              𝑅 = 𝐵 + 𝑆/ |(−𝑖Δ𝜔 +
𝜅

2
+

𝑔2

(−𝑖(Δ𝜔−𝛿)+𝛾)
)|

2

, (S1) 

where 𝑔 is the coupling strength between the quantum dot and the cavity, 𝛾 is the 

dipole decay rate of the quantum dot, Δ𝜔 is the detuning between the laser and the 

cavity, and 𝛿 is the detuning between the quantum dot and the cavity (red line, Figure 

7.3 (c)). B and S are fitting parameters accounting for the spectrum background and 

Figure 7.3 Characterization of the strongly coupled quantum dot-cavity system at 0 T. (a) Reflectivity spectrum 

excited by broadband LED at different gate. The color represents the counts on the CCD camera. (b) The reflectivity 

spectrum of the bare cavity (black circles) fitted with a Lorentzian line shape (solid blue line). (c) The reflectivity 

spectrum of the cavity at 0.87 V. The red solid line is the theoretical fitting of the experimental data (black circles). 
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scaling factor, respectively.  From the numerical fit we extracted g/2π = 18.67 ±

0.35 GHz and γ/2π = 1.78 ± 0.70 GHz, which gave us an atom-cavity cooperativity 

of 𝐶 = 2𝑔2/𝜅𝛾 = 12.35. The linewidth of our dot is larger than the transform limit, 

possibly due to the fact that the quantum dots are close to the etching surface compared 

with bulk quantum dots or those fabricated within micropillars.41,114  

We note that the existence of alignment imperfection (inevitable Fabry-Perot 

effect among optical elements of the experiment setup) broadened the linewidth of the 

left peak of Figure 7.3 (c) and the fitting tended to follow the broadened feature but 

couldn’t fit well with the reflection dip depth. To extract an accurate cooperativity, we 

gave larger weight to the three data points at the center of the reflectivity spectrum of 

Figure 7.3(c) to ensure the fitting curve can fit well with the reflection dip because 

cooperativity is determined by the depth of the reflection dip. We also gave larger 

weight to the three data points at the center of reflection dip of Figure 3.5(b) because 

of the same reason. 
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Appendix D. Simulation of a Lambda Level System Coupled to a Cavity 

 

 

To get 𝑅𝑢𝑝(𝜔) and 𝑅𝑑𝑜𝑤𝑛(𝜔), we numerically calculated the system density 

matrix 𝜌  at steady state governed by 𝑑𝜌/𝑑𝑡 = −𝑖/ℏ[�̂�, 𝜌] + �̂�𝜌 , where �̂�  is the 

Hamiltonian of this coupled quantum dot-cavity system when the spin is in pure |↑⟩ or 

|↓⟩ state and �̂� is Liouvillian superoperator used to model all nonunitary Markovian 

processes in this system. 𝑅𝑢𝑝  and 𝑅𝑑𝑜𝑤𝑛  are proportional to 𝑇𝑟(𝜌𝑠𝑠(𝜔)�̂�†�̂�), where 

𝜌𝑠𝑠 is the system density matrix at steady state and �̂� is the annihilation operator of the 

cavity field. The spectrum of Figure 3.5 (a) and (b) can be fit using 𝑅𝑚 = 𝑆 ∗ (𝑃𝑢𝑝 ∗

𝑇𝑟(𝜌𝑠𝑠,↑(𝜔)�̂�†�̂�) + (1 − 𝑃𝑢𝑝) ∗ 𝑇𝑟(𝜌𝑠𝑠,↓(𝜔)�̂�†�̂�)) + 𝐵 . S and B are the fitting 

parameters account for scaling and background. 

  

When the spin population is in spin-down state, the energy level structure of the 

charged quantum dot can by simplified as a three level V-scheme system coupled to a 

Figure 7.4 The energy-level diagram of a three-level 

V-scheme system coupled to a cavity, simplified from 

the four-energy level scheme of a charged quantum 

dot, shown in Figure 1.1(a). 
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cavity, as shown in Figure 7.4. The Hamiltonian of this system in the rotation frame 

with respect to the probe laser frequency can be written as:  

 

�̂� = ℏ(𝜔𝑐 − 𝜔)�̂�†�̂� + ℏ(𝜔𝑥 − 𝜔)�̂�3
†�̂�3 + ℏ(𝜔𝑥 − ∆ℎ − 𝜔)�̂�4

†�̂�4 

  +𝑖𝑔3ℏ(�̂��̂�3
† − �̂�3�̂�†) + 𝑔4ℏ(�̂��̂�4

† + �̂�4�̂�†), 
                                                                                                                                                           

(S2) 

in which �̂�3 and �̂�4 are the lowering operators of transitions σ3 and σ4, respectively, �̂� 

is the annihilation operator of the cavity field, 𝑔3  and 𝑔4  are the coupling strength 

between σ3 and σ4 with the cavity, respectively, 𝜔𝑐 , 𝜔𝑥, (𝜔𝑥 − ∆ℎ) and 𝜔 are the 

frequency of the cavity, transition σ3, transition σ4, and the laser, respectively, and ∆ℎ 

is the Zeeman splitting between the two excited states.  

The Liouvillian superoperator �̂�, which accounts for the decay of the cavity 

field, spontaneous emission, and dephasing of the excited trion states, can be written 

as: 

�̂� = 𝜅𝐷(�̂�) + 𝛾3𝐷(�̂�3) + 𝛾4𝐷(�̂�4) + 2𝛾𝑑3𝐷(�̂�3
†�̂�3) + 2𝛾𝑑4𝐷(�̂�4

†�̂�4), 
                                                                                                                                   (S3) 

in which 𝐷(�̂�)𝜌 = �̂�𝜌�̂�† − 1/2�̂�†�̂�𝜌 −  1/2𝜌�̂�†�̂�  is the general Linblad form 

operator for an operator �̂�, the coefficients 𝜅, 𝛾3, 𝛾4, 𝛾𝑑3, and 𝛾𝑑4 are the cavity loss, 

spontaneous emission rates of σ3 and σ4, and the pure dephasing rates of σ3 and σ4, 

respectively.  

When the spin population is in spin-up state, the quantum dot can only couple 

to cavity through σ2 and σ1, which are largely detuned. In this case, the system can be 

simplified as a bare cavity without any coupling to the quantum dot, which is equivalent 

to setting  𝑔3 and  𝑔4 to be 0 in equation (S2).  
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We first fit Figure 3.5(b) using the above numerical model. We already 

determined 𝜅/2𝜋 to be 31.79 GHz from Figure 7.3(b). 𝛾3/2𝜋 and 𝛾4/2𝜋 were set to 

0.1 GHz.115 We also imposed  𝑔3
2 + 𝑔4

2 = 𝑔2 , in which g is the coupling strength 

between the quantum dot and cavity at 0 T and 0.87 V, which was extracted in Figure 

3.5(c). This constraint relation comes from the fact that the dipole transition between 

the excited state and ground state at 0 T (𝜎±) could be written as 𝜎± = �̂�4 ± 𝑖�̂�3 . When 

multiple dipole transitions are coupled to a cavity, the overall effective coupling 

strength 𝑔 is related to individual coupling strength 𝑔𝑖 by 𝑔2 = ∑ 𝑔𝑖
2.116 We used the 

rest system parameters S, B, 𝜔𝑐, 𝜔𝑥, 𝑔3, 𝛾𝑑3, and  𝛾𝑑4 as free fitting parameters. We got 

𝑔3/2𝜋 = 7.2 𝐺𝐻𝑧 , 𝑔4/2𝜋 =  17.2 𝐺𝐻𝑧 , 𝛾𝑑3/2𝜋 = 3.1 𝐺𝐻𝑧 ,  𝛾𝑑4/2𝜋 = 1.4 𝐺𝐻𝑧 . 

𝑃𝑢𝑝 was determined to be less than 0.02 by 95% confidential bound. The fitting result 

is further discussed in the main text. 

With the value of 𝑔3, 𝑔4, 𝛾𝑑3, and  𝛾𝑑4 fixed from fitting of Figure 3.5(c), we  

then fit the spectrum of Figure 3.5(b). The spin population at thermal equilibrium was 

determined to be 𝑃𝑢𝑝 = 0.52 ± 0.04. 
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