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Abstract 

Color centers in wide bandgap materials that behave as ‘artificial atoms’ are promising 

candidates for quantum applications. The negatively charged nitrogen-vacancy (NV-) center in 

diamond is a benchmark platform for testing the quantum sensing, the quantum communication, 

and the quantum computation. However, the optical properties of the NV- center system are 

not yet perfect for the realization of the quantum network. Compared to the NV- center, there 

are many types of defects in diamond or hosts like silicon and silicon carbide (SiC) which 

exhibit superior optical properties. This thesis is devoted to studying two spin-photon interfaces 

including group IV defects in diamond and NCVSi
- centers in SiC. 

     Chapter 1 presents basic elements of the quantum network employing the quantum 

resources in the solid-state color centers systems. The latest progress in the quantum 

computation and the quantum network based on these systems are then presented. After that, 

the motivation of this study is introduced regarding the emerging challenges. 

     Chapter 2 starts with introducing several experimental methodologies utilized for the optical 

and spin study of color centers. Then it describes the physical properties of diamond and SiC 

hosts along with molecular configurations of two kinds of defects. The recent progress on the 

optical and microwave manipulation of the group IV defects in diamond and defects (silicon-

vacancy (VSi
-), divacancy (VV0), and NCVSi

- centers) in SiC are reviewed.  

     Chapter 3 presents our study of the negatively charged germanium vacancy (GeV-) center 

in diamond. The GeV- centers in the diamond sample exhibit quenched emission upon resonant 

excitation but could be lightened up with an additional off-resonant excitation. We attribute 

this abnormal behavior to the presence of an extra dark. The competing dynamical process 

between a ‘dark’ state and a ‘bright’ state is further investigated and simulated with a three-

level system. 

     Chapter 4 presents our observation of the binary spectral jump behavior of Ge-related 

single-photon emitters in diamond. The optical properties of these emitters are investigated. 

     Chapter 5 presents the study of NCVSi
- centers in 4H-SiC. The fine orbital structure of the 

excited states and the zero-field splitting in the spin ground states are characterized by resonant 

laser excitation and microwave-assisted spin manipulation. The coherent manipulation of 
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NCVSi
- centers ensembles is realized upon resonant excitation. Meanwhile, single NCVSi

- 

centers generations and their optical properties are reported. 

     Chapter 6 begins by drawing conclusions on this thesis. After that, outlooks on several 

possible directions toward better spin-photon interfaces are presented. 
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Chapter I Introduction 
 

1.1 Introduction to quantum network 

 

Quantum mechanics is one of the most successful theories in science. It has enabled the 

invention of transistors and lasers, which are the products of the first quantum revolution[1]. 

The transistors are the basic elements of today’s computers. The size of the transistors 

determined the performance of the computers. This size is approaching atomic scale, where the 

source-drain leakage is no longer negligible[2]. Thus, it demands new computing architectures, 

one of them is quantum computing[3]. 

     On the other hand, these scattered nodes are connected to the Internet so that information 

can be shared among them. The security of the information is currently guaranteed by end-to-

end encryption. This security is based on the limited computing power of modern computers 

in light of the long length of the encryption keys[4]. However, the quantum computer could 

decrypt these keys much faster than the current computers[5]. This in turn requires people to 

develop a new key distribution protocol. One of the potential solutions is the quantum key 

distribution (QKD)[6]. 

     Some scientists believe that we are experiencing the second quantum revolution[7]. During 

the second phase of the revolution, the quantum nature of particles (coherence, interference, 

superposition, and entanglement) is exploited[8]. These particles often have two orthogonal 

states which are employed to build up the quantum version of the binary bits, named as 

quantum bits (qubits). People have developed many platforms to construct qubits, including 

superconducting loops[9], trapped ions[10], neutral atoms[11], dopants in silicon[12], and color 

centers in wide-bandgap materials[13]. With these systems, people are investigating the 

realization of quantum applications, including quantum computation, quantum communication, 

quantum sensing, and ultimately the quantum network.  

     Figure 1.1(a) shows the quantum network with building blocks, including quantum 

repeaters, quantum nodes, and quantum channels[14]. This quantum network is based on 

realizing the quantum applications at local nodes and would benefit qubits being shared by 

different nodes. The quantum nodes involve the realization of quantum computation[8] using 

qubits (spin, charge, etc.) or quantum sensing[15] of fields (magnetic and electric fields, 

temperature). The quantum channels refer to free space or fiber-based key or entanglement 

distributions[6]. Photons are widely used as information carriers among quantum nodes. In 

practice, the spin states at local nodes are encoded into photon states via spin-photon 
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entanglement. Photons can then be sent to other nodes to realize key distribution or identical 

photons from two nodes could be sent onto a beam splitter to realize the spin-spin entanglement 

between two nodes[16] (Figure 1.1(b)). If spin-spin entanglement could be realized between any 

nodes, teleportation of states can be realized[17]. In practice, photon loss in fiber networks would 

limit the quantum operation rates and the transmission distance. In this regard, the quantum 

repeater is an indispensable component of the quantum network to realize a long-distance key 

distribution. The quantum repeaters include an efficient electron spin-photon interface along 

with nuclear spins serving as quantum memories[18]. After establishing two pairs of quantum 

entanglement (quantum node A and quantum repeater B, quantum repeater B and quantum 

node C), A's information can then be teleported to C without sacrificing security. The 

distribution length could be prolonged with the help of quantum repeaters. To realize the 

quantum network, it demands platforms having an optical interface.  

 

 

Figure 1.1: Quantum network[14]. (a) The quantum network includes three essential 

components: quantum channels, quantum repeaters, and quantum nodes. (b) A scheme for 

entanglement distribution between two quantum nodes via photons. Nuclear spins are used to 

store the information, which could be mapped out to electron spins by generating entanglement 

between electron spins and nuclear spins. (c) Representative candidates with spin-photon 

interfaces for the realization of the quantum network. Reproduced under the terms of a creative 

commons CC-BY international license [14]. Copyright 2020, The Authors, published by IOP 

Publishing. 
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 1.2 Quantum applications of color centers in wide bandgap materials 

 

Among these systems mentioned above, color centers in wide-bandgap materials have 

demonstrated themselves as promising candidates fulfilling the requirements of all applications 

because of the presence of spin-photon interfaces[19-23]; in other words, the electron spin states 

could be manipulated deterministically with photons (laser, microwave), the spin states could 

be mapped out deterministically into the photon states (frequency, polarization), and nuclear 

spins allow for constructing of quantum memories. Figure 1.1(c) lists several spin-photon 

interfaces including color centers in diamond and SiC, and quantum dots. The NV- center in 

diamond is the most studied system among the investigated color centers. It has been employed 

to demonstrate a quantum network composed of three nodes[24], realize a 10 qubits quantum 

processor with coherence time up to 1 minute[25], and detect AC and DC magnetic fields with 

pT/√Hz precision[26]. Besides diamond NV- centers, the recent progress of SiV- center in 

diamond demonstrated itself as a promising platform to realize the quantum repeater. The SiV- 

spin exhibits a millisecond coherence time at 100 mK[27]. The Harvard group has reported 

memory-enhanced quantum communication based on this system[28], a cornerstone of long-

distance key distribution.     

     Despite these significant breakthroughs, these platforms are not yet perfect. Regarding the 

NV- center in diamond, there are still two aspects preventing it from going further. The first is 

its emission wavelength at 637 nm, which is incompatible with the current fiber-based 

communication channels[29]. The second is the low ZPL ratio around 3%, limiting the spin-

photon entanglement rates[30] because the entanglement is realized with ZPL photons. With 

regard to the SiV- in diamond, the great challenge is imposed by the critical operating 

temperature. While it is essential to scale up the color center qubits and realize high fidelity 

quantum gates based on these two systems, the study of emerging new color centers 

platforms that exhibit complementary or better properties than these two systems is 

equally important. Years of study on the NV- centers and SiV- centers in diamond allow 

people to give a comprehensive description of an ideal of color centers systems regarding their 

optical, spin, charge, and host properties[29]. This precious experience not only offers people 

the toolbox to optimize the properties of the emerging defects, but also it enables people to 

design defects with desired properties[31]. With two decades of study of color centers systems, 

it is believed that ideal platforms should satisfy the following aspects[29, 32]:  
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(1) Optical properties. Ideal color centers should be bright and stable telecom emitters. Their 

emission should exhibit lifetime limited linewidth at cryogenic temperature. Their lifetime 

should be within the nanoseconds range. 

(2) Charge properties. Charge states of the emitters should be controllable with the Fermi-level 

engineering or electrical-optical methods. 

(3) Spin properties. The ODMR contrast should be high enough. The spin dephasing time and 

spin coherence time should be long enough to allow quantum gate operation and enable 

high sensitivity detections. 

(4) Host. The host should be nanofabrication friendly and could be purified to provide a clean 

environment for the residing spin qubits. 

     This thesis is dedicated to investigating two types of color centers and their associated 

optical, spin, charge, and host properties. Knowledge of these properties opens the door 

to their applications into quantum information sciences.  

1.3 Motivations and thesis overview 

Regarding the low ZPL ratio of NV- centers in diamond , people have studied group IV split 

vacancy centers in diamond whose ZPL ratios are greater than 50%[33]. To overcome the critical 

working temperature of SiV- centers in diamond, people resorted to other defects including 

GeV-, SnV- and PbV- centers. The energy differences of the group IV split vacancy centers 

between the ground orbital doublets get larger when the elements change from Si to Ge. It is 

thus expected that the GeV-  centers would have a long spin coherence time at a higher working 

temperature than the SiV- centers counterpart. During the study of GeV- centers that were 

generated via the high energy ion implantation, I observed a dark state besides the typical 

energy levels of GeV- centers. I then delved into (1) how it is possible to recover the emission 

of GeV- centers upon resonant excitation; (2) how this dark stater would affect the optical 

properties of GeV- centers; (3) what the dark state may be. 

     Regarding the visible emission wavelength of diamond NV- centers, people have raised a 

corresponding solution, to convert NV- centers’ emission into the infrared (IR) range[34]. 

Alternatively, people may utilize color centers whose emission is in the IR range[14]. In this 

regard, I studied the NCVSi
- centers in SiC whose ZPLs are near the telecom window. A 

competitive candidate for quantum applications requires long spin coherence times and bright 

emission. I then studied (1) how to generate single NCVSi
- centers in SiC; (2) the optical 
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properties of single NCVSi
- centers in SiC; and (3) the spin properties of NCVSi

- ensembles in 

SiC. 

     While these two defects are new entrants in terms of their composing element or host, they 

could still be categorized into two families. The GeV- centers in diamonds naturally belong to 

group IV split vacancies centers; however, the NCVSi
- centers in SiC share similar energy levels 

with NV- centers in diamond or VV0 centers in SiC. It is thus believed that some works on the 

SiV- centers in diamond could be realized with GeV- centers. Similarly, the future study of the 

charge, optical, spin properties of NCVSi
- centers in SiC would benefit significantly from the 

ongoing study of VV0 centers in SiC and NV- centers in diamond. Furthermore, the optical, 

spin, and charge properties of these systems (SiV- center in diamond, NV- center in diamond, 

VV0 center in diamond) are ideal platforms to be referred. I thus introduce those SiV- centers 

and VV0 centers related progress in Chapter 2. I then use three chapters to present my work. 

Understanding defects’ properties from spin, optical, charge, and materials perspectives 

are the first step toward quantum applications[29]. In the concluding chapter, I outlooked 

several possible works in this context. 

     In Chapter 1, I briefly introduce the quantum applications of solid-state color centers and 

describe the backgrounds and motivations. 

     In Chapter 2, the general information on group-IV split vacancy color centers in diamond 

and color centers (VSi
- VV0 and NCVSi

-) in SiC will be presented. Then some related work on 

these two systems will be shown. In the end, I present contributions of this thesis in this context. 

     In Chapter 3, I introduce the coherent manipulation of GeV- color centers in diamond. 

Unlike a typical two-level system, a dark state for this system is identified. A three-level model 

is constructed to explain the photo-physical properties of these emitters. 

     In Chapter 4, I present our observation of spectral jumps in a Ge-related defect in diamond. 

The optical properties of these unidentified defects will be presented. 

    In Chapter 5, I show our study of NCVSi
- emitters in 4H-SiC. It involves the coherent 

manipulation of electron spins of NCVSi
- emitters. To go further, I present our method to 

generate single NCVSi
- emitters and their associated optical properties. 

     In Chapter 6, I conclude the thesis and outlook the following possible works to extend the 

current studies.  

 

 



21 
 

References 

 

[1] ASPECT A. 14 From Einstein, Bohr, Schrödinger to Bell and Feynman: a New Quantum 

Revolution? [M]. Ondes, matière et Univers. EDP Sciences. 2021: 407-34. 

[2] THEIS T N, WONG H-S P. The end of moore's law: A new beginning for information 
technology [J]. Computing in Science & Engineering, 2017, 19(2): 41-50. 

[3] PRESKILL J. Quantum computing in the NISQ era and beyond [J]. Quantum, 2018, 2: 79. 

[4] KERR O S, SCHNEIER B. Encryption workarounds [J]. Geo LJ, 2017, 106: 989. 
[5] MAVROEIDIS V, VISHI K, ZYCH M D, et al. The impact of quantum computing on present 

cryptography [J]. arXiv preprint arXiv:180400200, 2018. 

[6] SCARANI V, BECHMANN-PASQUINUCCI H, CERF N J, et al. The security of practical 

quantum key distribution [J]. Reviews of modern physics, 2009, 81(3): 1301. 
[7] DEUTSCH I H. Harnessing the Power of the Second Quantum Revolution [J]. PRX Quantum, 

2020, 1(2). 

[8] DIVINCENZO D P. The physical implementation of quantum computation [J]. Fortschritte der 
Physik: Progress of Physics, 2000, 48(9‐11): 771-83. 

[9] CLARKE J, WILHELM F K. Superconducting quantum bits [J]. Nature, 2008, 453(7198): 

1031-42. 
[10] HäFFNER H, ROOS C F, BLATT R. Quantum computing with trapped ions [J]. Physics reports, 

2008, 469(4): 155-203. 

[11] WEISS D S, SAFFMAN M. Quantum computing with neutral atoms [J]. Physics Today, 2017, 

70(7). 
[12] ZWANENBURG F A, DZURAK A S, MORELLO A, et al. Silicon quantum electronics [J]. 

Reviews of modern physics, 2013, 85(3): 961. 

[13] PEZZAGNA S, MEIJER J. Quantum computer based on color centers in diamond [J]. Applied 
Physics Reviews, 2021, 8(1): 011308. 

[14] CASTELLETTO S, BORETTI A. Silicon carbide color centers for quantum applications [J]. 

Journal of Physics: Photonics, 2020, 2(2). 
[15] DEGEN C L, REINHARD F, CAPPELLARO P. Quantum sensing [J]. Reviews of modern 

physics, 2017, 89(3): 035002. 

[16] HENSEN B, BERNIEN H, DRéAU A E, et al. Loophole-free Bell inequality violation using 

electron spins separated by 1.3 kilometres [J]. Nature, 2015, 526(7575): 682-6. 
[17] BOUWMEESTER D, PAN J-W, MATTLE K, et al. Experimental quantum teleportation [J]. 

Nature, 1997, 390(6660): 575-9. 

[18] SANGOUARD N, SIMON C, DE RIEDMATTEN H, et al. Quantum repeaters based on atomic 
ensembles and linear optics [J]. Reviews of Modern Physics, 2011, 83(1): 33-80. 

[19] ATATüRE M, ENGLUND D, VAMIVAKAS N, et al. Material platforms for spin-based 

photonic quantum technologies [J]. Nature Reviews Materials, 2018, 3(5): 38-51. 

[20] AWSCHALOM D D, HANSON R, WRACHTRUP J, et al. Quantum technologies with 
optically interfaced solid-state spins [J]. Nature Photonics, 2018, 12(9): 516-27. 

[21] LIU G-Q, PAN X-Y. Quantum information processing with nitrogen–vacancy centers in 

diamond [J]. Chinese Physics B, 2018, 27(2). 
[22] WEHNER S, ELKOUSS D, HANSON R. Quantum internet: A vision for the road ahead [J]. 

Science, 2018, 362(6412). 

[23] CHEN D, ZHELUDEV N, GAO W B. Building Blocks for Quantum Network Based on Group‐
IV Split‐Vacancy Centers in Diamond [J]. Advanced Quantum Technologies, 2019, 3(2). 

[24] POMPILI M, HERMANS S L N, BAIER S, et al. Realization of a multinode quantum network 

of remote solid-state qubits [J]. Science, 2021, 372(6539): 259-64. 

[25] BRADLEY C E, RANDALL J, ABOBEIH M H, et al. A Ten-Qubit Solid-State Spin Register 
with Quantum Memory up to One Minute [J]. Physical Review X, 2019, 9(3): 031045. 

[26] BARRY J F, SCHLOSS J M, BAUCH E, et al. Sensitivity optimization for NV-diamond 

magnetometry [J]. Reviews of Modern Physics, 2020, 92(1). 



22 
 

[27] SUKACHEV D D, SIPAHIGIL A, NGUYEN C T, et al. Silicon-Vacancy Spin Qubit in 
Diamond: A Quantum Memory Exceeding 10 ms with Single-Shot State Readout [J]. Physical 

Review Letters, 2017, 119(22): 223602. 

[28] BHASKAR M K, RIEDINGER R, MACHIELSE B, et al. Experimental demonstration of 

memory-enhanced quantum communication [J]. Nature, 2020, 580(7801): 60-4. 
[29] WOLFOWICZ G, HEREMANS F J, ANDERSON C P, et al. Quantum guidelines for solid-

state spin defects [J]. Nature Reviews Materials, 2021. 

[30] TOGAN E, CHU Y, TRIFONOV A S, et al. Quantum entanglement between an optical photon 
and a solid-state spin qubit [J]. Nature, 2010, 466(7307): 730-4. 

[31] KANAI S, HEREMANS F J, SEO H, et al. Generalized scaling of spin qubit coherence in over 

12,000 host materials [J]. arXiv preprint arXiv:210202986, 2021. 
[32] AHARONOVICH I, ENGLUND D, TOTH M. Solid-state single-photon emitters [J]. Nature 

Photonics, 2016, 10(10): 631-41. 

[33] BRADAC C, GAO W, FORNERIS J, et al. Quantum nanophotonics with group IV defects in 

diamond [J]. Nature Communications, 2019, 10(1): 5625. 
[34] DRéAU A, TCHEBOTAREVA A, MAHDAOUI A E, et al. Quantum Frequency Conversion 

of Single Photons from a Nitrogen-Vacancy Center in Diamond to Telecommunication 

Wavelengths [J]. Physical Review Applied, 2018, 9(6): 064031. 



23 
 

Chapter II Experimental methods and literature review 

 

In the second quantum revolution, a distinct difference compared to the first phase is the 

capability of manipulating particles at a single level (photon, electron, ions)[1]. With two 

decades of study of solid-state emitters, people have gained rich experience in the generation, 

characterization, and manipulation of single defects[2]. The single-photon emission is generally 

characterized by the Hanbury Brown-Twiss experiment[3]. Color centers like NV- centers and 

VV0 centers are ‘atom-like’[4]. An isolated SPE comes with a single electron interface if the 

SPE is a paramagnetic system.  

     Since color centers are ‘atom-like’, their optical and spin properties are then closely linked 

to their energy levels. The two basic approaches to reveal their energy levels are the resonant 

laser excitation[5] and the optically detected magnetic resonance (ODMR) spectroscopy[6]. 

These methods also enable estimations of systems’ optical and spin coherence time. To scale 

up the qubits, it is critical to generate SPEs whose emissions are indistinguishable[7]. The 

indistinguishability is estimated with the Hong-Ou-Mandel experiment.  

    In this regard, I will introduce the basic experimental methods in section 2.1, including the 

HBT experiment, HOM experiment, resonant excitation, and ODMR.  

     In section 2.2, I introduce the physical properties of two main color center hosts: diamond 

and SiC. Their hosted defects are also introduced.  

     In section 2.3, I review the basic properties of group IV defects in diamond. Beyond this, I 

present several pioneer works that laid a foundation for realizing quantum network. In 

detail, the indistinguishable photon generation is a crucial step toward spin-spin entanglement 

between different SiV- emitters[8]; the all-optical manipulation of SiV- spins demonstrate the 

construction of a -system which is a crucial ingredient for spin-photon entanglement[9]; the 

microwave-assisted spin rotation shows the possibility to realize spin polarization and 

manipulation via microwave, and the spin coherence time could be estimated with pulsed 

microwave operations[10]; fabrication of SiV- in diamond nanostructures with narrow emission 

linewidth paves the way for building up a scalable quantum network[11]. Though these works 

are mainly performed with the SiV- center in diamond, similar works could be realized on other 

group IV split vacancy centers given that they shared similar energy level structures. 

    In section 2.4, I categorized VSi
-, VV0, and NCVSi

- centers in SiC into the same family for the 

following reasons: (1) they have a non-zero D (zero-field splitting) value, and the spin states 

could be polarized via off-resonant excitation[2]; (2) they reside in the same host; thus material 
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or device engineering technologies could be shared among them. Similar to section 2.3, I 

review the progress in the SiC color centers community. They include indistinguishable photon 

generation for VSi
- centers in SiC[12]; coherent manipulation of VV0 spin;  tunable emission 

wavelengths of VV0 centers in SiC, which would enable indistinguishable photon generation 

from different VV0 emitters[13, 14]. These works demonstrate SiC emitters as promising 

candidates for quantum communication and quantum computation.  

2.1 Experimental methodologies 

2.1.1 HBT experiment 

Single-photon sources (SPSs) refer to sources that emit no more than one photon within a 

specific time. This behavior could be readily characterized with a second-order coherence 

measurement (g(2)()). The g(2)() function describes the intensity correlation among a train of 

photons. In the time domain, it is given by: 

 

𝑔(2)(𝜏) =
< 𝐼(𝑡)𝐼(𝑡 + 𝜏) >

< 𝐼(𝑡) >2
(2.1) 

                                                                                          

Where τ is defined as the time interval of two photons, I(t) represents the intensity at time t, 

the < > refers to a statistical average. In practice, the Hanbury Brown-Twiss (HBT) setup is 

employed to characterize a specific source. With this function, it is possible to distinguish 

sources of the following cases: 

(A) In the ideal case, the SPS is in the Fock state, thus 𝑔(2)(𝜏) = 1 and   𝑔(2)(0) = 0. Figure 

2.1a shows a dip down to zero, called the antibunching effect. In practice, the 𝑔(2)(0) is always 

greater than 0 because of the imperfection of an SPS. People treat a photon source as an SPS 

when its 𝑔(2)(0) smaller than 0.5. 

(B) Coherent state. The 𝑔(2)(𝜏) = 1 (Figure 2.1(b)). The photon number within a given time 

interval t satisfies the Poisson distribution. This Poisson distribution reflects the random time 

intervals between photons. However, the photons are not bunched. 

𝑝(𝑘) = 𝑒−𝑛
𝑛𝑘

𝑘!
(2.2)                                                                                                              

Where k is the emission photon number and n is the average photon number. It is worth 

mentioning that the 𝑔(2)(𝜏) for a faint laser reaching a single-photon level remains at 1.  
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(C) For thermal light, it can be characterized as 𝑔(2)(𝜏) ≥ 1 and   𝑔(2)(0) ≥ 𝑔(2)(𝜏) (Figure 

2.1(c)). An evident bunching effect could be observed at τ = 0. In other words, there is a high 

probability to detect photons simultaneously with the two arms of the HBT setup. The photon 

number satisfies a super-Poisson distribution. 

 

Figure 2.1: Photon trains and g(2)() of three types of photon source. (a) Single-photon 

source. (b)  Coherent source. (c) Thermal light source. 

 

With decades of efforts, people have realized single-photon emission on many systems like 

single-emitter systems (neutral atoms, ions, molecules, quantum dots, and color centers), 

unidentified emission sources (gallium nitride and 3C-SiC)[15, 16], ensemble atoms with 

collective excitation, parametric down-conversion and four-wave mixing based on non-linear 

crystals[17]. This thesis focuses on color centers in wide-bandgap materials.  

2.1.2 Hong-Ou-Mandel experiment 

In the past two decades, people have discovered many kinds of color centers SPSs. 

Nevertheless, only a few of these systems are demonstrated to show indistinguishable emission, 

e.g., SiV- centers in diamond[8], NV- centers in diamond[7], and VSi
- centers in SiC[12]. 

Indistinguishable emission is important since it is the prerequisite for the entanglement 

distribution between separated nodes. The indistinguishable emission requires photons 

generated by an SPE or several SPEs to have the same frequency, polarization, and 

spatial and temporal extent. In practice, the degree of indistinguishability of an SPE or two 

SPEs is estimated by the HOM experiment[18]. In Figure 2.2, photons from an SPE which are 

split into two paths or photons emitted by two SPEs, are guided to a 50/50 beam splitter. If the 

photons of the two paths are indistinguishable and impinge simultaneously on the beam splitter, 

both photons come out at the same port. These two output ports are connected to an HBT setup. 

Ideally, a g2(0) = 0 could be obtained given that photons are indistinguishable. In practice, 
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emitters in solid-state hosts suffer from spectral diffusion or unstable emission 

wavelengths, resulting in reduced indistinguishability.  

 
Figure 2.2: HOM setup. Photons from two separated channels impinge on a 50/50 beam 

splitter. The beam splitter's output is guided to two single-photon detectors to realize g2 

measurement. 

 

2.1.3 Optically detected magnetic resonance 

 

Single NV- center in diamond was firstly reported in 1997[6]. Meanwhile, the ODMR spectrum 

of a single NV- electron spin was demonstrated. Since then, the energy levels of the NV- center 

have been revealed with the help of experimental[19] and theoretical studies[20]. Figure 2.3(a) 

shows the atomic structure of the NV- center in diamond[21], in which a nitrogen atom replaced 

a carbon atom with an adjacent atom being replaced by a vacancy. NV centers in diamond have 

two reported optically active charge states: a neutral charge state (NV0) whose ZPL is located 

at 575 nm, and a negatively charged state with a ZPL of 637 nm (Figure 2.3(b)). The ZPL ratio 

of NV- centers is about 3%. The NV- centers have 6 electrons which are filled in 4 orbitals. 

While two orbitals are fully occupied, the other two are half-filled. This results in an S = 1 

system. Figure 2.3(c) shows the simplified energy levels of NV- centers. It includes a spin-

triplet orbital-singlet ground state and a spin-triplet orbital-singlet excited state. The energy 

difference between the ground ms = 0 and ms = ±1 state is called zero-field splitting (ZFS). 

     The spin states of NV- centers could be initialized into the S = 0 with both resonant and off-

resonant excitation. Elections in excited states have two decay channels. The spin conserved 

radiative decay gives emission into both the ZPL and the associated phonon sideband (PSB), 

and the spin filliped channel gives no emission in the visible range. The spin initialization is 

possible because about 40% of electrons in ms = 1 states decay via the 1A channel, which is 

coupled to the ground states with the same strength. By contrast, the ms = 0 hardly decay via 

the 1A channel. In this regard, electrons could be polarized into the ms = 0 sublevel after several 
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pumping cycles. After being optically polarized into the bright ms = 0 state, spins could be 

flipped into the ms = ±1 states with a resonant oscillating magnetic field. Since the ms = ±1 

states give lower emission than the ms = 0 state, the emission under a resonant MW excitation 

gives lower counts when the MW is not resonant with the ground splitting (Figure 2.3d). Since 

the ms = ±1 states are degenerated, giving one dip at zero magnetic fields. When an external 

magnetic field is applied along the NV axis, the degeneracy of ms = ±1 states is lifted due to 

the Zeeman effect. The transitions from ms = 0 to ms = -1 and ms = +1 states are observed. 

 

 
 

Figure 2.3: Optical and spin properties of NV centers in diamond[21]. (a) The atomic 

structure of a single NV center in diamond. Dark: carbon atoms; blue: nitrogen atom; white: 

vacancy. (b) Emission spectra of neutral NV centers and negatively charged NV centers in 

diamond. (c)  Energy level structure of the NV- center in diamond and the allowed transitions 

among them. The green arrow refers to the laser excitation; the red arrows refer to the radiative 

transitions; the grey arrows refer to the inter-system crossing processes. (d) ODMR spectra of 

NV- centers at different magnetic fields. Reproduced with permission [21]. Copyright 2014, 

The Authors, published by Elsevier B.V. 

     Since the spins of NV- centers could be initialized with an off-resonant laser, then spin 

operation at room temperature is possible. This enabled the application of NV- spin into sensing 

magnetic fields, electrical fields, temperature, and pressure[22]. The NV- center has recently 

found new application frontiers, including biology and condensed matter physics. Similar to 

the NV- center, other platforms are found to share similar spin-photon interfaces, e.g., the 
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negatively charged boron vacancy in hexagonal boron nitride[23], the VV0 in silicon carbide[24], 

the NV- centers in SiC[25], and the VSi
- center in SiC[26] (S = 3/2). 

2.1.4 Resonant excitation of NV- centers in diamond 

 

 

Figure 2.4 Resonant excitation of a single NV- center in diamond[19]. (a) Energy levels of a 

single NV- center in diamond. (b) Resonant laser excitation resolved 6 transitions at low 

temperatures. Read lines are Lorentzian fitting of the transitions. Reproduced with permission 

[19]. Copyright 2009, American Physical Society. 

As discussed in section 2.1.3, the room temperature spin manipulation has enabled the 

application of NV- center into quantum sensing. For sensing applications, what matters is the 

ODMR contrast and spin coherence time but the photon frequency. By contrast, the application 

of NV- centers into quantum network demands indistinguishable photons from different 

sources. In practice, only ZPL photons are applicable for spin-photon entanglement or 

are used to connect several nodes. Nevertheless, there are several spin-conserved transitions 

within the ZPL range. It then demands people to select one transition for spin-photon 

entanglement.  

    Figure 2.4a shows the energy levels of the NV- center at low temperatures. It includes a spin-

triplet, orbital-singlet ground state, and a spin-triplet, orbital-doublet excited state. It thus 

allows six transitions (Figure 2.4b). People can then create -systems to realize the spin-photon 

entanglement. People frequently employ a resonant excitation to identify the energy levels and 

quantify photons' frequencies. When performing the resonant excitation, target emitters are 

excited with a wavelength-tunable laser, and their emission can be collected with a long-pass 
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filter or can be collected with a cross-polarization scheme to suppress the laser. Apart from the 

emission frequencies of the photons, the resonant excitation could provide more information 

of the emitters including their emission stability and emission linewidth. A photon source with 

highly indistinguishability requires stable emission wavelength, stable emission counts, and 

narrow emission linewidth (preferably near the lifetime limited). 

2.2 Diamond and Silicon carbide hosts 

 
Si[27] 3C-SiC[27] 4H-SiC[27] 6H-SiC[27] 15R-SiC[28] Diamond[29] GaN[30] 

Crystal 

structure 

Diamond  Cubic Hexagonal Hexagonal Hexagonal Cubic Hexagonal 

Bandgap (eV) 1.1 2.39 3.265 3.023 2.986 5.5 3.4 

Lattice 

constant (A) 

5.43 a=4.36  a=3.08 

c=10.05 

a=3.08 

c=15.12 

a=3.08 

c=37.70 

3.57 a=3.186  

c=5.186 

Density 

(g/cm3) 

2.33 3.21 3.21 3.21 
 

3.53 6.1 

Debye 

Temperature 

(K) 

640 1200 1300 1200 
 

2200 600 

Breakdown 

field 

(105V/cm) 

3 
 

30 25 
 

100 30 

Refractive 

Index 

3.5 2.55 2.56 2.55 
 

2.4 2.43 

Transparency 

range (um) 

1.1-5.5 
 

0.37-5.6 
  

0.22-20 0.36-7 

 

Table I: Physical properties of color center host materials. 

Table I listed several kinds of semiconductor materials hosting color centers. Among them, 

silicon, SiC, and gallium nitride (GaN) are intensively studied in the industry because of their 

applications in power electronics. With constant efforts of both industry and research 

communities, materials including Si, SiC, GaN are nano-fabrication friendly. People have 

mastered techniques like p- and n-doping, inch-scale growth, nanofabrication, and refining. By 

contrast, these studies on diamond lagged. It is generally difficult to dope the diamond, making 

it challenging to drive defects in diamond electrically. A 2-inch SiC wafer typically has the 

same price as a 2 mm by 2 mm high-purity diamond. Further isotope purification of the 

diamond will induce additional costs. Moreover, there is no matured nanofabrication recipe, 

making it is challenging to scale up the diamond nanostructures. 
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Figure 2.5: (a) Diamond unit cell. (b) NV- centers in diamond (four NV symmetry axes are 

shown)[31]. Reproduced with permission [31]. Copyright 2012, American Physical Society. 

Diamond. Diamond is made of carbon atoms which are arranged in a cubic crystal structure 

(as shown in Figure 2.5). The diamond lattice could be treated as two face-centered cubic 

lattices, with one made of the orange and light blue dots in Figure 2.5(a) and another the blue 

dots. The sublattice is made of blue dots displaced along the cubic diagonal by ¼. Each carbon 

(the blue dot) is covalently bonded to four nearest atoms (four dark dots). This arrangement is 

so rigid that it just allows the presence of two kinds of impurities (boron and nitrogen). The 

diamond has an indirect wide bandgap of 5.5 eV, making it transparent in the visible range if 

no impurity is involved. However, with the presence of nitrogen or boron defects and possible 

linked vacancies, the diamond is no longer transparent in the visible range but will show 

absorption and give emission in the visible range. We call the defects that give diamond color 

as color centers. One of the most studied color centers is NV- centers, as shown in Figure 

2.5(b)[31]. There are four N-V axes in diamond (Figure 2.5(b)). For single NV center 

manipulation, an electronic grade diamond host should be employed and could be purchased 

from companies. 

Silicon carbide. Silicon carbide is a binary compound semiconductor in which half atoms are 

silicon and the rest carbon. There are more than 200 polytypes of SiC, among which the 3C, 

4H, and 6H-SiC are most studied as hosts of quantum emitters. The SiC are good hosts of 

quantum emitters in terms of the following aspects[32]: (1) The matured inch scale growth 

technique; (2) The matured n- and p-doping technologies; (3) The heteroepitaxy of SiC on a 

silicon wafer; (4) The matured nanofabrication techniques.  

     Figure 2.6 shows the stacking sequence of 3C-, 4H-, and 6H- SiC, and an additional stacking 

sequence of 4H-SiC with stacking fault.  The presence of stacking faults will introduce more 

Si-C environments. While it is possible to grow 3C-SiC on a silicon wafer, it is necessary to 
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grow 4H-SiC on the 4H-SiC substrate to get a high-quality SiC host. The high purity SiC layer 

with a thickness of tens m provides a clean environment which allows the generation and 

isolation of single defects within this layer. Unlike diamond defects whose emissions are in the 

visible range, the SiC defects like silicon-vacancy (VSi), divacancy (VSiVC), and nitrogen-

vacancy (NCVSi) give emission in the near-infrared window[32-34]. As the labeling indicates, a 

vacancy replaces an atom at a silicon site for the VSi
- center; vacancies would replace a pair of 

adjacent Si-C atoms for the VV center, and a nitrogen atom would occupy a carbon site while 

leaving its nearest silicon site as a vacancy for the NCVSi
- center. Moreover, if no stalking fault 

is considered, there is only one cubic site for both silicon and carbon atoms in 3C-SiC; there 

are h and k sites in 4H-SiC; there are h, k1, and k2 sites in 6H-SiC. As a result, there is one 

type of VV or NCVSi centers in 3C-SiC; 4 in 4H-SiC; 6 in 6H-SiC. If stacking fault is considered, 

several extra VV defects in 4H-SiC are reported (Figure 2.6(d))[32]. 

 

 
 

 

Figure 2.6: SiC polytypes[35]. (a) 4H-SiC with ABCB stacking sequence. (b) 6H-SiC with 

ABCACB stacking sequence. (c) 3C-SiC with ABC stacking sequence. (d) 4H-SiC with 

stacking fault. Reproduced under the terms of a creative commons CC-BY international license 

[35]. Copyright 2019, The Authors, published by Springer Nature. 
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2.3 Group IV split vacancy centers in diamond  

2.3.1 Energy levels of group-IV split vacancy centers in diamond 

While the NV- center in diamond is occupied at two nearest sits of carbon atoms, the silicon-

vacancy (SiV-) center in diamond has silicon located between two vacancies (as shown in 

Figure 2.7). The different molecule configurations give them different symmetry, C3v for NV- 

centers, D3d for SiV- centers.  

 

 
 

Figure 2.7: Molecule configuration comparison of NV- centers in diamond and SiV- centers in 

diamond[36]. Reproduced with permission [36]. Copyright 2014, American Physical Society. 

     This D3d symmetry gives group IV split vacancies degenerated doublet excited and ground 

orbital states. The degeneracy could be lifted via a Jahn-Teller interaction or a spin-orbit 

coupling (shown in Figure 2.8(a)), producing ground state splitting (GS) and excited-state 

splitting (ES). The transitions between the ground states and excited states give a four-line 

structure that could be resolved at low temperatures. Due to the high Debye-Waller factors of 

the group IV split vacancy centers (more than 70 % for diamond SiV-- centers verse 3% for 

diamond NV- centers), it is possible to observe their ZPLs even at room temperature (as shown 

in Figure 2.8(b)). Since their emission is coupled to phonon baths at ambient temperature, the 

fine structures related to the orbital transitions could not be identified at room temperature. 

Figure 2.8(b) shows that the SiV- centers exhibit the longest emission wavelength while the 

PbV- centers the shortest one. However, the GeV- centers give a shorter emission wavelength 

than the SnV- centers. People are interested in the heavier impurity because it has a larger 

spin-orbit coupling and leads to a larger GS and ES. In practice, the PbV- has a GS= 5700 

GHz[37] and ES= 6400 GHz (calculated)[38], which is more than 100 times and 20 times greater 
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than SiV- centers’ splitting GS = 50 GHz and ES= 267.5 GHz, respectively.[39] The benefits 

of larger splitting are two folds: reduced phonon dephasing and robust optical cyclicity[40].  

     Each orbital level could be further split into two spin sublevels when an external magnetic 

field is applied. As shown in Figure 2.8(a), the optical transitions could happen among the 

ground states labeled as |1>, |2>, |3>, |4> and the excited states |A>, |B>, |C>, |D> when the 

vector magnetic field is appropriately aligned with respect to the symmetry axis of the group 

IV split vacancy centers[41]. Then several  systems could be prepared, making them 

applicable for spin-photon entanglement.  

 

 
 

Figure 2.8: (a) Energy structures of group IV split vacancy centers without and with a magnetic 

field. (b) Room temperature emission spectra of the four kinds of color centers in diamond[42]. 

Reproduced under the terms of a creative commons CC-BY international license [42]. 

Copyright 2019, The Authors, published by Springer Nature. 

     Apart from the high ZPL ratio of the group IV split vacancy centers, another advantage of 

these defects over the diamond NV- center is the inversion symmetry-protected optical 

transitions that are not sensitive to the electric field to the first order[8]. Thanks to this, the 

optical transitions of group IV centers suffer less spectral diffusion and show a narrower 

distribution of transition frequencies than the diamond NV- centers. People have observed 

lifetime limited linewidth on SiV-[8], GeV- [43], and SnV- centers [44]. Moreover, Alp et al. have 

demonstrated indistinguishable emission of two SiV-  color centers[8].  

     In the following, I will review several works on group IV color centers in diamond 

which demonstrate themselves as a suitable spin-photon interface. 
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2.3.2 Indistinguishable emission from separated SiV- centers in diamond 

 

 
 

Figure 2.9: (a) Molecule configuration of a SiV- center in diamond. (b) The SiV- center energy 

level at cryogenic temperature. (c) ZPL spectrum (brown line) and etalon filtered transmission 

(dark blue line)[8] spectrum of single SiV- center. Reproduced with permission [8]. Copyright 

2014, American Physical Society. 

Demonstration of indistinguishable emission is a vital step to interface quantum nodes 

via flying qubits. People have demonstrated indistinguishable emission of two separated SiV- 

emitters by selecting them with resonant excitation. This facility is closely linked to the 

previously mentioned symmetry properties of diamond SiV- color centers[8]. Figure 2.9(a) 

presented the molecular configuration of a SiV- center in diamond. Figure 2.9(b) shows the 

four emission peaks labeled as A, B, C, and D, where C and D correspond to the intensive ones 

(Figure 2.9(c)). The transition C of two SiV- color centers are chosen for two-photon 

interference measurement.  

     As the SiV- centers’ optical transitions are insensitive to the electric field, the authors found 

two emitters with perfect spectral overlap among massive centers created via ion implantation. 

Figure 2.10(a) and (b) show two emitters situated 30 m away with an emission wavelength 

difference of 42 MHz. Their linewidth is about 100 MHz (as shown in Figure 2.10(c)), which 

is comparable with the lifetime transform-limited linewidth (94 MHz). The emission of two 

sources is tuned to impinge simultaneously on a beam splitter to perform a two-photon 

interference experiment (HOM experiment). The second-order correlation of two outputs of 

the beam splitting is further estimated by controlling the emitters’ polarization with polarizers. 

The g(2)() measurement in Figure 2.10(d) shows both the distinguishable and indistinguishable 

emission cases. When indistinguishable (identical polarization), a dip of 0.25 (pink data) is 

obtained; likewise, a shallow dip (green data) of 0.75 is associated with the other case 

(orthogonal polarization). 
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Figure 2.10: Two indistinguishable SiV- SPEs (a, b) with their corresponding coordinates 

shown. (c) Resonant laser determined emission spectra of SiVI and SiVII centers. (d) HOM 

interference experiment. The g(2)() is measured when polarizations of both emitters are 

identical (pink data) and are orthogonal (green data)[8]. Reproduced with permission [8]. 

Copyright 2014, American Physical Society. 

2.3.3 Manipulation of orbital and spin states of group IV split vacancy centers 

The ability to initialize, manipulate, and readout of a spin state is the key to realizing quantum 

applications like quantum computation and quantum sensing. During the last decades, people 

have demonstrated the coherent manipulation of both the orbit and spin degrees of freedom of 

SiV-[41, 45-48] and GeV-[43] centers in diamond. The study of SnV- and PbV- centers lagged 

because their controllable generation is much later than the other two defects. People have 

demonstrated all-optical manipulation of the SiV- emitters’ orbital and spin states and have 

estimated the spin properties of SiV- and GeV- centers with optical and microwave pulses.  

2.3.2.1 All-optical manipulation of the SiV- center orbital states 

Figure 2.11(a) and (b) show the coherent manipulation of a SiV- center by resonantly driving 

the transition C and B with different pulse laser areas (labeling refers to Figure 2.9). In practice, 

the laser pulse length is fixed to be 12 ps, while the laser power could be changed to reach 

different rotation angles. As shown, it is possible to coherently rotate the transition C up to 10 

and more than 6 for transition B. Known the -pulse area, the authors perform Ramsey 

interference experiment with these two transitions to estimate the coherence time of excited 

states. The interference envelops with respect to varied pulse areas are shown in Figure 2.11(c), 

from which the coherence times of the two corresponding excited states are extracted. The 

coherence time is about 1 ns for the lower excited state and is about 0.4 ns for the upper excited 



36 
 

state. The coherence time limiting factors for the two transitions are different: the lower excited 

state coherence time is limited by the orbital lifetime (1.85 ns), while the upper excited state 

one is attributed to the fast decay from the upper excited state to the lower excited state (0.4 

ns). Given the picosecond pulse length, this coherence time may permit hundreds to 

thousands of gate operations[9]. 

 

 

 

Figure 2.11: Coherent manipulation of SiV- center orbital states. Optical one photon Rabi 

oscillations for picosecond laser pulses resonant with (a) transition C and (b) transition B 

(Labelling refers to Figure 2.8). (c) Optical one photon Ramsey interferences for transition C 

(blue) and transition B (red). (d) Extracted Ramsey interference fringe amplitude with varying 

pulse delay (blue for transition C and red for transition B). The excited state coherence times 

(T2
*) are extracted from the decay (T2

* = 1044 ps for transition C and T2
*= 398 ps for transition 

B)[9]. Reproduced under the terms of a creative commons CC-BY international license [9]. 

Copyright 2016, The Authors, published by Springer Nature. 

2.3.2.2 All-optical manipulation of the SiV- center spin states 

 

As the previous section shows, the short excited states lifetime imposes an upper limit on the 

coherence time of the studied states. A better choice for applications like quantum memory 

is the utilization of ground spin states. Several groups have demonstrated the all-optical 

manipulation of SiV- center spins in diamond. They also estimated the spin coherence time 

with either the coherent population trapping (CPT)[41, 46] or the optical Hahn Echo 

measurement[49]. 
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     To get access to the spin degree of freedom, an external magnetic with a proper direction to 

the SiV- center symmetry axis should be applied. Figure 2.12(a) shows four simplified spin 

levels, with the upper two corresponding to the excited state and the lower two to the ground 

state. A laser resonant with the transition D1 is applied to prepare the electron into the ground 

spin-up sublevel. The population on this spin-up state could be read out with a D2 resonant 

pulse.  As shown in Figure 2.12(a), a higher photoluminescence intensity is observed if there 

is D1 before the D2 reading pulse. The estimated spin initialization fidelity is about 78%. By 

varying the dark interval between D1 and D2, it is also possible to estimate the ground 

state orbital lifetime, which is inversely proportional to the temperature (Figure 2.12(a)). 

With such a -scheme composed of a common excited state and two ground states of 

orthogonal spin states, it is possible to prepare a dark superposition state of spin-up and spin-

down ground states. The dip width of the spectrum could estimate the coherence between the 

two ground states. A dip width of 4.5 MHz is extracted by eliminating the power broadening 

effect, which equals a spin coherence time of T2
* = 35 ns (Figure 2.12(b)). This value is limited 

by the phonon bath or the ground state orbital lifetime. In turn, this short spin dephasing 

time requires the research on group IV centers whose DGS has a larger splitting. With the 

CPT experiment, the author observed the 29Si nuclear spin-induced fine structure (shown in 

Figure 2.12(c)). Similar work could be found in [41]. 

 

 

 

Figure 2.12: All-optical initialization and coherent preparation of SiV- spins in diamond. (a) 

Initialization of SiV- spins (up). Estimated spin polarization ratio (middle) and orbital lifetime 

(down). (b) Preparation of coherent dark states. The spin coherence time is extracted from the 

dip width T2
* = 35 ns. (c) Nuclear spins induced double dip[46]. Reproduced with permission 

[46]. Copyright 2014, American Physical Society. 
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      In 2018, Jonas et al. explored the ground spin coherence properties by lifting the phonon-

induced limitation (sample is cooled down to 40 mK). The coherence properties are then 

studied by employing optical Rabi, Ramsey, and spin-echo measurement[49]. Nevertheless, the 

T2
* is merely about 29 ns at 40 mK and 20 ns at 3.7 K, comparable with the previous case at 

3.7 K. The author analyzed the spin coherence at a different temperature, based on which they 

attribute the residual decoherence source to electron spin bath[49]. This spin bath is related to 

the residual N impurity centers (P1 centers). 

2.3.2.3 Manipulation of the GeV- center spin states with microwave 

 

Figure 2.13:  Microwave manipulation of a GeV- center[43]. (a) Spin sublevel of the GeV- 

center. 1A 1B refers to ground spin sublevels and 3A excited spin sublevel. The spin is initialized 

into 1B with a laser resonant with the transition from 1A to 3A. (b) Microwave-assisted spin-flip 

from 1B to 1A. (c) Strong laser pumping induced the Autler-Townes effect. The 1A sublevel 

splitting is resolved with microwave sweeping. Reproduced with permission [43]. Copyright 

2017, American Physical Society. 

Upon applying an external static magnetic field, the energy difference between the spin-up and 

spin-down sublevels generally ranges from MHz to GHz. This is just within the microwave 

frequency range. Hence, apart from the previously mentioned all-optical spin manipulation, 

another feasible approach is the microwave. A representative work on the optical and 

microwave manipulation of the GeV- center spin is shown in Figure 2.13. The degenerated 

ground spin doublet is first lifted by applying an external magnetic field. The system could be 

initialized by a resonant excitation, namely the 1A-3A transition (Figure 2.13(a)). The exact 

energy split between 1A and 1B is resolved by sweeping the microwave frequency. A peak is 
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observed when the microwave frequency is resonant with the 1A-1B transition (Figure 2.13(b)). 

Upon high laser power resonant excitation, the 1A-3A levels will be further split by the electric 

field into two dressed states, respectively. Figure 2.13(c) shows that spin flipped transitions 

from 1A doublet to 1B are well resolved. To learn the spin dynamics, microwave pulse 

sequences like Rabi, Ramsey, Hahn Echo, and Carr-Purcell-Meiboom-Gill (CPMG) should be 

employed. The related work could be found in[50].  

2.3.4 Integration into diamond nanostructures 

 
 

Figure 2.14: Optical properties of a SiV- color center residing in diamond 

nanostructures[11]. (a) Scanning electron images of six nanobeam waveguides. (b) 2D 

confocal mapping of SiV- color centers’ emission. (c) The linewidth of a representative SiV- 

center inside a nonwaveguide. (d) Spectral diffusion of the emitter in (c). Reproduced with 

permission [11]. Copyright 2016, American Physical Society. 

In the past decades, nanofabrication techniques for diamond have been mastered with the 

combined efforts of the whole color center community. Nanostructures like micro-ring 

cavity[51], nanobeam cavity[52], photonic crystal cavity[53] have been fabricated to boost the 

light-matter interaction. Meanwhile, incorporating color centers into nanostructure will benefit 

the fabrication of quantum photonic integrated circuits. The group IV color centers, benefiting 

from their robust optical transitions, are better candidates for nanostructures-based quantum 

devices than the diamond NV- center system. Lukin's group did systematic work on the 

demonstration of scalable quantum networks with group IV color centers in diamond [42, 52, 54]. 
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     The optical linewidth of an emitter is crucial since it reflects the achievable coherence 

time of an excited state. Ideally, the linewidth should be lifetime limited. Nevertheless, atomic 

defects in solid are not isolated from the host. As a result, the emission linewidth is 

determined by both the homogeneous and inhomogeneous broadening processes. While 

the previous one is determined by the direct photon emission and the dephasing in the excited 

states, the latter is related to the local strain and the fluctuating electrical field. For example, 

the lifetime limited linewidth for diamond NV- centers is estimated to be 14 MHz, but the 

observed linewidth is 10 times[55] broader for NV- centers in bulk diamond and 100-200 times[56] 

broader for NV- centers in diamond nanostructures. Thus, it is challenging to employ 

diamond NV- centers for scalable nanophononics. However, it is worth mentioning that the 

second broadening process could be mitigated by using a proper sample preparation protocol 

and a suitable defect. In terms of the strain, it is possible to create a low-strain environment for 

defects by either producing defects during CVD growth or relaxing the strain with a proper 

annealing protocol [11, 55]. Regarding the fluctuating electric field, one needs to seek for 

defects that exhibit vanished static electric dipole moments.  

    As shown in Figure 2.14, Si+ ions are implanted into nanobeam waveguides (Figure 2.14(a)) 

and SiV- centers are activated upon high-temperature annealing (bright spots in Figure 2.14(b)). 

The typical optical linewidth without phonon broadening is about 240 MHz (Figure 2.14(c)), 

which is comparable to SiV- in bulk diamond[11]. Compared to diamond NV- centers, the 

emission wavelength of the investigated SiV- center in diamond nanostructure shows a slow 

spectral diffusion (Figure 2.14(d)). In this regard, the group IV split vacancy centers are 

promising candidates for the quantum photonic integrated chips. The capability of 

maintaining SiV- centers’ optical properties in diamond nanostructures has indeed 

promised the following work quantum nonlinear optics with GeV- centers[57], quantum 

entanglement between two SiV- centers[54], etc. 

2.4 Defects in silicon carbide 

2.4.1 Simplified energy structures of axial VV0 centers and VSi
- centers in 4H-SiC 

 

In contrast to color centers in diamond, most defects discovered or created in SiC show 

emission in the near IR ranges. The most studied defects in SiC are VSi
-, VV0, and NCVSi

-[58-63] 

color centers. While the ZPLs of VSi
- centers are less than 1000 nm,[62, 63] the latter two give 

ZPLs ranging from 1000 to 1300 nm.[4, 64] There are some similarities between the latter two 

defects in SiC and NCVSi
- centers in diamond:  
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(A) These defects have different charge states. Both NV- and NV0 centers in diamond are 

reported to give emissions in the visible range. By comparison, NCVSi
- and VV0 centers in SiC 

give emission in the IR range, while it is unclear if the other charge states of them are optically 

active.  

(B) NCVSi
- and VV0 centers in SiC have similar defect energy structures as NV- centers in 

diamond. They have a triplet ground state, a triplet excited state, and a singlet metastable state. 

Electron spin of all defects (VSi
-, VV0, and NCVSi

- in SiC) could be polarized with an off-

resonant optical excitation.  

     The energy level model is always a helpful picturized method for explaining an atomic 

defect system's optical, electrical response. To get the full picture of the energy structure, 

people resort to the ab-initio calculation and the experimental tools, including resonant 

excitation, microwave sweeping, and electron paramagnetic resonance measurement (EPR). 

Regarding VSi
-, VV0, and NCVSi

- centers in SiC, people always draw experience from the 

diamond NV- centers system. Both VV0 and NCVSi
- centers in SiC have triplet ground and 

triplet excited states. There is a non-radiative channel (singlets) that helps the spin polarization 

(Figure 2.15(a)).  VSi
- centers in 4H-SiC have S = 3/2 for the excited and ground states. The ms 

= ±1/2 and ms = ±3/2 sublevels are slightly split by 2Ds = 9 MHz for ground states and 2De = 

980 MHz for excited states[65] (Figure 2.15(b)). Similarly, there is a non-radiative channel-

assisted spin polarization into S = 1/2. 

 

Figure 2.15: Simplified electronic fine structure for (a) axial VV0[61] and (b) VSi
- (V1)[65] 

defects in SiC. (a) Reproduced with permission [61]. Copyright 2017, American Physical 

Society. (b) Reproduced under the terms of a creative commons CC-BY international license 

[65]. Copyright 2019, The Authors, published by Springer Nature. 

     The picture shown in Figure 2.15 facilitates understanding the spin-polarization process in 

the three systems when exposed to non-resonant excitation. However, it is worth 
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mentioning that the degeneracy of the orbital state should be considered when the defects 

are under resonant excitation.  Taking VV0 centers as an example, they have S = 1 orbital 

singlet ground state and orbital doublet excited state. In terms of VSi
- centers, one can just 

consider the spin conserving transition between the ground and excited states shown in Figure 

2.15(b), as the extra excited state is too far away (this state is shown as a transition named V1’ 

which is 2.3 nm shorter than the V1 transition).  

    Figure 2.16 shows the experimentally resolved excited state fine structure of 4H- and 3C-

SiC VV0 centers. Given the similarity between the VV0 and NCVSi
- centers, this energy 

structure, and its characterization method could also be applied to the SiC NCVSi
- centers. 

Figure 2.16(a) shows the energy structure of both the excited state and the ground state. To 

resolve the fine structure (shown in Figure 2.16(b)), a constant microwave resonant with the 

ground state splitting should be applied to avoid spin polarization. Not only the fine structure 

is resolved, but it is also possible to estimate the strain by considering the two transitions: |0>-

ground state to |Ex> and |Ey> excited states. 

 

Figure 2.16: Excited-state fine structure of 4H- and 3C-SiC VV0 centers[61]. (a) Excited-

state energy level evolution with decreased perturbations: spin-orbit coupling, spin-spin 

interaction, and strain. The excited orbital doublets permit 6 spin-conserving transitions at a 

low strain regime. (b) The resonant excitation resolved 6 transitions from which a transverse 

strain of 7 GHz is resolved. Reproduced with permission [61]. Copyright 2017, American 

Physical Society. 

2.4.2 Single-photon emission of SiC color centers  

SPSs in SiC are ready to be fabricated by carefully choosing the host and the implantation 

sources (dose, energy, etc.)[2]. SiC is a binary compound material. This gives rise to two 

different Si and C atoms environments in 4H- and 6H-SiC, namely h and k sites. If the vacancy-

vacancy or atom-vacancy replaced both h or k sites, it forms axial centers; otherwise, it 
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generates basal centers. For one defect type (for example, the VV0), the number of site-specific 

defect types depends on the SiC polytype: one in 3C-SiC, four in 4H-SiC, and six in 6H-SiC.[32]  

     For the VV0 case, fabrication of a single defect (denoted as PL1 to PL4) has been done via 

electron and carbon implantation into the commercially available substrate. The saturation 

counts for PL1 to PL4 are about 27 kcps and the excited state lifetimes are near 14 ns[61, 66]. 

The emission from a single NCVSi
- center in 4H-SiC (fabricated via nitrogen ions implantation) 

has also been reported[25, 66]. Its emission count rate is 27 kcps with a lifetime of 2.7 ns. Both 

axial and basal centers show polarized emission, with a higher degree of polarization for axial 

centers[67, 68]. Additionally, single VV centers in 3C-SiC have also been generated. However, 

the substrate employed is not a commercial but a laboratory-grown one[61].  

2.4.3 Room temperature coherent manipulation of VV0 centers in 4H-SiC 

 

 

Figure 2.17: Room temperature ensemble spin control[32]. ODMR in (a) 4H-SiC and (b) 

6H-SiC with and without external magnetic field. (c) Rabi driving of PL5 centers in 4H-SiC, 

QL2 centers in 6H-SiC, and VV centers in 3C-SiC. Hanh-echo measurements of ensemble spin 

in (d) 4H-SiC and (e) 6H-SiC. Reproduced under the terms of a creative commons CC-BY 

international license [32]. Copyright 2013, The Authors, published by Springer Nature. 

The VV0 centers and NCVSi
- centers in SiC are not as bright as GaN emitters, which may 

prevent their use in applications like QKD. Nevertheless, they are suitable for other 

applications for which the spin degree of freedom is exploited. As shown in Figure 2.17(a) and 

(b), VV0 centers ensembles in 4H- and 6H-SiC could be spin-polarized with off-resonant 

excitation. The coherent manipulation of VV0[24] and NCVSi
-[66] spin ensembles in 4H-SiC had 
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been realized at room temperature (Figure 2.17(c)). The reported coherence time (T2) of VV0 

ensembles in 4H-SiC without dynamic decoupling is hundreds of microseconds (Figure 

2.17(d))[24, 32], which are comparable to the diamond NV- ensembles[69]. This coherence time is 

almost one order longer than the latter reported value for VV0 in 3C and 6H-SiC (Figure 

2.17(e)). The progress in SiC NCVSi
- centers, however, is lagged. Early studies on SiC NCVSi

-

centers were on the generation of NCVSi
- ensembles and their low-temperature EPR 

characterization, which led to the association of distinct NCVSi
- centers to their zero-field 

splitting parameters[34, 70-72].  

2.4.4 Indistinguishable photon generation from VSi
-centers in 4H-SiC 

 

 

Figure 2.18: Indistinguishable photon generation from VSi
- centers in SiC[12]. (a) Molecular 

configuration of h-site VSi
- in 4H-SiC. (b) Two spin conserving transitions from the lower 

excited state to the ground state (A1 for S = 1/2 A2 for S = 3/2). (c) Fabry-Perot cavity resolved 

emission linewidths. (d) Indistinguishable photon emission from a VSi
- center in SiC. 

Reproduced under the terms of a creative commons CC-BY international license [12]. 

Copyright 2020, The Authors, published by Springer Nature. 

As a candidate for the spin-photon interface, one prerequisite requirement is to generate 

indistinguishable emissions. People have demonstrated this with diamond NV- centers[73] and 

diamond VSi
- centers[8]. For both systems, people chose two separated emitters to demonstrate 

this. In the SiC color centers community, Naoya et al. demonstrated the indistinguishability 

among a train of photons emitted by a VSi
- emitter[12]. The authors chose one emission branch 

of an h-site emitter (Figure 2-18(a) and (b)). The sample is carefully prepared so that the 
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emission linewidths are not broadened by strain. The Fabry-cavity resolved linewidths are just 

2 times of the lifetime transformed linewidth (Figure 2-18(c)). The HOM experiment is then 

performed with a train of photons associated with A1 transition. As shown in Figure 2-18(d), 

the spectrum associated with the HOM experiment shows a weak peak at zero- time delay. The 

relative intensity among the five peaks satisfies the well-known ratio of 1 : 2 : 0 : 2 : 1. The 

estimated HOM interference visibility is about 0.69, which is comparable to the quantum dots 

results. 

2.4.5 Electrical and optical control of single VV0 center spins in 4H-SiC 

 

 

Figure 2.19: Electrical and optical control of VV0 centers[13]. (a) VV0 centers reside in a 

PIN junction. The sample could be controlled with an electric field and microwave. A single 

VV0 emitter (marked in a red circle) is isolated by confocal microscopy. (b) Resonant excitation 

resolved fine energy levels at different reverse biases. (c) Electric field assisted emission 

wavelength tunning for three emitters (red for kk, blue for hh, and yellow for kh). (d) Three 

emitters at different depths in the i-layer. Reproduced with permission [13]. Copyright 2019, 

American Association for the Advancement of Science. 

One evident advantage of employing the SiC as a color center host over the diamond 

counterpart is the feasibility of doping. In return, it is easy to fabricate SiC PIN junctions[13, 74]. 

This PIN structure enables the manipulation of color centers with electric fields. As shown in 

Figure 2.19(a), VV0 centers are generated with electron implantation in the i-layer of 4H-SiC. 

On top of the p-layer, electrical pads and microwave guides provide electrical and microwave 

control over the isolated emitters.  
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     It was found that the optical properties of the VV0 centers could be optimized by applying 

a reverse bias. Firstly, the transition linewidths get narrower when a reverse bias surpasses a 

threshold voltage of 70 V (Figure 2.19(b)), starting with 1 GHz and reaching a lifetime limited 

linewidth (orange lines). On the other hand, the emission wavelength could be tuned up to 1 

THz, which is limited by the applicable voltage source (Figure 2.19(c) blue line). Figure 2.19(c) 

show the wavelength tuning range for three emitters situated at different depth of the i-layer 

(Figure 2.19(d)). Benefiting from these two aspects, one can expect to realize 

indistinguishable emissions from different VV0 emitters. 

2.5 Contributions of this work in the context of literature 

The purpose of this study starts with answering the two pending problems raised during the 

study of diamond NV- centers. To give a satisfying answer to these two questions mentioned 

in Chapter 1 requires the combined efforts of the whole color centers community, including 

ab-initio calculation, defects generation, defects characterization, single defect manipulation, 

gate demonstration, and so on. The major contributions of this thesis to the research area are 

as follows: 

(A) The progress in the SiV- center in diamond demonstrated itself as a promising platform for 

quantum communication and scalable quantum network applications. However, the SiV- 

spins are coupled to phonon bath, limiting the spin coherence time. The SiV- center should 

work at 100 mK range to suppress the phonon interaction. To relax this critical temperature 

limitation, group IV defects with greater GS are preferred. In this regard, we first reported 

the other charge state of GeV centers and investigated their optical properties. We first 

observed a single GeV- center system whose behavior is determined by a typical GeV- 

center energy structure plus a dark state. By investigating this system, we found it is 

possible to suppress the impact of the dark state on the GeV- center emission by applying 

weak off-resonant excitation. More importantly, we found that the coherence between the 

ground and excited state is maintained even with the presence of the dark state, proving 

that the GeV- center is a robust spin-photon interface. 

(B) The progress of the VV0 center in SiC is inspiring since it provides new approaches to 

optimize the optical and spin properties of VV0 centers thanks to the host. However, their 

ZPLs are still not falling in the telecom window. The NCVSi
- centers in SiC exhibit longer 

emission wavelengths than the VV0 centers. However, the study of NCVSi
- centers in SiC 

was limited to the EPR method. Here, we, on the one hand, demonstrated the single NCVSi
- 
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emitters generation. On the other hand, we systematically characterized the ground state 

zero-field splitting parameters associated with each kind of  NCVSi
- center, so did we resolve 

the hyperfine interaction between electron spins and 14N nuclear spins. Both laid a 

foundation for further study. Besides, we demonstrated the coherent manipulation of NCVSi
- 

centers, showing SiC NCVSi
- centers a potential spin-photon interface platform. 
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Chapter III Optical Gating of Resonance Fluorescence from a 

Single Germanium Vacancy Color Center in Diamond 

The application of color centers in quantum networks demands the coherent excitation of 

quantum emitters. Nevertheless, many solid-state systems could enter in a dark state which 

inhibits the emission. In this chapter, I show our observation of the dark state in the diamond 

GeV- center system upon resonant excitation. I present that the resonance fluorescence of the 

single GeV- center could be recovered and amplified by employing an additional gating laser. 

With this gating laser, the GeV- centers exhibit stable resonance fluorescence, proving diamond 

GeV- centers as reliable building blocks for quantum networks applications. I further present 

the investigation and simulation of the systems’ dynamical behavior upon pulsed laser 

excitation [1]. 
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3.1 Introduction 

The coherent control and manipulation of  “Atomic-like” systems are of great importance for 

future quantum network applications[2, 3]. Recently, the group IV split vacancy centers like SiV-

[4] or the GeV-[5-10] have attracted much attention since they have an inversion symmetry[11]. 

Therefore the optical transitions of these centers are not sensitive to the electric-field 

fluctuation, promising narrow emission linewidths and indistinguishable emissions of 

separated emitters[12]. Moreover, compared to diamond NV- centers, these systems have a high 

Deby-Waller factor[6, 13], i.e., a large concentration of photons is emitted coherently. This 

makes the resonance fluorescence of group IV centers appealing for quantum applications 

including quantum communication[14], quantum teleportation[15], and entanglement 

swapping[16]. 

     Unfortunately, these group IV split vacancy centers might undergo a nonradiative transition 

to a dark state under resonant excitation, leading to a quenched resonance fluorescence (RF). 

Regarding the diamond NV- centers[17], similar behavior has been reported and the underlying 

mechanism is attributed to a charge state conversion from the negative to neutral state[18, 19]. 

This detrimental process leads to diminished photon emission under resonant excitation, 

hindering the applications like single-shot spin readout[20, 21], and quantum network[22]. In this 

Chapter, I report the quenched RF behavior of the GeV- centers. Fortunately, the quenched RF 

could be switched on by using a week 532 nm nonresonant laser but not introducing any 

additional spectral diffusion on the emitter. This nonresonant laser gate controlled the RF of 

the emitter, which could be modeled by a three-level model including a ground state, an excited 

state, and a dark state. 

3.2 Experimental settings 

3.2.1 Sample preparation 

The GeV- center is generated by Ge+ ions implantation into an electronic grade diamond (Type 

IIa). The pristine host was first washed in hot Piranha acid for one hour (150℃ 3 : 1 = H2SO2 : 

H2O2). After cleaning, the diamond substrate was coated with a 10 nm Gold/Palladium film by 

sputter coating so as to mitigate charges during the following fabrications. The solid immersion 

lens (SILs) are developed by using Ga+ ions beam milling (30 kV, 7 nA). The resulted SILs 

have approximately a diameter of 5 µm (A representative SIL is shown in Figure 3.1(c)). The 

Au/Pd film was then etched out with Aqua Regia (100 ℃ 3 : 1 = HCl : HNO3) to allow the 
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following high energy Ge4+ ion implantation (7 MeV, fluence of 5 ×1010 cm−2, current of 1.5 

nA). The diamond host was again cleaned in hot Piranha Acid. The sample is subsequently 

annealed in high vacuum (2 × 10−6 mbar) at 900℃ for 2 hours. After annealing, there are 

approximately 3 to 5 GeV- centers per SIL. 

 

 

Figure 3.1[1]: (a) Experimental setup. BS, 50:50 nonpolarizing beam splitter; AOM, acousto-

optic modulator; S, sample; Obj, objective; F, spectral filter; SPAD, single-photon avalanche 

detector. Inset, schematic of a GeV- center. (b) A representative PL spectrum of GeV- color 

center at 5 K, which is excited nonresonantly by a 532 nm laser (Power of 0.4 mW (0.06P1)). 

The integration time is 5 s. The orange dots are the raw data while the purple line refers to the 

fitting with four Gaussian functions. The Gaussian peaks are labeled as A, B, C, and D. Inset, 

the energy structure of the GeV- center associated with the four transitions. The GS and ES 

splitting are indicated according to the fitting results. (c) Scanning electron microscope imaging 

of the investigated SIL. The scale bar is 3 μm. (d) The g(2)() of the GeV- center under 

nonresonant excitation (532 nm, ∼1 mW) at room temperature. An antibunching dip of g(2)() 

= 0.17 ± 0.03 is obtained with a two-level model fitting. Reproduced with permission [1]. 

Copyright 2019, American Physical Society. 

3.2.2 Experimental setup 

In this study, a home-built confocal microscope was used to perform all the optical 

measurements (Figure 3.1(a)). The sample is loaded into a closed-cycle helium-flow Montana 
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Cryostation at 5 K. The sample position is controlled with a low-temperature XYZ piezo 

stepper stage which allows us to move the desired SIL to the focal point of the objective (NA 

= 0.9). A 532 nm laser is used for the nonresonant excitation of the GeV- center, and gating of 

RF after passing through an acousto-optic modulator (AOM). For the photoluminescence 

excitation experiment, a tunable continuous wave (CW) laser is employed to address the GeV- 

center resonantly. The collection arm of the confocal microscope is equipped with a series of 

filters which promised different measurement purposes: a 600 ± 7 nm bandpass filter is used 

in PL spectrum characterization (only ZPL is detected) while a 650 ± 20 nm bandpass filter is 

employed in the PLE and gating experiment (only PSB is collected). 

3.2.3 Single GeV- emitter identification 

The GeV- center exhibit the molecular configuration shown in Figure 3.1 (a), in which two 

vacancies replaced two bonded carbon sites while the Ge atom is located at the center of these 

two vacancies. Due to this molecular configuration, the GeV- center has a D3d symmetry. Both 

the ground state (2Eg) and excited state (2Eu) of the GeV- center are orbital doublets that are 

split with different splitting energy (GS and ES) due to the strong spin-orbit coupling[23], 

giving a typical four-line structure in the ZPL emission spectrum (Figure 3.1(b)). Each orbital 

level includes two degenerated spin sublevels whose degeneracy could be lifted by applying 

an external magnetic field. A single photon emitter is firstly identified with the nonresonant 

excitation for the following investigation (Figure 3.1(d)). 

3.3 Optical gating of resonance fluorescence with a nonresonant laser 

The gating effect is observed for both the transitions C and D. As compared in Figure 3.2(a), 

the PLE spectra for both transitions can only be detected when the gating laser is on, from 

which the linewidth of the emissions could be determined. Compared to the gating-off case, 

the emission is enhanced by about 500 times when the gating laser is on (Figure 3.2B). 

However, the gating laser power is just ∼10−4 of non-resonant saturation power P1 =  6.8 ± 0.1 

mW (see APPENDIX Figure A1(b)). There is no detectable emission if the resonant laser is 

turning off while keeping the gating laser is on (Figure 3.2b right panel). Hence, the main role 

of the gating laser is to switch ON and OFF the RF of the emitter. Besides the 532 nm laser, 

the 405 nm laser could play the same gating role (Figure 3.2(a) purple curve). 

     To realize all-optical manipulation of the orbital states of defects, the states are often 

prepared into an orbital level by optical pumping. As presented in Chapter 2, the ground state 
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orbital relaxation time (T1
orbital) is about 20 ns[24]. However, this lifetime is orders of magnitude 

faster than the gating dynamics investigated here. Hence, our observations could not be 

explained by the possible optical pumping between two ground states. Instead, a long-live dark 

state to account for the observation is introduced here. As shown in Figure 3.2(c), there is a 

bunching plateau range from s to ms range in the second-order correlation function 

measurement. The presence of the bunching plateau, along with the stochastic jumping of the 

RF shown in the inset of Figure 3.2(c) [25, 26], both evidence suggested the presence of a dark 

state. 

 
Figure 3.2[1]: Photoluminescence excitation spectra of transitions C (left) and D (right) when 

the gating laser is off (blue) and on (orange). The orange line refers to a gating laser at 532 nm 

while the purple at 405 nm. These curves are detuned from 602.2903 and 602.4828 nm for C 

and D, respectively. (b) Time-resolved RF intensity of C-transition when gating off (blue) and 

on (orange). Right, PL intensity under merely gating laser excitation. The dark count has been 

subtracted. The binsize is 100 ms. (c) g(2)()  of the GeV- center when C-transition is resonantly 

pumped. g(2)(0) = 0.07. The oscillating signal near 5 ns is related to Rabi oscillation. Inset, 

stochastic emission of the transition C under resonant excitation. The binsize is 33 μs. (d) Rabi 

oscillations of C-transition under pulsed resonant excitation. The red curve is the fitting with a 

two-level mode (details in APPENDIX A). Inset, the Rabi frequency verse the square root of 

the resonant power along with a linear fit (red line). The resonant power in (a) and (b) is 200 

nW, 300 nW in (c), and 2.4 μW in (d). The gating power is set to 1.2 μW (1.8 × 10−4 P1) for 

all. Reproduced with permission [1]. Copyright 2019, American Physical Society. 

 

Interestingly, regardless of the dark state, it is still possible to coherently control the ground 

and excited states, as demonstrated by the Rabi experiment. From the Rabi oscillations of the 

transitions C in Figure 3.2(d), the extracted dephasing time is about 366 ± 20 ps. This implies 
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that the coherence between the ground and excited states could be maintained for the hundreds 

ps range. During the experiment, multiple peaks around the transition C are observed [see 

APPENDIX Figure A5(a)] which may be associated with transitions of nearby GeV- centers. 

By contrast, there is a single peak near transition D. To simplify the following investigation, I 

focused on transition D for the photo-dynamics study. 

3.4 Photodynamics of the GeV- center  

 
 

Figure 3.3[1]: 2-dimensional mapping of the normalized PLE spectra by tunning either the 

resonant excitation power (a) or the gating laser power (e). The normalization count for is 10 

kcnt/s (a) and 4 kcnt/s (e). Gating power in (a), 7 × 10−5P1; resonant power in (e), 0.35 P0. (b) 

and (f) are the center emission frequency ν0 of each line in (a) and (e), extracted from 

Lorentzian fitting. The shadow area indicated the standard deviation of ν0, giving (b) σ ∼ 50 

MHz, and (f) σ ∼ 25 MHz. (c) and (g) are the Lorentzian linewidth Δν of each spectrum in (a) 

and (e). (d) Resonant-power dependence of RF, measured by setting the resonant laser at zero 

detuning. (h) Gating-power dependence of RF (blue), evaluated by subtracting the background 

from the maximum count rate of each line in (e). Background count rate (red) is measured at a 

far detuning of ∼10 GHz. Reproduced with permission [1]. Copyright 2019, American Physical 

Society. 

To investigate the underlying photodynamics, the study employed both the resonant (Figure 

3.3(a)) and gating (Figure 3.3(e)) power-dependent RF. Each PLE spectrum is fit with a 

Lorentzian function, from which the center transition frequency, the linewidth, and the counts 
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are determined. These extracted data are compared and analyzed in Figure 3.3. In detail, the 

center transition frequency remains the same at different resonant or gating laser power (Figure 

3.3 (b) and (f)), which is granted by the inversion symmetry of the GeV- center. As expected, 

the emission linewidth exhibits a power broadening (Figure 3.3(c)). However, the RF intensity 

under varied resonant power excitation exhibits an abnormal power dependence. There is a RF 

intensity drop at ∼3P0 (Figure 3.3(d)), where P0 = 1.15 ± 0.39 μW is the resonant saturation 

power and is obtained by using a pulse measurement scheme [details in APPENDIX A]. The 

observation of RF drop consolidated the presence of the dark state and suggests the opposite 

role of the resonant laser as compared to the gating laser. The resonant laser is likely to shelve 

the population into a dark state. Regarding the gating laser dependence, the PLE spectrum 

begins to recover as the gating power increases and finally stabilizes at ∼10−5P1 (Figure 3.3(e)). 

Even though this evolution, the C-transition exhibit the same transition energy (Figure 3.3(f)) 

and a constant excitation linewidth (Figure 3.3(g)). Again, these superior optical properties are 

closely related to the D3d symmetry of the center[24], which is in stark contrast to the NV- centers 

under non-resonant excitation[27]. Regarding the broad emission linewidth at a low gating 

power range (<10−6P1), it is attribute to the detuning-dependent shelving efficiency of the 

system. Considering a constant deshelving rate, the shelving is stronger when the excitation 

wavelength is less detuned. As a result, there is a flatterning of the PLE spectrum, reslting in a 

broader linewidth [see APPENDIX A] when the gating power is in the weak range. Similar 

linewidth broadening is observed in SiV- center system at millikelvin working temperature, for 

which the spin pumping is responsible for the shelving[28]. While the gating laser power 

increases, the gating laser-based dynamical rates are increased and would finally dominate the 

population dynamics over the resonant laser, thus resulting in a constant linewidth. When the 

gating laser power surpasses 10−3P1, the intensity of the RF begins to reduce along with an 

increase of the PLE background due to the non-resonant excitation (Figure 3.3(h)). At this 

phase, there is a competition between the non-resonant and resonant excitations. 

3.5 Gating and shelving dynamics - A phenomenological picture 

During the experiment, the resonant laser-induced shelving effect could be demonstrated by 

turning ON and OFF of the resonant laser while keeping the nonresonant always on. As shown 

in Figure 3.4(a), there is an immediate RF intensity decay after the resonant laser is ON, which 

revealed the shelving process. The instant peak intensity reflects the excited state population 

before being influenced by the shelving process. After a while of competing between the 
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shelving and deshelving process, the whole system enters into an equilibrium state and shows 

a plateau intensity. Based on these observations, a three-level model including a ground state 

(G), an excited state (E), and a dark state (D) is employed to simulate the photodynamics, as 

shown in Figure 3.4(b). In detail, the G population could be resonantly promoted to the E with 

a coupling strength of Ω. The E population could decay radiatively to the G via spontaneous 

decay process (a rate of Γsp) or could be shelved into the D via a nonradiative channel (a rate 

of kED). The gating laser would speed up the population exchange between G and D at rates of 

kDG and kGD. Employing this semiclassical picture, the time evolution of the system is described 

by the following master equation 
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(3.1)                        

where 𝜌𝐺 , 𝜌𝐸 , and 𝜌𝐷  are the time-dependent population in G, E, and D states. 𝜌𝐺𝐸  and 𝜌𝐸𝐺  are 

the coherence between G and E, Ω is the resonant Rabi frequency, 𝛤𝑠𝑝  is the spontaneous decay 

rate, and T2 is the coherence time of the excited state. It is worth mentioning that Equation (3-

1) has already incorporated the stimulated emission, which should play a nontrivial role in the 

population dynamics of the investigated system. From the steady-state solution of Equation (3-

1), the excitation linewidth is derived as equation (3-2). 

𝛥𝜈 =
1

𝜋𝑇2
√1+

𝛺2𝑇2

2(𝛤𝑠𝑝+𝑘𝐸𝐷)
(1 +

𝑘𝐸𝐷+𝑘𝐷𝐺

𝑘𝐷𝐺+𝑘𝐺𝐷
)              (3.2)                                                          

in the unit of linear frequency. The coherence time T2 could be estimated by assuming that the 

asymptotic linewidth at 0P0 in Figure 3.3(c) equals the linewidth estimated by using Equation 

(3-2) with Ω = 0. From Figure 3.3(c), a 1 GHz linewidth is determined and a coherence of  (T2) 

316  ± 20 ps is estimated. This figure agrees with the coherence time estimated from the Rabi 

experiment (Figure 3.2(d)). In practice, the detected RF fluorescence could be estimated as (3-

3) 

𝐼𝑃𝐿(𝑡) = 𝜂𝛤𝑠𝑝𝜌𝐸(𝑡) (3.3)                                                                                                             

where η = 9 × 10−5 is the overall efficiency which takes both the quantum yield of GeV- center 

[29] and the system detection efficiency into consideration [details in APPENDIX A].    
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Figure 3.4: Gating and shelving dynamics[1]. (a) Time-resolved PL by modulating the 

resonant beam while keeping a constant non-resonant power of 7 × 10−7P1. (b) Physical model. 

G, E, D, and M: ground, excited, dark, and metastable state; kGD, kDG, and kED: population 

transfer rates from G to D, D to G, and E to D. Ω: resonant Rabi frequency; Γsp = 1/T1 = 280 

MHz: spontaneous decay rate, determined by lifetime measurement [APPENDIX Figure A1]. 

Gray arrows indicate the possible physical processes underlying kED. (c) and (f) is the time-

resolved PL by modulating the gating laser power while (c) keeping a constant resonant power 

(0.9P0) or (f) a constant gating power (7 × 10−5P1). Black curves are the fittings by employing 

equation (3-3). (d) and (g) are the dynamical rates extracted from the fittings in (c) and (f), 

respectively. Dashed blue horizontal lines in (d) depict kED, representing its trivial non-

resonant-power dependence in this experiment. Solid straight lines in (d) are the fittings with 

𝑘𝐺𝐷
𝑜𝑛  = 3.5 × 106 × P0.96 (red) and 𝑘𝐷𝐺

𝑜𝑛  = 2.1 × 107 × P1.07 (purple), where P denotes the gating 

power in the unit of P1. (e) and (h) are the on-period steady-state population of the dark state 

𝜌𝐷
∞ and two-level system 𝜌𝐸

∞, evaluated by using the rates in (d) and (g), respectively. In (a), 

(c), and (f), raw data (orange dots) are vertically shifted for clarity, with the zero-intensity level 

indicated by the gray horizontal lines. Top panel: modulation protocol. Reproduced with 

permission [1]. Copyright 2019, American Physical Society. 

To obtain the dynamical gating and shelving rates, I perform another time-resolved experiment 

where the gating laser is modulated while the resonant laser is constantly turning on. In detail, 

the PL intensity shown in Figure 3.4(c) exhibits the same modulation pattern as the gating laser 

and shows a gating-power-dependent rising edge. According to the results in the last section, 

the gating laser would have little impact on 𝑘𝐸𝐷 . Hence, this rate is treated as a constant and is 

determined by a global fitting. It is found that the 𝑘𝐺𝐷 and 𝑘𝐷𝐺  rates increase linearly over the 

gating power (Figure 3.4(d)). This linear dependence suggests the shelving and deshelving 

process induced by the gating laser is a single photon process. As the gating power increases, 
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the population of the ground and excited states in the steady-state increases but also exhibits a 

saturation behavior (Figure 3.4(e)). 

     By comparison, the main impact of the resonant excitation at higher excitation powers is to 

accelerate the shelving process (kED), which in return reduced indirectly the kGD and kDG rates 

(Figure 3.4(g)). Particularly, the kED presents a saturation behavior that could be explained by 

considering a two-step shelving model. This two-step model is mediated by a metastable state 

M (gray arrows in Figure 3.4(b)). The first step describes the pumping (R) process from the 

excited state to the metastable state and is quantified by the kED. The second step involves a 

non-radiative decay from the metastable state to the dark state with a kHz decay rate of  Γ2. 

Here, while the rate of kED is resonant power dependent, the rate of Γ2 is not sensitive to the 

laser power. The presence of a maximum steady-state population 𝜌𝐸
∞ at several P0 in Figure 

3.4(h) implies that there is an optimal resonant power to maximize the RF intensity at a given 

gating power. 

3.6 Discussions and conclusions 

In the end, I discuss the possible photophysics of the GeV- centers by drawing experience from 

other systems which exhibit a similar behavior including NV- centers in diamond[18, 29] and 

InGaAs self-assembled quantum dots (QD)[30, 31]. For these two systems, the dark state is a 

different charge state of the emitter, neutrally charged NV center[32], and positively charged 

QD[25]. Hence, it is plausible to associate the dark state to another charge state of the GeV 

center (e.g. the neutral state)[23]. Among all the three systems, the RF gating could be achieved 

by using a small amount of gating laser. Regarding the NV centers and QDs, the gating laser 

produces a local free-charge carrier bath whose presence is in favor of the resonant excitation. 

Similarly, the GeV- system might share a similar mechanism. This could be substantiated with 

the following two observations: (1) both kDG and kGD (Figure 3.4(d)) exhibit a linear power 

dependence; (2) Both 405 and 532 nm laser provide identical gating efficiency (Figure 3.2(a)). 

However, these three systems do have some degree of difference regarding the shelving 

mechanism. In detail, there is no report of the shelving channel for QDs. The charge state 

conversion in the diamond NV centers involves a two-photon ionization or deionization 

process, leading to quadratic power dependence of the dynamical rates[18, 19]. By comparison, 

the two-step shelving of the GeV- center is mediated by a metastable state along with a 

nonradiative decay channel. Finally, the rates decrease of both kGD and kDG in Figure 3.4(g) are 

likely caused by the decreased free charge carrier density. This is because more charge traps in 
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the resonant laser illuminated area are created when the resonant laser power is stronger [details 

in APPENDIX A]. 

     In conclusion, the shelving effect of the resonant laser in GeV- centers and the deshelving 

effect of the gating laser are revealed. The underlying photodynamics of the shelving and 

deshelving processes could be quantitatively explained by introducing a dark state, though the 

nature of this dark state needs further investigation. This RF quenching is also observed in SnV- 

system and the RF is also recovered with this technique[33]. Hence, the gating phenomenon is 

a quite general technique in the color center community [see APPENDIX A]. The stabilized 

RF with gating laser is important for color center-based quantum information science including 

the demonstration of spin-photon entanglement[34, 35] and photon interferences[12]. 
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Chapter IV Observation of binary spectral jumps in color centers 

in diamond 

In Chapter III, I report the resonant laser excitation assisted state transition to a dark state in a 

GeV- center system. This transition is attributed to the complicated environment that the defects 

reside in. In this chapter, we report the observation of states conversion in Ge+ ions implanted 

diamond sample. The states conversion occurs within two emissive states upon non-resonant 

excitation. Thanks to the low jumping rates, the emission dynamics is directly monitored. The 

quadratic power dependence of the conversion rates suggests the quantum jumps are related to 

a two-photon ionization process. This work provides extra insights into the photodynamics of 

the spectral jumps on defect-based single-photon emitters hosted in wide-bandgap 

semiconductors[1].  
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4.1 Introduction 

During the past several decades, color centers in diamond have been extensively investigated 

from quantum applications[2, 3] including quantum sensing [4, 5], quantum communication[6], and 

quantum computing[7, 8]. Among these defects, the NV- center in diamond attracted the most 

attention[9], based on which the superior optical properties including lifetime limited linewidth 

emission[10]  and indistinguishable photon generation from different emitters[11] have been 

demonstrated. Nevertheless, NV- centers exhibit a small Debye-Waller (DW) factor due to 

strong electron-phonon interaction[12], and their emissions are sensitive to the fluctuating 

electrical field[13, 14]. Both drawbacks would have a negative impact on the application of NV- 

centers into quantum networks. By contrast, the negatively charged group IV split-vacancy 

centers in diamond (silicon-vacancy (SiV-)[15] and germanium-vacancy (GeV-)[16, 17] centers) 

exhibit superior optical properties[18-22] and long spin coherence time[23]. These emitters have 

high ZPL ratios and their emissions are less sensitive to the electrical field fluctuation thanks 

to the inversion symmetry of the defects’ molecular structures[24, 25]. Unlike the NV- centers in 

diamond, indistinguishable photon emission from two SiV- emitters has been demonstrated 

without using any spectral tunning method. 

     However, when these emitters are embedded into nanostructures and nanodiamonds, they 

might exhibit emission intermittency[26, 27] or spectral jumps[28-32]. Even though similar 

emission behaviors have been investigated on several low-dimensional systems, including 

nanorods, quantum dots, and molecules[26, 33, 34], the exact photophysical mechanism behind 

these color centers systems is still unknown and may exhibit some differences compared to the 

low-dimensional systems. For example, some group IV split vacancy centers show a narrow 

range spectral diffusion due to their low sensitivity to the fluctuations of the local electric field 

[35, 36] while the others exhibit emission wavelengths distributed within a wide range along with 

clear bimodular photon statistics[38]. However, there is no complete understanding of these 

phenomena till now. 

     In this Chapter, I present the observation of spectral jumps from single-photon emitters in 

diamond upon off-resonant excitation. The simultaneously recorded fluorescence from two 

blinking states exhibit a complete anti-correlation between them, proving both states are 

originated from the same defect which is confirmed to be a single photon emitter according to 

the g2 measurement. Given the stochastic nature of the spectral jumps, only two states are 

involved. Moreover, the jump rates between states exhibit a quadratic laser-power-dependence, 

suggesting the states conversion might be a two-photon ionization process. Along with 
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previous works[30, 37], this study demonstrates that fluorescence intermittency is a ubiquitous 

phenomenon in solid-state color centers systems, which is mostly associated with a photon-

induced ionization process. 

4.2 Experimental section 

4.2.1 Sample description 

The sample is an electronic grade diamond (Type-IIa [N] <1 ppb). To enhance the emitter 

emission collection, solid immersion lenses (SIL) with a radius of 2.5 μm are fabricated by 

using focused ion beam milling (Ga+, flux of 7 nA, 30 keV). After SILs fabrication, the 

diamond is cleaned with hot Piranha acid for one hour. Then the diamond substrate is exposed 

to a 7 MeV energy Ge4+ ions irradiation, which allows the generation of massive vacancies. To 

generate GeV- centers, the sample is annealed in a high vacuum (1 × 10-6 hPa) at 900 °C for 

two hours.  

4.2.2 Experimental setup 

The sample is loaded in a Montana cryostat. The sample could be moved in XYZ directions 

since an XYZ piezo-stepper is employed. To realize a 2D mapping, the incident laser beam 

path is controlled by an XY Galvo system. We used a 532 nm diode laser to excite the sample 

or a 513 nm pulsed laser to measure the lifetime. The fluorescence of the sample is collected 

with a single-mode fiber which could be guided to either a spectrometer for PL measurements 

or to an avalanche photon diode (APDs) for the count or time-tagged registration. A proper 

combination of a short pass and long-pass filter is used to suppress the laser scattering or to 

select a specific emission. 

4.3. Spectral jumps 

In the following section, the optical properties of the defects are mainly investigated at low 

temperatures (20 K). I first introduce the investigation of the emitter E1. As shown in Figure 

4.1(b), the emitter E1 exhibits a two-line structure (doublet) for both state A (red) and state B 

(blue). To prove whether both state A and state B belong to the same defect, a g2 measurement 

is conducted by using a 600 nm long-pass filter, i.e., the emissions from both states are 

registered. It turns out that both states belong to the same defect since an antibunching dip 

deeper than 0.5 is observed (Figure 5.1(c)). The data is fit with a two-level g2 function 
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𝑔(2)(𝜏) = 1 − 𝛼 × exp(−
|𝜏|

𝜏dip
) (4.1) 

where τdip and α represent the width and the depth of the antibunching dip, respectively. An 

antibunching dip of  g(2)(0) = 0.19 ± 0.02 is obtained without any background correction. This 

proves that these four lines belong to the same emitter which is a single defect. 

 

 

Figure 4.1: Spectral jump of an emitter E1[1]. (a) Cryostation equipped with confocal 

microscopy. (b) PL spectra of states “A” and “B” were acquired at two different times. The 

peak 1, 2 of the state “A” spectrum is coded in red, the peak 3, 4 of the state “B” is in blue. 

Both spectra are recorded at 20 K with an integration time of 0.5 s. (c) g2 measurement of the 

emitter E1. The dark dots represent the raw data without background correction. The red curve 

refers to the fit using a two-level model (equation (4.1)), giving a dip of g(2)(0) = 0.19 ± 0.02). 

(d) Consecutive and continuous acquisition of 250 spectra, with an exposure time of 0.5 s for 

each spectrum. Clear anti-correlation between state A and state B is observed. Reproduced with 

permission [1]. Copyright 2020, Wiley-VCH. 

     In Figure 4.1(b), the emission energy difference between the shorter and longer wavelengths 

is greater than 47 meV. Hence, this is unlikely related to the local strain or E-field fluctuations 

in the diamond[10, 29, 38, 39]. Moreover, the spectral splitting for the short wavelength pair is 6.7 

meV while that for the longer wavelength pair is 11.6 meV. Taking these observations into 

consideration, it might imply that the two doublets in Figure 5.1(b) belong to two different 

states but are associated with the same emitter. The spectral jumps indicate the states 

conversion between them. Hence, here the short-wavelength pair (peak 1 and 2) is assigned to 

state “A” of  E1, while the long-wavelength doublet (peak 3 and 4) to state “B”. To demonstrate 
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that there is no additional state involved, a series of spectra are recorded continuously and 

consecutively over 250 s, with an integration time of 0.5 s per frame. As shown in Figure 4.1 

(d), there is no simultaneous detection of both states, no additional states (dark or bright) is 

involved. Hence, the following spectral dynamics just take states “A” and “B” into 

consideration. 

4.4. Lifetime and temperature dependence 

 

 

Figure 4.2[1]: (a) Excited state of lifetimes of states “A” and “B” of the emitter E1. The lifetime 

is measured with a 513 nm pulsed laser under an average excitation power of 200 W. The 

emission of states “A” and “B” is selected by using a band-pass filter of 620 ± 7 nm and 640 ± 

7 nm respectively. The dot raw data are fit with a single exponential decay (solid line), giving 

a lifetime of states “A” (τA = 2.43 ± 0.03 ns) and “B” (τB = 2.67 ± 0.05 ns) respectively. (b) PL 

spectra of the emitter E1 at different temperatures. A 15 s exposure time per line is used to 

ensure statistical recording of all four peaks. (c) Temperature-dependent peak wavelengths 

shifts and FWHM of all peaks extracted by Lorentzian fittings of spectra in (b). Reproduced 

with permission [1]. Copyright 2020, Wiley-VCH. 

 

The dwell time of an emitter in the excited can be characterized by either the half-width of an 

antibunching dip or by the lifetime measurement. This dwell time is estimated to be τdip = 2.44 

± 0.29 ns with first method, which is almost equal to the lifetimes of states “A” and “B” (Figure 

4.2(a)). This implies that both states “A” and “B” share a similar radiative quantum efficiency 

when an off-resonant laser excitation is employed. 

     To get more insight into the nature of the emitter E1, the temperature-dependent emissions 

of the emitter E1 are investigated (Figure 4.2(b)).  When the working temperature changes from 

20 K to 295 K, all transitions exhibit an evident linewidth broadening due to the enhanced 

coupling to the phonon bath. These emissions at different temperatures could be well fit with 

four Lorentzian functions, from which the emission center wavelength and linewidth of each 

peak are extracted and compared (Figure 4.2(c)). All emission lines show almost the same 

amount of homogeneous broadening from 20 K to 190 K, implying that all transitions have 
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similar coupling strength to the phonon bath. Moreover, peaks 1 and 3 exhibit a red shift of 1.4 

meV; while peaks 2 and 4 red-shifted by 1 meV when the working temperature increases from 

20 K to 240 K, implying that the energy level related to transitions 1 and 3 (transitions 2 and 

4) might have a similar electronic structure. As such, the electronic structures of transitions 1 

and 3 (transitions 2 and 4) could respond similarly to the distortions and lattice vibrations when 

the temperature changes. Nevertheless, all transitions at 20 K show narrow linewidths less than 

0.6 meV and do not exhibit evident PSB up to 290 K. 

4.5 ON and OFF time analysis 

To delve into the mechanism of the state conversion processes, the PL intermittency duration 

of both states “A” and “B” are analyzed in this section. In practice, the state “A” exhibits a 

higher emission count than state “B”. Hence, it is possible to determine the state of the emitter 

by just registering the time-tagged PL intensity (Inset of Figure 4.3(a)). Here, the median of 

state “A” emission count (120 kcps) and state “B” emission count (60 kcps) is set as the 

threshold (90 kcps) to determine the ON period duration of state “A”. After a histogramming 

of the ON period of state “A”, the statistical occurrences could be cumulatively summed. This 

gives the occurrence that there is no conversion from state “A” to state “B” within time t, in 

other words, the fluorescence of state “A” is still ON after time t. By normalizing to the 

summed conversion events, the probability to have the emitter stay in state “A” for at least a 

dwell time of t is obtained (Figure 4.3 (a)). This probability should follow a single exponential 

decay according to the quantum jump theory of incoherent excitation[40]  

𝑃(𝑡) = exp(−𝑅AB × 𝑡) (4.2) 

where RAB = 1 𝜏𝐴𝐵⁄  is the conversion rate from state A to state B and τAB is the characteristic 

time. At such a characteristic time, the state conversion is likely to happen. From the fitting, 

the τAB = 1/RAB = 4.03±0.02 s is obtained when the excitation power is 0.846 mW (see Figure 

4.3(a)). These conversion processes are not sensitive to temperature as shown in APPENDIX 

B Figure B1.  

     Moreover, the state conversion process speeds up in both directions as the laser power 

increases (Figure 4.3(b, c)). In particle, both rates RAB and RBA exhibit quadratic dependence 

over the power follows R = βP2 where β defines the conversion efficiency (Figure 4.3(d)). The 

fact of βBA > βAB suggests that state “A” should possess lower energy than state “B” (the lower 

energy one is energy favorable state), though state “A” exhibits higher emission energy than 

the latter. Since both conversion rates have quadratic power dependences, the emitter would 

spend βAB/(βAB + βBA) proportion of time in state B at equilibrium regardless of the laser power. 
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Here, it is worth mentioning that the PL energy could not reflect the energies of states A and 

B, which requires detailed investigations into the local environment including the Fermi level, 

stains, etc.       

 

Figure 4.3: Spectral jumps statistics of the emitter E1 at 20 K[1]. (a) Statistics of the “ON” 

period for state A when the emitter E1 is excited with a 532 nm non-resonant laser (power of 

0.846 mW). The red dots are raw data that are extracted from the time-tagged emission. The 

total acquisition time is about 3 hours. The raw data is fit with a single exponential decay 

function, resulting in a characteristic time of τAB = 4.03 ± 0.02 s. Inset: time-tagged 

fluorescence intensity with a bin size of 0.1 s when both emissions of states “A” and “B” are 

included with a 600 nm long-pass filter. The dark count is about 100 cps. (b-c) Power dependent 

probability distribution of the duration of the “ON” period for state “A” (b), and state “B” (c). 

The solid lines are the fit with a single exponential decay function. (d) State conversion rates 

from B to A (RBA) and from A to B (RAB). The R is defined by the inverted characteristic times 

in (b) and (c). The red and blue dots are the raw data, which are fit by R = βP2 (P refers to the 

excitation power and β denotes the state conversion strength). In detail, βAB = 0.24±0.02 Hz 

mW-2 and βBA = 0.51±0.05 Hz mW-2. Inset: Schematic showing of possible conversion 

processes between the two states. Reproduced with permission [1]. Copyright 2020, Wiley-

VCH. 

 

The quadratic power dependence conversion rates have been reported on diamond NV centers 

[43]. The two-photon ionization process is responsible for the charge state conversion between 

NV- and NV0 centers [30, 41]. Our system may share the same physical process. In detail, the 

quadratic power dependence is also reported on NV centers in diamond[42], where a two-photon 

ionization process is proposed to account for the charge state conversions in the NV centers, 

i.e., between NV- and NV0[30, 41]. Similar physics might take place in our system as well: a first 
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non-resonant photon promotes an electron to the excited level of state “A”, followed by 

absorption of a second photon which “kicks” out the electron into the conduction band of the 

host. This “kicks” the emitter into the ground level of state “B” (Figure 4.3(d)). To bring the 

system back to state “A”, the emitter in state “B” will first absorb a photon, and the electron is 

shelved into the excited level of state “B”, followed by capturing a free electron which is kicked 

out from the valence band of the host by a second photon. This brings the emitter into the 

ground state of state “A”. 

4.6 Additional emitters and intensive laser exposure 

 

 

Figure 4.4:Two emitters (E2 and E3) exhibiting spectral jumps[1]. (a) An emitter E2 with 

spectral jumps between state “1” (607.3 nm) and state “2” (618.5 nm). The E2 is under a 532 

nm laser excitation with a power of 0.5 mW. The spectrum integration time is 0.5 s. (b) The 

Emitter E2 emission after a 30 minutes laser exposure (2 mW). The spectrum is taken for 15 s 

and is normalized to 0.5 s for comparison. The stabilized peak wavelengths are 603.8 nm and 

609.1 nm. (c) An emitter E3 with spectral jumps between state “1” (612.7 nm) and state “2” 

(614.2 nm). The E2 is under a 532 nm laser excitation with a power of 1 mW. The spectrum is 

taken for 10 s and is normalized to 0.5 s for comparison. (b) The Emitter E2 emission after an 

hour of laser exposure (1 mW). The spectrum is taken for 10 s and is normalized to 0.5 s for 

comparison. The stabilized peak wavelengths are 603.5 nm and 614.4 nm. Reproduced with 

permission [1]. Copyright 2020, Wiley-VCH. 

 

Besides the emitter E1, binary spectral jumps have also been observed on other emitters (E2 

and E3 in Figure 4.4). Different from the doublet spectral structure of the emitter E1, emitters 

E2 and E3 have just a single line structure at different energies (Figure 4.4). Their different 

emission wavelengths and spectral structures may be related to the different local strains 

coupled to different emitters, as observed in the diamond SiV- system[43, 44]. Despite these 
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differences, the ON-OFF statistics of both emitters E2 and E3 also follow the single exponential 

decay (Appendix B Figure B2(b)). Interestingly, the spectral jumps could be quenched if the 

emitters are exposed to intensive laser power for several hours (APPENDIX B Figure B2(c)). 

These emitters are stabilized into different emission wavelengths compared to their associated 

jumping wavelengths. Specifically, the stabilized state of emitters E2 and E3 exhibit emissions 

near 603 nm (Figure 4.4 (b,d), which are almost identical to the GeV- color center emission 

(602 nm). In this regard, these defects may be Ge-related. Even though these defects show 

spectral jump, they did not exhibit photobleaching or fluorescence reduction during the 

experiments. 

4.7 Discussions and conclusions 

In this section, I discuss the possible nature of the above-mentioned observations. The emitters 

reside in a germanium implanted diamond, however, their emissions are red-shifted by several 

to tens nanometers and do not show the typical four lines. These behaviors are indeed reported 

for some strained SiV- centers in diamond which exhibit a wide range of emission wavelength 

and do not show the typical four lines[45]. Hence, these emitters in this Chapter may be related 

to some strain GeV- centers. In addition, this assumption could be supported by the similar 

lifetime of these emitters with the GeV- centers investigated in Chapter 3[46]. However, it is 

also possible that there are defects presented in the diamond before the Ge4+ implantation. 

These defects are activated after annealing. 

      Additionally, the investigated emitters in this Chapter could be related to some kind of Ge 

complexes by drawing experience from the SiV- center counterpart. It was reported that some 

Si+ implanted diamond hosts defects exhibiting red-shifted emissions as compared to the 

typical emission wavelengths of SiV- centers. And their emission wavelengths are distributed 

in a wide range. To explain this phenomenon, people performed the DFT calculation and they 

associated these defects with abnormal emission wavelength to Si complexes like SiV2, SiV: 

H1, and so on[45, 47]. Since our observation is quite similar to their case, the deduction of Ge 

complexes is reasonable. 

     In this study, the emission wavelengths difference between the two reported blinking state 

ranges from several tens of nanometer. This figure is way smaller than that of NV- centers 

(∼200 nm)[48, 49] and SiV- centers (∼200 nm)[50], but much greater than the separation reported 

in semiconductor quantum dots[51]. Given the complete anti-correlation between the two 

blinking states (Figure 4.1(d)) and all four peaks belonging to the same single-photon emitter 
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(Figure 4.1c)), the underlying mechanism is unlikely related to charge transfer between several 

defects. 

     The blinking and spectral diffusion behaviors of NV centers are generally attributed to the 

charge dynamics between the emitter and its nearby charge traps[52] (especially emitters near 

the nanostructure surface) or between the emitter and the conduction or valence band. However, 

the investigated emitters reside in a SIL which is about 2 m beneath the sample surface. Hence 

the emitters are unlikely affected by the traps. A plausible explanation is the local Fermi level 

fluctuation because of the deionization and ionization of charge traps (P1 centers as an 

example) surrounding the emitters. The energy of the green laser is sufficient to ionize these 

traps in diamond. The observation of the disappeared spectral jumps after a long-time high-

laser-power exposure might be explained by considering the permanent change of the local 

Fermi level. This change is allowed via strain relaxations which endows the emitter new 

configuration. 

In conclusion, the spectral jumps of emitters in diamond is observed and investigated closely. 

The power-dependent spectral jumps rates imply that the jumping process is possibly related 

to photo-induced ionization. These spectral jumps of these emitters could be eliminated by an 

intensive laser exposure (Figure 4.4 and Figure B2) or by Fermi level engineering. This is 

generally realized by p- or n-doping of the host with some atoms with a pre-determined 

concentration. As such, the local Femi is pinned to support preferred charge states, as 

demonstrated on SiV- centers[50] and NV- centers[53] in diamond. 

In the end, I highlight several possible works which may help clarify the nature of the state 

“A” and “B”. The states “A” and “B” are found to have different emission intensities though 

both states have a comparable radiative lifetime. Additional experiments on the 

absorption/emission polarization dependence of these two states shed light on this phenomenon. 

Similar to the diamond SiV- centers, it is also of importance to look into the magnetic-field-

dependent emission of these blinking defects.  
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Chapter V Coherent manipulation with resonant excitation and 

single emitter creation of nitrogen-vacancy centers in 4H silicon 

carbide[1] 

5.1 Introduction  

Since the discovery of diamond NV- center, color centers in materials like Si, SiC, and diamond 

have been intensively investigated for various quantum applications[2-6]. Regarding the 

diamond NV- center, the most promising application are the quantum network and quantum 

sensing[2, 7-12]. However, the visible emission wavelength of NV- center makes it incompatible 

with the current fiber-based network, which is a big barrier for long-distance quantum key 

distribution. Moreover, diamond is a less investigated material in the industry. The cost for 

high purity diamond growth is always expensive. 

     By comparison, the industry community had devoted lots of resources to the SiC. The n- 

and p-doping techniques have been developed, making the PIN junction fabrication feasible[13]. 

Other benefits include the matured inch-scale wafer growth and nanofabrication techniques. 

Recently, color centers in SiC exhibit emissions ranging from the visible to the telecom 

range[14-31]. These defects also have a spin degree of freedom, making them potential spin-

photon interfaces. Amongst these SiC defects, the silicon vacancies (VSi
-)[24, 28, 32, 33], and 

divacancies (VV0) attracted the most attention. Both the optical and spin properties are them 

are extensively investigated. Their coherent spin manipulation has also been demonstrated at 

both room and low temperatures[13-16, 33-35]. However, their emissions are still not in the telecom 

window. 

     In the past few years, a new family of defects in SiC are assigned to the NCVSi
- centers with 

the combined efforts of the density functional theory (DFT) calculation and the low-

temperature electron paramagnetic resonance (EPR) measurements. These NCVSi
- centers 

could exist in different polytype hosts of SiC. The NCVSi
- centers are composed of a nitrogen 

atom replacing the carbon site and a nearby vacancy on the silicon site. According to the DFT 

calculation, the NCVSi
- centers share the energy structure as the diamond NV- center, including 

an 3A2 ground state and an 3E excited state[9], and an intermediate singlet state. Similar to the 

diamond NV- center, the presence of the intersystem crossing promises the spin being polarized 

into a specific ground state. These defects exhibit sharp zero phonon lines at low temperatures.  
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Accordingly, their ZPLs are closer to the telecom band compared to the VSi
- and VV0 

counterparts, making them appealing for the quantum network application. Compared to these 

two kinds of defects, the coherent manipulation of NCVSi
- centers spins has not been realized 

and the related spin coherence time is still unknown. 

In this Chapter, I present the investigation of the optical and spin properties of nitrogen-

vacancy centers (NCVSi
-) in 4H-SiC. I first demonstrate the selectively addressing of each kind 

of NCVSi
- center via the low-temperature resonant excitation. As such, the optically detected 

magnetic resonance (ODMR) spectrum of each kind of defect has been characterized. It allows 

clear identification of ground state zero-field splitting (ZFS) of each kind of defect. After 

knowing the right excitation wavelength and the ZFS, the coherent manipulation of NCVSi
-

centers has been achieved. From the Rabi and Ramsey experiment, a 400 ns spin dephasing 

time is extracted. In the end, I show that the single NCVSi
- center is generated by using nitrogen 

ion implantation. The associated optical properties of single NCVSi
- centers are also investigated. 

5.2 Experimental settings 

The experimental setup for the NCVSi
- center investigation includes two parts: the optical part 

and the microwave part (Figure 5.1). For the optical setup, while an off-resonant excitation of 

a single NCVSi
- center at room temperature is used, the resonant excitation at low temperature 

is employed and the phonon sideband of the NCVSi
- ensemble is collected. In detail, the low 

dose ion implanted sample is loaded on a piezo-station to perform the 2-dimensional mapping. 

A 1039 nm laser is used to excite the sample (oil objective, Nikon, NA = 1.35 100X) since this 

wavelength will not excite the VV0 centers. The laser is cleaned by using a 1050 nm short pass 

filter and the emission is collected to a single-mode fiber after passing through an 1150 nm 

dichroic mirror and a 1200 nm long pass filter. The collected photons are split into two channels 

and are guided into a superconducting detector (Scontel) to perform the g2 measurement. To 

identify the generation of NCVSi
-  centers, the high-dose ion-implanted samples are loaded in a 

Montana Cryostation, equipped with an IR objective (Olympus, NA = 0.65, 50X). A 980 nm 

laser cleaned with a 1000 short pass is employed to excite the samples whose emissions are 

guided into a spectrometer (Andor, InGaAs detector). Regarding the resonant excitation, a 

diode laser operating from 1160 nm to 1250 nm is used. To get a high signal-noise ratio, the 

excitation laser is cleaned with suitable bandpass filters and only the emission of NCVSi
- center 

into the phonon sideband is counted (a combination of 1250 nm long pass and a 1300 nm 

bandpass filter).  
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5.2.1 Experimental setup 

 
 

Figure 5.1: Experimental setup for NCVSi
- centers measurements. The defects are loaded 

in a cryostat which is interfaced with lasers (off-resonant and resonant lasers) and MWs (CW 

or pulsed). The MW is gated with a PulsePlaster. The laser/MW sequences are controlled with 

the PulsePlaster. The emission photons are collected into either an SSPD or a photoreceiver. 

The ODMR signal could be extracted by a Lock-in amplifier.  

 

To realize the spin control, a gold strip line with a linewidth of 20 m or an 80 m ring is 

fabricated on the SiC sample. These gold pads are wire bonded to chip carriers. A microwave 

source (Rohde&Schwarz SMIQ) is connected to a microwave switch (ZASWA-2-5-DRA+). 

The ON/OFF of this switch is controlled by a function generator. Then the chopped microwave 

is connected to an MW amplifier before feeding into the Montana Cryostation. Since the MW 

is switched ON/OFF periodically, the SSPD registered counts are time tagged which allows the 

extraction of photon count variation at the modulation frequency. For the pulsed experiment 

(Rabi and Ramsey), a second switch is employed. The second switch is utilized for the MW 

pulse generation[14, 36]. 

5.2.2 Sample preparation 

In this study, two types of NCVSi
- centers are fabricated based on a different purpose. To 

generate NCVSi
-  centers with high concentrations, a highly nitrogen doped SiC (2x1017/cm3) 
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substrate is employed. The substrate is irradiated with 12 MeV protons (fluency of 1016/cm2). 

The NCVSi
- centers are activated by high-temperature annealing (900 °C). The estimated NCVSi

-  

centers concentration is about 1016/cm3[37]. To get the microwave feeding through, the 

microwave guides are deposited on the SiC surface[36]. 

     To generate single NCVSi
- centers, the SiC substrates are irradiated with nitrogen ions. The 

substrate is purchased from Norstel. For both the bulk ion implantation and the focused ion 

beam implantation, the ion energy is fixed at 30 keV. The ion fluency and the dwell time at 

each site could be controlled to generate single defects. After irradiation, the substrate is 

annealed at either 800 °C or 1000 °C to form NCVSi
- center. The annealed substrate is cleaned 

with hot Piranha acid (150 °C) for 1 hour.  

5.3 Four types of NCVSi
- centers in 4H-SiC 

 

Figure 5.2: NCVSi
- centers in 4H-SiC[1]. (a) NCVSi

- centers configurations in 4H-SiC. The four 

types of NCVSi
- centers are shown. The NCVSi

- centers are composed of vacancies replacing the 

silicon sites and nitrogen atoms occupying the carbon sites. (b) PL spectrum of NCVSi
- centers 

under 980 nm excitation at 10 K. The distinct ZPL of each kind of NCVSi
- centers is indicated. 

Reproduced with permission [1]. Copyright 2020, American Chemical Society. 

There are hexagonal and cubic sites for both the silicon and carbon atoms in 4H-SiC. It thus 

allows the 4H-SiC to host several types of NCVSi
- centers. Generally, it is energy favorable that 

the nitrogen atoms replace the carbon sites rather than the silicon sites. As a result, there are 

four types of NCVSi
- centers in the 4H-SiC (Figure 5.2a). These defects exhibit different optical 
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and spin properties. The successful generation of NCVSi
- centers is demonstrated with the low-

temperature emission spectra (Figure 5.2b), from which the zero-phonon line related to each 

kind of defect is labeled accordingly[19, 23, 38]. Besides this, the presence of NCVSi
- centers is 

demonstrated by performing high-resolution electron magnetic resonance (EPR) measurements. 

From the EPR spectra (APPENDIX C Figure C2), the intrinsic hyperfine structure originated 

from the hyperfine interaction between the NCVSi
- centers and the nitrogen nuclear spin (I = 1) 

is extracted. The hyperfine strength extracted from the triplet splitting matches well with the 

DFT calculations. Since there are co-exist of all four types of NCVSi
- centers within the laser 

excitation volume, it is inevitable to excite all of them under off-resonant excitation. Hence, it 

complicates the signal identification associated with each kind of defect. In the following, we 

employed the resonant excitation to selectively address each kind of defect. 

5.4 Optically and microwave-assisted resolved of fine structures of each type of 

NCVSi
- centers 

To realize individual defect manipulation, the idea is to perform resonant excitation at low 

temperatures. In practice, the absorption spectra associated with each kind of defect are 

identified by sweeping the laser wavelength across the ZPL wavelengths of them while 

monitoring their emission into the PSB. To minimize the simultaneous excitation of all defects, 

a laser power of 10 W is employed and the sweeping wavelength step is set to 0.1 nm. As 

shown in Figure 5.3(a), when the laser is off-resonant with the defect, the normalized emission 

count is just at a background level. These defects exhibit narrow absorption linewidths about 1 

nm. This highly selective absorption wavelength would promise ZFS identification of each 

kind of defect by just parking laser wavelength on the specific defect.  Interestingly, the basal 

centers exhibit only one peak in the photoluminescence spectra, whereas the axial centers have 

a doublet structure showing a peak wavelength difference of 0.7 nm. The doublet peaks are 

labeled as PK1 and PK2 for hh centers and those for kk centers are named as PK1’ and PK2’. 

According to [23, 38], this doublet structure may be related to the existence of two close excited 

states for axial NCVSi
- centers. Because of the lower symmetry of basal centers, this doublet 

structure is not observed. However, a more detailed investigation is required to understand the 

origin of doublet and the different absorption behavior between the axial and basal centers.  
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Figure 5.3: Low-temperature photoluminescence excitation of NCVSi
- center and their 

ODMR spectra[1]. (a) Photoluminescence excitation of NCVSi
- centers. Dots represent the 

experimental data. The absorption spectra are fit with Lorentz functions. The peak absorption 

wavelength and linewidth are 1176.170nm/0.731nm (kh), 1242.571 nm/0.366 nm (hk), 

1179.419 nm/0.547nm (PK1 of hh) and 1180.130nm/0.497nm (PK2 of hh), 1222.596 nm/0.641 

nm (PK1’ of kk) and 1223.303 nm/0.473 nm (PK2’ of kk).  (b. c. d. e) The Zero-field ODMR 

spectra under resonant and off-resonant excitation (1 nm detuned from the peak in Figure 5.3a). 

(f.g.h.i) ODMR spectra under external magnetic field. Reproduced with permission [1]. 

Copyright 2020, American Chemical Society. 

      To realize efficient microwave-driven NCVSi
- centers spins, microwave antennas are 

fabricated on the epitaxial layer side of SiC. By parking the laser on resonant with a specific 

type of NCVSi
- center, the spins of the corresponding defect are then polarized into a certain 

state. The ZFS of this given defect could be identified by sweeping the MW frequency while 

monitoring the defect emission change. When the MW frequency is resonant with the ground 

state transitions, the emissions of the defect would be increased or decreased depending on the 

spin being polarized into a bright or dark state. During the experiment, a lock-in method is used 

to extract the count variation at different MW frequencies. In detail, the microwave is turned 

ON and OFF by a function generator with a frequency of 134 Hz. If the MW is resonant with 

the GS transition, the emission would exhibit a time-dependent emission at this frequency. 
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Hence, the count rate variation could be extracted by utilizing the Fourier transformation of a 

time-tagged count sequence [14, 36]. Figure 5.3(b-e) presents the ODMR spectra of all four types 

of NCVSi
- centers under resonant and off-resonant excitation. During the experiment, the MW 

frequency is swept from 1 GHz to 1.4 GHz while the laser power is kept constant at different 

excitation wavelengths. As expected, only when the laser is resonant with the specific defect 

there are ODMR signals. The eigenstates of an S = 1 system could be estimated with the 

following Hamiltonian which includes the Zeeman effect but neglects the interaction with 

nuclear spins [15, 39]:                                  

𝐻 = 𝜇𝐵𝑔𝑩 ∙ 𝑺 + ℏ𝐷 [𝑆𝑍
2 −

1

3
𝑆(𝑆 + 1)] + ℏ𝐸(𝑆𝑋

2 − 𝑆𝑌
2) (5.1) 

Where µB is the Bohr magneton, g is the Lande g-factor, B is the external magnetic field, and 

D and E are named the longitudinal and transverse zero-field splitting respectively. The 

Eparameter is zero for axial NCVSi
- centers while it is non-zero for basal centers. This difference 

is because the axial centers have a high symmetry, but the basal centers have a lower symmetry 

which lifted the degeneracy of the ms = ±1 sublevels. Hence, there is just a peak in the ODMR 

spectrum of axial centers; there are two peaks for basal centers (Figure 5.3(b-e) whose 

frequencies are defined by D ± E. The D and E values for each defect are indicated in each 

figure. The D and E values acquired with our ODMR measurement and previous EPR results 

are summarized in Table S1 in the supplementary information. Since the ODMR measurement 

has a higher resolution, our works allow the refinement of the ZFS values of NCVSi
- centers.  

     By looking closer into Figures 5.2(c) and (d), it is found that the two peaks wavelengths 

give different ODMR contrast. The doublet absorption associated with the hh and kk centers 

shown in Figure 5.2a had also been observed in the previously reported low-temperature EPR 

measurements. During the EPR measurements, the authors changed the laser excitation 

wavelengths which promise different spin polarization ratios. Meanwhile, they monitor how 

the microwave signal changes at different excitation wavelengths. If the spin polarization ratio 

is higher, the microwave signal change should be higher. The authors found that the EPR 

signals are most intensive when the laser wavelength is resonant with the NCVSi
- centers; 

however, both peak wavelengths lead to comparable EPR signals, i.e., comparable spin 

polarization ratio. Unlike these results, the two peak wavelengths PK1 (PK1’) verse PK2 (PK2’) 

lead to different ODMR signals here. In detail, when a laser is parked at PK1, the ODMR 

intensity (Figure 5.2(c) red line) is about four time weaker than the case where a laser is parked 

at PK2 (Figure 5.2(c) blue line). This excitation wavelength selectivity is more evident for the 
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kk centers, for which the ODMR peak can only be revealed with laser parking on PK2’. Both 

results suggest that spin polarization is most efficient when the NCVSi
- centers are excited into 

the lower excited states. Since the spin polarization is realized via the intersystem crossing 

process [9], our results may indicate the different coupling strength between the two excited 

states and the metastable state [9, 23]. The different coupling strength is responsible for the 

different spin initialization. 

     After knowing the zero-field splitting of each defect, their response to the external magnetic 

field is investigated. In practice, an external magnetic field is applied which formed a 4-degree 

angle with respect to the sample surface. The maximum magnetic field is 42 Gauss. The typical 

Zeeman splitting is observed for axial centers (Figure 5.3(g) and (h)), which is in good 

agreement with the microscopic model described by equation 5.1. Regarding the basal center, 

their transition frequencies shift weakly. Compared kh centers to hk centers, the transition 

frequencies of the latter ones are less sensitive to the external magnetic field due to the larger 

transverse splitting. The transition frequencies of the axial and basal centers under external 

magnetic field follow the  √(𝑔𝜇𝐵𝐵/ℏ)2 + 𝐸2, where B represents the components projected 

onto the quantization axis of the axial and basal centers. 

5.5 Coherent manipulation of ensemble NCVSi
- centers 

 

The spin dephasing and coherence time of defects are of importance for quantum gate operation 

and quantum sensing. The dephasing time could be extracted by performing the Ramsey 

experiment while the coherent transfer spin population is demonstrated with the Rabi 

experiment. In this work, I demonstrate the coherent manipulation of kk axial centers. Since it 

is an axial center, a weak magnetic field (18 Gauss) is applied to lift the degeneracy of ms = ±1 

states. Then the high transition frequency is selected to perform the spin manipulation. The 

initialization and readout laser pulsed are set to 5 s. For the Rabi measurement, the MW pulse 

length changes from 10 ns to 2 s. In Figure 5.4(a), the coherent manipulation of NCVSi
- centers 

is demonstrated with the observed oscillating population in the ms = 0 states. The population 

evolution process is fit with a decaying sinusoidal function (equation 5.2), which gives a Rabi 

frequency of 3.12 ± 0.11 MHz along with an amplitude decay time of 376 ± 24 ns.   

𝐼 = 𝐴 +  𝐵 cos(2𝜋𝑓𝑡) exp(−𝑡 𝑇⁄ ) (5.2)                                        

From the Rabi experiment, the /2 pulse length is estimated. The Ramsey experiment is 

performed employing the known /2 pulse length to extract the associated dephasing time (T2*) 
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of kk centers by a 2 MHz detuned microwave pulse (Figure 5.4(b) Inset). The dephasing time 

is then obtained by fitting the data with equation (5-3), from which a spin dephasing time of 

388 ± 136 ns is estimated. 

𝐼 = 𝐴′ +  𝐵′ cos(2𝜋𝑓′𝑡 + 𝜑′) exp(−𝑡 𝑇2
′⁄ ) (5.3) 

This result is comparable with the dephasing time of the kk divacancy center in 4H-SiC (T2* ~ 

185 ns)[14]. The current measurement was based on a sample with high nitrogen impurity and 

high nitrogen-vacancy concentration. The spin-spin interaction between the NCVSi
- centers and 

nitrogen impurity might shorten the dephasing[21]. Hence, a longer dephasing could be expected 

if the spin manipulation is at a single level. 

 

 

Figure 5.4: Coherent manipulation of kk centers under an 18 Gauss magnet[1]. (a) The 

Rabi oscillation. (b) The Ramsey fringe. Reproduced with permission [1]. Copyright 2020, 

American Chemical Society. 
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5.6 Single NCVSi
- centers generation with nitrogen implantation 

 

Figure 5.5: Single NCVSi
-  center generation with bulk and focused ion beam 

implantation[1]. (a) The 2D mapping of a low-dose nitrogen implanted sample. The single 

NCVSi
- center is highlighted with a white circle. (b) The g2 measurement of the circled emitter 

without background correction. The blue line is the experimental result and the red line is the 

fit. A dip of 0.36 ± 0.06 is obtained from the fit. Reproduced with permission [1]. Copyright 

2020, American Chemical Society. (c) The 2D mapping of defects array generated with focused 

ion beam implantation. The scale bar is 10 m. (d) The g2 measurement of the circled spots in 

(c). The g2(0) = 0.18 according to the fit. 

The benefit of proton irradiation is to generate a high density of emitters since it could penetrate 

the sample by tens m if hundreds of keV energy is employed. By comparison, the low-energy 

ion implantation is preferred for single defect generation because the ions brought by the 

implantation could determine the position and the number of defects. Here, both bulk ion 

implantation and focused ion beam implantation are employed to generate single NCVSi
- centers. 

To generate single defects, the nitrogen implantation fluency and dwell time are delicately 

controlled. The irradiated sample is then annealed at 1000 °C for 1 hour in a high vacuum 

environment. The NCVSi
- centers generation is demonstrated by measuring the 

photoluminescence of the sample at 10 K. As shown in Figure C3 (APPENDIX C), only ZPL 

related to NCVSi
- centers are observed under 980 nm laser excitation. This on one hand proves 

the generation of NCVSi
- centers with nitrogen implantation. On the other hand, the negligible 

emission of divacancy proves that the major generated defects in the host are NCVSi
- centers.  
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By carefully tuning the implantation dose, single NCVSi
- centers are observed in a sample 

irradiated with a dost of 1010/cm2. Shown in Figure 5.5(a), several emitters are scattered in a 

10 m x 10 m area. To suppress the potential emission coming from the divacancies, a 980 

nm is used for the excitation and photons are collected with a 1200 nm long-pass filter. The 

circled spots are proved to be a single photon emitter by performing the HBT measurement. 

The normalized raw data is shown in the blue line. The curve is fit with a two-level system, 

from which a 𝑔2(0) = 0.36 ± 0.06 < 0.5 is extracted. The non-ideal single-photon emission 

is due to the moderate signal-noise ratio, i.e., the saturation emission of the single emitter is 

just 17 K after background correction while the background emission is about 10 K. The 𝑔2(0) 

equals 0.01 after background correction. (Shown in APPENDIX C Figure C4). From the fitting, 

an excited state lifetime of 2.21 ns is estimated, which is much shorter than that of the VV0 

centers [16]. Moreover, the single-photon emission of the investigated emitter is demonstrated 

by its saturated emission. When the excitation laser power increases, the electron will be 

pumped into a metastable state. Hence, the bunching effect is observed in the g2 curve (as 

shown in APPENDIX C Figure C7).  From the fitting, a metastable lifetime of several hundreds 

of nanoseconds is acquired. Besides this defect, the optical properties of other single-photon 

emitters could be found in Figure C6 (APPENDIX C). 

5.7 Discussions and conclusions 

It is always on demand that the optical and spin properties of defects could be investigated at 

a single level. However, the bulk host intrinsically brings collection loss due to the total 

reflection of the surface. Besides the collection, the quantum efficiency of emitters is also of 

importance. In this regard, it is of importance to couple the emitter to cavities or nanostructures. 

To enhance either the emission or boost the collection efficiency, the relative position of the 

defects and the nanofabricated structure is of vital importance. This demand, in return, requires 

the deterministic generation of single defects with high spatial precision. Here, with the focused 

ion beam implantation, I demonstrate massive generation of single NCVSi
- centers in SiC 

(shown in Figure 5.5(c) and (d)). Hence, the next step is to find a proper method to combine 

the defect with nanostructures. 

     In conclusion, the distinct ODMR spectra associated with each kind of NCVSi
- center is 

obtained by utilizing the low-temperature resonant excitation. This method is proved to be a 

powerful method to selectively identify the spin properties of one kind of defect among many 

defects. Thanks to this, the coherent spin manipulation is realized, and based on which a 
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dephasing time of 400 ns is estimated. To go further, I successfully generated single NCVSi
- 

centers and observed their weak emission compared to the diamond NV- center. This highlights 

the importance of enhancing NCVSi
- centers’ emission with nanostructures like photonic crystal 

cavities [40, 41] or solid immersion lenses [18, 42]. The study on the single NCVSi
- center generation 

with ion beam implantation would pave the way to future quantum applications with enhanced 

single NCVSi
- center emission. 
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Chapter VI Conclusions and outlooks 

6.1 Conclusions 

In conclusion, I investigated two types of spin-photon interfaces. For diamond Group-IV split 

vacancy centers, we observed a dark state besides the typical quartet ground and excited states. 

This dark state quenches GeV- centers’ emissions upon a resonant excitation. It may be related 

to another charged state of GeV- centers and could be brought back to a bright state with an 

extra non-resonant excitation. Importantly, the application of an additional non-resonant laser 

does not deteriorate the coherence properties of the GeV- centers. Without losing generality, 

this method could be applied to other solid-state systems. This result is important for the 

scalable quantum network application. 

         I also observed the binary spectral jumps of Ge-related defects upon off-resonant 

excitation. The spectral jumps between two states are suggested to be originated from the 

localized Fermi level pinning. This pinning effect is likely to happen during ion implantation 

and nanostructure fabrication. Hence, it underscores the importance of knowing and controlling 

the charge environment of color centers. This study provides extra insight into the two aspects 

(charge and optical properties) of SPEs, which would benefit the fabrication of a scalable 

quantum network from a sample preparation perspective. 

        The search for SPEs with telecom wavelength emission is still vital for the color centers 

community. I successfully generated single NCVSi
- centers in SiC with ion implantation and 

focused ion implantation. The optical properties of single NCVSi
- centers (lifetime, emission 

counts, stability) were investigated. Moreover, our work revealed the ground state ZFS 

associated with each NCVSi
- center type. These results would pave the way for the optical and 

microwave control of single NCVSi
- centers in the short term. 

6.2 Outlooks 

As mentioned in Chapter 1, the ultimate goal of the solid-state color centers community is to 

construct the quantum network. Referring to the standards of an ideal spin-photon interface in 

Chapter 1, I outlook the possible works based on this thesis toward building up better spin-

photon interfaces based on the GeV- center in diamond and the NCVSi
- centers in SiC. In detail: 

     In section 6.2.1, I stress the importance of learning other charge states of the GeV center in 

diamond and the NCVSi
- centers in SiC. The observation of the quenched emission is attributed 

to another charge state of GeV- centers. It also has been reported that (1) the neutral charge 
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state of SiV centers exhibits near IR emission, (2) NV- centers in diamond and VV0 centers in 

SiC would be pumped into other charge states. Thus, it is essential to look into the performance 

of other charge states of GeV and NV centers and the charge-state conversion mechanism 

among different charge states. 

     In Chapter 2, I highlighted the importance of knowing of color centers’ energy structures 

and presented associated methods to characterize their structures. I observed different 

photoluminescence excitation spectra of axial and basal NCVSi
- centers in the experiment. Thus, 

it is essential to delve into this difference by studying the energy levels of NCVSi
-  centers. 

However, single NCVSi
- centers exhibit weak emission, preventing them from doing the 

resonant excitation and applying them into quantum applications. Hence, I highlight the 

approaches to enhance the emission of single NCVSi
- centers by integrating them into 

nanostructures. 

     In the end, I outlook two schemes to realize the spin-photon entanglement.  

6.2.1 Charge state study     

6.2.1.1 Neutral germanium vacancy in diamond 

 
Figure 6.1: Optical and spin properties of SiV0  centers in diamond. (a) Optical properties 

of a single SiV0 center in diamond (The emission wavelength at 946 nm; the lifetime is 1.8 ns). 

(b) The spin lifetime and spin coherence time[1]. Reproduced with permission [1]. Copyright 

2018, American Association for the Advancement of Science. 

It has been pointed out that a good platform should have emission compatible with the current 

fiber work. Regarding SiV- centers in diamond, its emission is at 738 nm. To convert the visible 

photon into an infrared region, people used a nonlinear PPLN crystal[2]. In return, this renders 

a less compact system. Fortunately, several groups find that the neutral state of SiV (SiV0) is 
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also bright [1, 3-7]. The SiV0 centers show emission near 946 nm (Figure 6.1(a)), giving less 

optical loss than the SiV- centers. More importantly, the SiV0 state has a non-zero ground 

state spin splitting, providing a direct spin-photon interface. The ground state spin could 

be polarized under the resonant or off-resonant excitation. This system shows a long spin-

relaxation time and spin coherence time. Figure 6.1(b) shows that the T1 and T2 are independent 

of temperature when the sample temperature is less than 20 K. The T1 is about 43 s, and the T2 

is about 1 ms. The T2 could be prolonged to 255 ms at 15 K with CPMG pulses. 

     Similarly, it is tempting to study if the dark state of GeV in Chapter 3 is another charge state. 

There are few reports on the GeV0 centers. One group reported the formation of GeV0 centers 

with electrical control[8]. Another group has reported the observation of GeV0 centers in 

diamond with EPR experiments[9]. However, there is no report on the optical and spin 

properties of the GeV0 center. The difficulty for the study on GeV0 lies in the formation of this 

defect. 

     The general methods to tune the charge state of color centers rely on the Femi-level tunning 

by terminating the sample surface with Hydrogen or Oxygen ions if the color center is near the 

surface[10, 11], by n- or p-type doping of the host with proper doses[12], and by constructing PIN, 

NIN,[13] and Schottky junctions[14]. In chapter 3, the dark state is believed to be another charge 

state of GeV centers. Hence, our experiment provided an approach to control the charge state. 

It is interesting to verify whether the dark state exhibits emission and if it is a paramagnetic 

defect. If the dark state is optically active and is a paramagnetic defect, it is interesting to look 

into its optical and spin properties. The next question is if it is possible to control the charge 

state with electrical fields. Even though a weak off-resonant laser is employed to avoid the off-

resonant excitation of GeV- centers, there is still a chance to excite them during a long exposure. 

Alternatively, one could use PIN junctions to control the charge state.   

     Besides the nature of the dark state, it is still important to investigate time-dependent 

emission behavior of the GeV- centers. A good candidate for the quantum network should 

exhibit narrow emission linewidth and stable emission wavelength. In this context, it is 

essential to answer if the presence of a dark state would affect the emission stability of the 

GeV- centers. 

6.2.1.2 NCVSi centers charge-state competition 

 

It has been widely observed that the charge-state conversion upon laser illumination in diamond 

NCVSi system (NCVSi
0 and NCVSi

-) and SiC divacancy system (VV- and VV0)[15]. This charge 
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state instability will be detrimental for quantum applications. It is yet known the charge-

state dynamics in the SiC NCVSi system. Hence, it is of vital importance to look into the SiC 

NCVSi centers' charge state with the help of tools like EPR[15]. 

6.2.2 Energy levels of sing NCVSi
- centers in SiC 

NCVSi centers, as an emerging family of the spin-photon interfaces, still wait for detailed study. 

As a start, it is necessary to figure out their exact energy structures. The energy levels of SiC 

NCVSi
 - centers should share some similarities with that of diamond NCVSi

- centers (shown in 

Figure 6.2). Nevertheless, what matters to us is their difference. As shown in Figure 6.2(a), the 

on-axis NCVSi
- centers have a C3v symmetry, the same as the diamond NCVSi

-; while the off-

axis NCVSi
- centers have a lowered symmetry of C1h, resulting in the lifted degeneracy of the 

orbital states. In Chapter 5, I observed double absorption peaks for off-axis defects but single 

peaks for on-axis defects. These observations agree with the electron configurations shown in 

Figure 6.2. The a” orbit should be far away from the a’ orbit for off-axis defects.  

 
Figure 6.2: Ground state electron configuration of (a) on-axis NCVSi

- centers and (b) off-axis 

NCVSi
- centers[16] in SiC. Reproduced with permission [16]. Copyright 2018, American 

Physical Society. 

       To design an applicable scheme for spin-photon entanglement, it is necessary to know the 

transition rules. The resonant excitation was performed on ensemble NCVSi
- centers in Chapter 

5. Due to homogeneous and inhomogeneous linewidth broadening, it prevented us from 

resolving the fine structure of the NCVSi
- centers and the linewidth of each transition. It thus 

demands study of optical and spin properties of single NCVSi
- centers in SiC. However, one 

technical barrier that prevents the single NCVSi
- centers study is their low emission count 

rates. In the next section, I will discuss several nanostructures to enhance the NCVSi
- centers' 

emission. 
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6.2.3 On the origin of the Ge-related color centers in diamond and their spectral jumps 

 

In chapter 4, I reported the binary spectral jump of color centers in diamond. The investigated 

defects is thought to be Ge-related since these defects are observed after Ge ion implantations. 

However, their exact origin and their atomic configuration are still unknown. It is also unclear 

why there is a spectral jump. To answer these two questions: (1) the origin of the investigated 

defects; (2) the mechanism of the binary spectral jump, the following experiments are 

necessary. 

     As explained in Chapter 2, resonant excitation is always helpful for probing the energy 

structures. The spectral jump rates of Ge-related defects are comparatively low when the off-

resonant laser power is less than 0.2 mW. The resonant excitation, compared to the off-resonant 

excitation, is more efficient for color centers (Chapter 3). If the spectral jump rates are 

determined by the power of the excitation laser but the wavelength of the laser, there is a chance 

to perform the resonant excitation with one state of the color centers. Knowing the energy 

structures of the defects could provide necessary information for the ab-initio calculations. 

Hence, the origin of these two states could be determined. It is also important to explain why 

these two states exhibit different emission counts. It is essential to measure the two states' 

excitation and emission polarization dependence to understand this. Based on this knowledge 

of the color centers, the spectral jump behavior of the color centers could be treated by 

considering different models, e.g., the emission intermittency in QDs[17].  

6.2.4 Integration of a single NCVSi
- center into SiC nanostructures 

Many demonstrations of quantum applications like QKD operate at the megahertz range[18]. 

This is partially limited by the brightness of the SPSs, which can be enhanced by engineering 

their environment. Moreover, the long-term goal of quantum internet demands SPSs, which 

are integrable to photonic integrated circuits[19-21]. In this regard, people have demonstrated the 

integration of SPSs into various nanostructures. Regarding the single NCVSi
- centers in SiC, its 

weak emission prevents further studies like fine structure characterization and spin photon 

entanglement. Considering that the emissions from SiC NCVSi
- centers are quite broad at room 

temperature while they are narrower at low temperature, nanostructures like nanopillars[22], 

solid immersion lens (SIL)[23], and gratings[24], are used for room temperature applications. In 

contrast, cavities are used at low temperatures [25, 26]. In the following, I will show the successful 

combination of SPEs (experience not limited to diamond or SiC systems) and nanostructures.  
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6.2.5.1 SILs and nanopillars 

 

Both SIL and nanopillars are widely used in color centers communities. Due to the reflection 

and refraction at the interface between the crystal host and the objective medium, only a portion 

of photons could be collected by the objective. Similarly, when optical excitation is used, the 

light from the objective cannot couple effectively to the emitter[22, 23]. SIL and nanopillar can 

mitigate this problem resulting in enhanced collection and excitation efficiency.  

 

 
Figure 6.3: Color centers incorporated into SILs and nanopillars. (a) An SEM image of a 

diamond SIL. (b) A 2-dimensional confocal scanning of the SIL in (a). (c) Emission saturation 

curves of an NV- center within the diamond SIL and outside the SIL. (d) An SEM image of an 

array of SiC nanopillars. Room (e) and cryogenic (f) temperature PL spectra of VSi
- emitters in 

a pillar and the gap of the pillars. (a-c)[27]Reproduced with permission [27]. Copyright 2011, 

AIP publishing. (e-f)[22] Reproduced with permission [22]. Copyright 2019, The Authors, 

published by Beilstein Institute for the Advancement of Chemical Sciences. 

Figure 6.3(a) shows the SEM image of a diamond SIL[27]. SPEs can be generated in the 

diamond by ion implantation along with high-temperature annealing. Several emitters are 

scattered around the SIL, and the emission count in the SIL is the highest. The saturation count 

in the SIL is about 8 times greater than emitters outside of the SIL.   

Nanopillars, by comparison, are reported to give higher enhancement factors. Castelletto 

reported the emission of VSi
- centers being enhanced by 20 times[22]. The authors first 

determined the proper parameters of nanopillars. The nanopillars are developed accordingly 

with ICP etching (Figure 6.3(d)). The enhancement effect is apparent at both room and 

cryogenic temperature according to the emission spectra (Figure 6.3(e) and 6.3(f)). 
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6.2.5.2 Cavities 

 

Emitters like SiC VV0, NCVSi
-, and rare-earth ions are potential testbed of spin-photon 

entanglement. For this application, not only a high count rate emission is required, but also a 

high ZPL ratio is preferred[28, 29]. In this regard, these systems are often cooled down to 

cryogenic temperature and are integrated into cavities such as micro-rings[25, 30] and nano-

beams (Figure 6.4(a))[26], with nanobeam having a smaller effective mode volume. 

     Nanobeam cavities have been employed to enhance the VV0  center emission[26]. They found 

that the collection efficiency is enhanced by 2-3 times while the Purcell factor of 50 is achieved. 

Moreover, the ZPL ratio increases from 5% to 70-75%. As shown in Figure 6.4(b), the ZPL of 

VV0  centers is barely visible when there is no enhancement. It turns out to be a sharp and 

strong peak when the cavity is tuned to resonate with the VV0 emission. This achievement 

may pave the way toward the realization of spin-photon entanglement with SiC VV0s. 

 

Figure 6.4: (a) Single VV0  center embedded into nanobeam cavity. (b) Single VV0  center 

emission spectra when VV0 center is on resonance (yellow) or off-resonance (blue) with the 

cavity mode[26]. Reproduced with permission [26]. Copyright 2020, American Chemical 

Society. 

 

6.2.5 Spin-photon entanglement 

 

 

Figure 6.5: Entanglement scheme for (a)  and (b) II systems [31]. Reproduced with permission 

[31]. Copyright 2016, IOP Publishing. 
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The spin-photon interface is one of the most important benefits of using color centers in wide-

bandgap materials for quantum internet applications. The realization of spin-photon 

entanglement is a vital experiment to demonstrate this advantage. People have realized spin-

photon entanglement with diamond NV- and quantum dots systems [29, 32, 33]. Apart from these 

two, people also show strong interest in silicon carbide defects, including VSi
-, VV0, and NCVSi

-  

centers. Two schemes have been proposed to realize spin-photon entanglement[31]. To 

implement these schemes, one should first answer the following question: energy level 

structure, selection rules, and the ability to generate superpositions of excited states). 

(a) -scheme. Given the similar energy structure between diamond NV- and SiC NCVSi
-  

centers systems, it is natural to try the same spin-photon entanglement protocol 

demonstrated with the diamond NV- centers system[31]. One aspect which should be taken 

care of is the crystal strain[31]. Depending on the sample strain, spins could be entangled 

with photons’ polarization or frequency of freedom (Figure 6.5(a)). 

(b) II-scheme. When defects are situated in a low-strain environment, the energy levels show 

degeneracy in both the ground and excited state (Figure 6.5(b)) for the SiC NCVSi
- centers 

system[31]. In this case, the spins can only be entangled with the polarization of the photons.  

     Regarding GeV- centers in diamond, it is also possible to construct -systems by applying 

an external magnetic field[34]. However, the detailed scheme requires an understanding of the 

role of strains.  
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Appendix A Supporting materials for Chapter 3 

 

A1: SATURATION UNDER OFFRESONANT AND RESONANT EXCITATION 

 
Figure A1[1]: (a) Time-resolved PL of the GeV- center at 5 K under picosecond-pulse 

excitation, plotted in semi-logarithmic scale. Orange dots are the raw data with the error bar 

representing shot-noise. The Grey curve is the IRF of the experimental setup. The black line is 

a fitting with an exponential decay after convolving with the IRF. (b) Non-resonant power 

dependence of PL at 5 K under 532 nm excitation. Orange dots are the raw data with the error 

bar reflecting statistical fluctuation of the count rate over ∼2 mins. Solid purple curve is a 

fitting by using the conventional saturation function. (c) Resonance fluorescence intensity of 

transition D with gating on (orange) and gating off (blue). Resonant power: 200 nW (0.35 P0); 

Non-resonant power: 20 nW (3 × 10-6 P1); Binsize: 100 ms. No background subtraction. 

Reproduced with permission [1]. Copyright 2019, American Physical Society. 

 

Lifetime T1 

     The lifetime of the GeV- center is determined by time-resolved PL measurement, as shown 

in Figure A1(a). A train of 512-nm 80-ps pulses at a repetition rate of 80 MHz (from PiL051X) 

is focused onto the GeV- center. Zero-phonon line (ZPL) emission from the GeV- center is 

collected by using a combination of a 600 ± 7 nm band-pass and a 600 nm long-pass edge filter. 

The data is fitted with a single exponential decay convolving with the measured instrument 

response function (IRF, grey curve) of the setup, from which we determine the lifetime of the 

GeV- center to be T1 = 3.57 ± 0:03 ns. 

 

Non-resonant saturation power P1 

 

     By fitting the power-dependent PL with a conventional saturation function, I ∞ P/(P+P1), a 

non-resonant saturation power (at 532 nm) of P1 = 6.8 ± 0.2 mW is extracted, as shown in 

Figure A1(b). 
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Gating of resonance fluorescence of transition D 

 

     The gating effect can also be demonstrated on transition D of the GeV- center as shown in 

Figure A1(c). The PL intensity is enhanced by 200 times when switching on the gating laser 

(after background correction). The enhancement factor achieved here is 2.5 times lower than 

the value reported in the Chapter 3, mainly due to the lower gating power employed here. 

 

Resonant saturation power P0 

 

     To pinpoint the resonant saturation power P0, we employ a pulsed measurement scheme to 

recover the saturation behavior of PL, as shown in Figure A2(a) and (b). In this experiment, 

the resonant beam is modulated by an acousto-optic modulator (AOM), while the non-resonant 

beam is kept in continuous-wave (CW) mode and held at constant power. The dwell time 

between two consecutive resonant pulses is chosen to be a few milli-seconds such that the GeV 

center can always relax back to the same equilibrium state for different resonant powers. We 

only select the PL counts within the transient window upon the arrival of excitation pulses, as 

indicated by the shaded grey area in Figure A2(a), for data analysis. Again, fitting the data with 

a conventional saturation function, we extract a resonant saturation power of P0 = 1.15 ± 0.3 

µW, as shown in Figure A2(b). 

 

IRF of acousto-optic modulator 

 

     Acousto-optic modulators (AOMs) were employed for dynamics investigations as shown in 

Figure 3.4 of the Chapter 3. and the characterization of resonant saturation power as shown in 

Figure. A2(a). The rise/fall time of AOMs is as short as 10 ns, as shown in Figure. A2(c), which 

is three orders of magnitude shorter than the characteristic time of the dynamics shown in 

Figure. 4 of the Chapter 3. But, it is still too slow to resolve the Rabi oscillations in Figure 

3.2(d) of the Chapter 3. Instead, we employed a fast Mach-Zehnder-interferometer-based 

electro-optic modulator (EOM) to study this coherent phenomenon. Our EOM has a typical 

response time of ∼200 ps.  
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Figure A2[1]: (a) Time-dependent PL when modulating resonant laser while keeping the non-

resonant laser in CW mode. The shaded grey region corresponds to the time window within 

which the effect of resonant pumping is negligible. Top panel: modulation protocol. Resonant 

power: 8.7 P0. Non-resonant power: 7.4 × 10-5 P1. (b) Saturation behavior of the PL. Orange 

dots are the extracted maximum intensities in (a). The black curve is a fitting by using the 

conventional saturation function: IPL = A×P/(P+P0) + B×P+C. where the second term is the 

linear laser scattering and the last term corresponds to the background. Fitting parameters: A = 

13.9±2.0 kHz; B = 0.24 ±0.10 kHz; and C = 0.29 kHz. (c) IRF of an AOM used for dynamics 

study, characterized at 532 nm. Reproduced with permission [1]. Copyright 2019, American 

Physical Society. 

A2: MODEL - RABI OSCILLATIONS & DARK-STATE DYNAMICS 
 

     When resonantly pumping a 2-level system, the population in the excited state oscillates 

(known as Rabi oscillations) as a result of competition between resonant pumping (absorption) 

and stimulated emission. In reality, this coherent process is continuously disrupted by various 

dephasing mechanisms, such as spontaneous decay and phonon interaction, leading to damping 

of oscillations over a period of coherence time T2 which defines the robustness of the coherence 

within ground-excited states manifold. Experimentally, one can investigate this coherent 

phenomenon by taking advantage of spontaneous decay to map the oscillatory population onto 

the PL intensity, providing an accurate timing of excitation pulses, which is usually realized 

with the help of an EOM. A 2-level system formulated in a semiclassical framework is accurate 

enough for a theoretical description of the oscillations. Time evolution of the system is dictated 

by the master equation, where spontaneous decay and pure dephasing are incorporated in 

Lindblad terms[2] 
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𝜌𝐸𝐺

) (𝐴 − 1) 

 

where ρG, ρE are the time-dependent population in the ground and excited state, ρGE and ρEG 

are the coherence between G and E, Ω is the resonant Rabi frequency, Γsp is the spontaneous 

decay rate, and T2 is the coherence time of the excited state. The time-dependent PL intensity 

is proportional to ρE(t)Γsp to a constant that describes the efficiency of the entire system, 

including the quantum yield of the GeV- center[3]. By solving Eqn. A1 numerically, we 

simultaneously fit multiple oscillations measured at different excitation powers to pinpoint a 

coherence time of T2 = 366 ± 20 ps. The extracted Rabi frequencies follow a linear dependence 

with respect to the square root of excitation power, as shown by the inset of Figure 3.2d in the 

Chapter 3. The success of the 2-level model indicates that within the short period of an 

excitation pulse, the population dynamics involving the dark-state is not important, which is in 

fact consistent with the main finds of the Chapter 3, i.e., dark-state dynamics is significantly 

slower compared to the spontaneous decay.  

     For CW excitation, the PL intensity is proportional to the steady-state population in the 

excited state  

𝐼𝑃𝐿 ∝  𝜌𝐸
2−𝑙𝑒𝑣𝑒𝑙 =

1

2

𝛺2𝛶 𝛤𝑠𝑝⁄

𝛥𝜔2 + 𝛶2 + 𝛺2𝛶 𝛤𝑠𝑝⁄
(𝐴 − 2) 

 

where ∆ is the excitation detuning, and γ = 1/T2 is the dephasing rate of the excited state. By 

comparing Eqn. A2 to the conventional saturation function, i.e., IPL ∝ P/(P + P0), where P0 

denotes the resonant saturation power, we establish a connection between excitation power P 

and Rabi frequency 𝛺 

 

𝛺 = √𝛶𝛤𝑠𝑝
𝑃

𝑃0
 (𝐴 − 3) 

 

     For the studies presented in Figure 3.4 of the Chapter 3, dark-state dynamics is directly 

measured and a 3-level model is needed for a complete description of the system. We formulate 

the model in a semiclassical picture to incorporate the coherent effect under resonant excitation. 

Besides the transition GE, no other transitions are resonantly pumped, rendering vanishing 

Rabi frequencies for all other states, i.e., zero off-diagonal elements for the block matrix 

spanned by elements ρED, ρGD, and their associated complex conjugates. In other words, these 
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matrix elements are irrelevant to the solution of ρE(t), and we can safely drop them when 

solving for ρE(t). This leads us to the differential equation of Eqn.(A1) in the Chapter 3. Steady-

state solution gives 

 

 𝜌𝐸
3−𝑙𝑒𝑣𝑒𝑙 =

1

2

𝑘𝐷𝐺
𝑘𝐷𝐺 + 𝑘𝐺𝐷

[
(𝛥𝜔2 + 𝛶2)(𝑘𝐸𝐷 + 𝛤𝑠𝑝)

𝛺2𝛶
+
1

2
(1 +

𝑘𝐸𝐷 + 𝑘𝐷𝐺
𝑘𝐷𝐺 + 𝑘𝐺𝐷

)]

−1

(𝐴 − 4) 

 

 

where kED, kGD, and kDG are the population transfer rates from excited to the dark, ground to 

dark, and dark to ground, respectively. In fact, Eqn. A2 is a special case of Eqn. A4 by setting 

kED and kGD to zero. The resonant-power dependence of kαβ is responsible for the drop of RF at 

high power regime as shown in Figure.3.3d of the Chapter 3. Lacking of the knowledge on 

functional of power dependence prevents us from meaningfully fitting the measured intensity 

with Eqn. A4.  

     By solving for a detuning from Eqn. A4 for the half of maximum excited population, we 

find the full-width half maximum (FWHM) of excitation spectra (in linear frequency)  

𝛥𝜈 =
1

𝜋𝑇2
√1 +

𝛺2𝑇2

2(𝛤𝑠𝑝 + 𝑘𝐸𝐷)
(1 +

𝑘𝐸𝐷 + 𝑘𝐷𝐺
𝑘𝐷𝐺 + 𝑘𝐺𝐷

)              (𝐴 − 5) 

which is Eqn. (2) in the Chapter 3. Again, without knowing the power dependence of kαβ, it is 

impossible to quantitatively examine the linewidth in Figure 3.3. Nevertheless, we can still 

extract the coherence time T2 by extrapolating the linewidth in Figure 3.3c to zero excitation 

power. In this limit, Eqn. S5 reduces to ∆ν0 = 1/(πT2), and a coherence time T2 = 316 ± 20 ps 

can be obtained. 

 

A3: PLE ANALYSIS 

 

Non-resonant power dependence of PLE linewidth 

 

Mathematically, the PLE linewidth is described by Eqn. A5. Here, we provide a physical 

explanation of linewidth broadening observed in the low gating power regime as shown in 

Figure 3.3g of the Chapter 3. This is caused by the detuning dependence of shelving efficiency 

of the entire system, which is not only dependent on the shelving/deshelving rates related to 

the dark state but also relies on the excitation efficiency of the ground-excited state transition. 

In PLE measurements, the collected PL intensity is proportional to the steady-state population 

in the excited state (ρE), which is determined by two factors: A) resonant excitation efficiency; 
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and B) the amount of population available for excitation, namely bright population ρB = 1 - ρD, 

where ρD denotes the steady-state population of dark-state. The decrease of the excitation 

efficiency (Mechanism A) for detuning would lead to a Lorentzian line shape of PLE spectrum 

only if ρB is a constant for all detunings. This is the case for 2-level systems, yet might not be 

true for a 3-level system involving a dark state.  

     For low non-resonant power, kED (induced by resonant laser) dominates over kGD and kDG 

(induced by nonresonant laser), which allows for an efficient transferring of the population 

from ρE to ρD. This population channel maps the detuning dependence of ρE onto ρD, leading 

to a greater ρD for a smaller detuning. Consequentially, the spectrum experiences a flattening 

effect and exhibits a wider linewidth as compared to the case of no dark-state involved, as 

shown by the simulations in Figure A3a and b. 

 
Figure A3[1]: (a) Simulated PLE spectra (normalized) by using Eqn. A4 with parameters 

determined by experiment (see text). The positive direction of Y-axis corresponds to the 

increase of non-resonant power. (b) Calculated full width at half maximum (FWHM) of a 3-

level system (blue), and a 2-level system (orange), based on Eqn. A5 and Eqn. A2, respectively. 

(c) Calculated maximum population ρE (at zero-detuning) for a 3-level system (blue), and a 2-

level system (orange). The blue curve serves as normalization constants to acquire (a). 

Reproduced with permission [1]. Copyright 2019, American Physical Society. 

     The situation is different for a high gating power. In this scenario, rates kDG and kGD are 

enhanced and dominate the population dynamics of the system. The steady-state population in 

dark state ρD is determined by ground state population ρG to a proportional factor relying on 

the ratio of kDG and kGD. Since kDG/kGD ∼ 6 [see Figure 3.4(d) ofthe Chapter 3], only a small 

portion of the population resides in the dark state. Thereby, the variations of ρD caused by 
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detunings have a limited impact on bright population ρB, meaning that the extra reduction factor 

induced by the dark-state dynamics does not change for different detunings. Consequentially, 

a Lorentzian line shape should be observed for high gating power, as shown in Figure A3(a). 

In simulations presented in Figure A3, all parameters take experimentally determined values: 

Rabi frequency Ω = 1GHz; spontaneous decay rate Γsp = 280 MHz; dephasing rate γ = 3.61 

GHz; kED = 100 Hz, and kDG = 6kGD. The positive direction of y-axis corresponds to the increase 

of non-resonant power based on the observation in Figure 3.4(d) of the Chapter 3. All PLE 

spectra in Figure A3(a) are normalized to the individual maximum population at zero-detuning, 

which is plotted in Figure A3(c). Calculations based on a 2-level system [by using Eqn. A2] 

are also shown for comparison. 

 

Multiple peaks of transition C 

 

     Sometimes, we observe multiple peaks around transition C [see Figure A4(a)], which can 

be attributed to the emission from nearby GeV- centers. Different emission energies reflect 

different strains experienced by GeV centers located at different positions under the SIL. 

However, the impact of the strain on four optical transitions is different. Previous studies on 

silicon-vacancy (SiV-) and GeV- centers[4-6] show that the strain is expected to have little impact 

on transition C but significant influence on transition D. Non-zero Eg-symmetric strains 

(perpendicular to the C3 symmetry axis of SiV- or GeV- center) can enhance the fine structure 

splittings in both ground- and excited-manifold by pushing away the energy levels from each 

other in both manifolds. Since the magnitude of the enhancement is similar for both ground 

and excited states pairs, the absolute shift of each energy level is almost the same. This leads 

to a significant variation in transition energies for A and D lines while little change for B and 

C lines. Thereby, the D lines associated with the nearby GeV- centers are possibly shifted out 

of the measurement window thanks to the different strains experienced by centers. 

 

Gating at 405 nm 

 

     Figure A4(b) shows PLE scans of the original GeV- center (GeV1) investigated in the 

Chapter 3 at different gating wavelengths, i.e., 405 nm (purple) and 532 nm (orange). Since the 

non-resonant power is kept at the same level of 1.3µW for both beams, the number of photons 

in the 405 nm beam is 76% of those in 532 nm beam, which quantitatively explains the 

reduction of PLE intensity for 405 nm gating, with a reduction factor of 72%. The consistency 
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of these two numbers indicates the same gating efficiency for 405 nm light and 532 nm light. 

In addition, the success of gating at different wavelengths proves that the non-resonant beam 

must interact with the system incoherently to generate the corresponding shelving and 

deshelving processes. 

 

 

Figure A4[1]: (a) Normalized PLE scan of GeV1 (original GeV- color center in the Chapter 3) 

with multiple peaks when gated with 532nm laser (orange). Normalization constant: 8.3 × 103 

cnts/s. Zero detunings: 497.754 THz. (b) Normalized PLE scans of GeV1collected at different 

gating wavelengths, i.e., 532 nm (orange) and 405 nm (purple). Normalization constant: 8.4 × 

103 cnts/s. The same figure as the left panel of Figure 3.2(a) in the Chapter 3. (c) Optical 

switching observed on the other three GeV- centers. For each emitter, two PLE spectra 

(normalized) are present with gating on (orange) or off (blue). The gating laser is at 532 nm. 

Zero detunings corresponds to 497.7686 THz, 497.7585 THz, and 497.9935 THz for GeV2, 

GeV3, and GeV4, respectively; and the normalization constant is 4.5×103, 1.0×103, and 

9.8×103 cnts/s, respectively. All spectra are measured at the same resonant power of 300 nW. 

Non-resonant power is 1.2±0.1 µW for both 532 nm and 405 nm. Blue trace corresponds to 

gating off. Reproduced with permission [1]. Copyright 2019, American Physical Society. 

 

Other Germanium-vacancy centers 

 

Optical gating of resonance fluorescence is not limited to GeV1, but a ubiquitous phenomenon 

that is observable on almost all GeV- centers investigated so far, which is more than 20 centers 

from two crystals. Figure A4(c) shows three examples of them. Two PLE spectra are collected 

for each center with gating on and off. Resonance fluorescence of all three centers is quenched 

when the gating laser is off (blue trace), which is recovered when the gating laser is on (orange 

trace). In fact, a similar (RF) blinking phenomenon has been reported on an HPHT diamond, 

where the GeV- centers are incorporated into the sample during the growth by using an Mg-

Ge-C system[7]. 
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A4: RATE ANALYSIS & POSSIBLE PHYSICAL PROCESS 

 

     In the study of the dynamics as shown in Figure 3.4 of the Chapter 3, several parameters in 

Eqn. (3-1) are fixed to constants to validate the fitting. Some of them are determined by separate 

measurements, for example, spontaneous decay rate Γsp = 1/T1 = 280 MHz via lifetime 

measurement, coherence time T2 = 316 ps through linewidth analysis; and Rabi frequency Ω 

by using Eqn. A3 based on the measured excitation power. At a glance, T2 should not be a 

constant, because of the introduction of the extra dephasing channel by the dark sate, the rates 

of which depend on both resonant and non-resonant powers, as shown in Figure 3.4(d) and (g) 

of the Chapter 3. However, these dynamics are too slow compared to the dephasing rate 1/T2, 

and can barely influence the latter. 

     In addition, the overall efficiency η in Eqn. (3-3) is fixed to 9 × 10−5 through the entire 

fitting analysis. In principle, η consists of two factors following η = ηD × ηQ, where ηD is the 

overall detection efficiency of the entire experimental setup, and ηQ is the quantum yield of the 

GeV center. For our system, ηD is found to be ∼0.3% by considering collection efficiency of 

the objective, fiber coupling efficiency, detector efficiency, beam-splitter ratio, optic loss, 

phononside band (PSB) branching ratio. Quantum yield ηQ is defined as the probability for a 

photon emission upon a transition from the excited state to the ground state, which is found to 

be 3% based on an absorption measurement by Boldyrev et al[3]. This number is close to the 

quantum yield of SiV− center[8, 9], which is 2∼9%. 

     For the modulation experiment in Figure 3.4(c) of the Chapter 3, the resonant laser is kept 

in CW mode with a constant power. Since kED is mainly affected by resonant pumping, this 

rate must be the same for when varying the nonresonant power. In addition, rates 𝑘𝐺𝐷
𝑜𝑓𝑓

and 

𝑘𝐷𝐺
𝑜𝑓𝑓

are also set to be shared parameters for different non-resonant powers since the 

experimental conditions for off-period is the same for the entire experiment. Therefore, we 

employ a global fitting to determine these three rates, i.e, kED = 173 ± 16 Hz, 𝑘𝐺𝐷
𝑜𝑓𝑓

= 92 ± 28 

Hz, and 𝑘𝐷𝐺
𝑜𝑓𝑓

= 4 ± 3 Hz. 

     Following the same logic, when varying the resonant power as shown in Figure 3.4(f) of the 

Chapter 3, kED is expected to be the same only for on- and off-period of each single resonant 

power, i.e., 𝑘𝐸𝐷
𝑜𝑓𝑓

= 𝑘𝐸𝐷
𝑜𝑛  , but different for different resonant powers. Figure A5(a) shows all the 

extracted rates against the resonant power, including those shown in Figure 3.4(g) of the 

Chapter 3. Rates 𝑘𝐺𝐷
𝑜𝑓𝑓

and 𝑘𝐷𝐺
𝑜𝑓𝑓

show a slight variation over the resonant power, implying that 
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the resonant laser can also influence the shelving (GD) and deshelving (DG) channels on its 

own. 

     Figure A5(b) shows one possible physical picture underpinning the observed shelving and 

deshelving phenomena. As mentioned in the Chapter 3, the dark state (D) of the GeV- center 

is possibly a differently charged species of the center, which depends on the local Fermi level. 

Here, we temporarily assign it to be a neutral state (GeV0), considering the low doping level of 

the sample. Since GeV0 possesses an energy structure that is different from GeV-, the RF of 

the latter quenches when the center resides in the neutral state; the RF recovers when the charge 

state returns back to negative. This leads to the observed PL intermittency as shown in the inset 

of Figure 3.2(c) of the Chapter 3. 

 
 

Figure A5[1]: Possible physical mechanism giving rise to the gating and shelving effects. States 

G, E, D, and M represent the ground, excited, dark, and meta-stable states of GeV center, 

respectively. kGD is the transition rate from the ground state of GeV- to the dark state (GeV0) 

via losing an electron, and kDG is the opposite process via losing a hole. Ω is Rabi frequency. 

sp is the spontaneous decay rate of the excited state. R represents a population pumping channel 

from the excited state to the metastable state M, which is active with a 602 nm laser. The 

population residing in M would relax to dark state D via non-radiative decay at rate Γ2. 

Reproduced with permission [1]. Copyright 2019, American Physical Society. 

 

     It is possible to stabilize the RF intensity by employing a weak non-resonant laser. This 

light produces a free-charge carrier bath around the GeV- center by interacting with the local 

defects or impurities. These charge carriers modify the local Fermi level[10], and influence the 

charge dynamics of the emitter. Generally, a stronger non-resonant power corresponds to a 

higher charge-carrier density, thus promoting the speed of rates kGD and kDG, as shown by 

Figure 3.4(d) of the Chapter 3. Resonant laser, on the other hand, can shelve the population 

into the dark-state D via a meta-stable state M, as shown in Figure A5(b). The power-dependent 
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pumping rate R is responsible for the enhancement of kED for low resonant power, while the 

constant non-radiative relaxation rate from M to D accounts for the saturation behavior of kED 

for large excitation power, as shown in Figure A5(a). 

     When the center is solely pumped by a resonant laser, the most population would be shelved 

into the dark state, resulting in the quenching of RF. However, the slight background doping 

of the sample provides the charge carriers to momentarily set the emitter back to GeV- state 

through kDG channel, resulting in the short bursts of RF as observed in Figure 3.2(b) of the 

Chapter 3. In addition, the resonant laser can also interact with the local defects or impurities 

to produce empty charge traps that can effectively reduce the free charge carrier density as 

introduced by the non-resonant laser. This mechanism may explain the decrease of rates kGD 

and kDG as shown in Figure 3.4(g) of the Chapter 3. 
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Appendix B Supporting materials for Chapter 4 
 

B1: SPECTRAL JUMPS OF EMITTER E1 AT DIFFERENT TEMPERATURE  

     Time-resolved spectral jumps of the emitter E1 are recorded with a constant excitation 

power at different temperatures from 50 K to 240 K. The ON time distributions of both state 

“A” and state “B” satisfy a single exponential decay (see Figure B(1a,b)). The extracted 

conversion rates RAB and RBA in Figure B1© show a 20% fluctuation over the average rates, 

corresponding to 11% of power fluctuation for a quadratic power dependence. We argue that 

the temperature dependence of the conversion rates is mainly caused by the variation of 

excitation power coupled to the color center. As the temperature changes, the distance between 

the objective and the sample can drift, causing variation of the excitation efficiency. Thus, we 

conclude the conversion process is insensitive to the temperature.  

 

Figure B1[11]. Time constants at different temperatures for the emitter E1. Temperature 

dependence of the probability distribution of ON period for states A (a) and B (b) for the same 

emitter in the main text. The excitation power is 0.8mW. (c). Extracted conversion rates RAB 

from (a) and RBA from (b) at different temperatures. The conversion process between states A 

and B persist up to room temperature. Reproduced with permission [11]. Copyright 2020, 

Wiley-VCH. 

 

B2: SPECTRAL JUMPS FROM OTHER QUANTUM EMITTERS 

     Spectral jumps of additional emitters E2 and E3 within the same Ge-implanted sample are 

shown in Figure B2(a) and Figure B2(d), respectively. Both emitters show a single line 

emission when they are in jumping states but emitting at different wavelengths after long-time 

exposure (as shown in Figure 4.4(b, d)). Similar to that of emitter E1, the ON-time distributions 

of state “1” and “2” can also be described by a single exponential function.  

     When using an intensive laser to continuously illuminate the color center, the spectral may 

disappear by showing a short period of high counts first as shown in Figure B2(c). Here, emitter 

E2 is exposed in a 2 mW 532 nm laser from the t=0. The count rate shows an abrupt increase 
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after 2100 s, which sustain for a period of time of ~90 s before dropping down to a low count 

rate state with the spectrum permanently changed as shown in Figure 4.4(b). We found that 

such a conversion process is irreversible. 

 

Figure B2. Spectral jumps of two additional color centers at 20 K[11]. (a) Repetitive 

collection of 300 PL spectra of the emitter E2, each exposed for 0.5 s. The two optical-active 

transitions are labeled as ‘1’ and ‘2’, respectively. (b) Distribution of the ON period for state 

‘1’ (blue) and state ‘2’ (red) when the emitter E2 is under 0.5 mW excitation. The raw data is 

fit with a single exponential function, giving a characteristic state-conversion time of 

3.83±0.04 s and 8.43±0.17 s for state ‘1’ and ‘2’, respectively. (c). Time trace for jumping 

elimination. The binsize is 0.1 s. The E2 sample is under 2 mW 532 nm laser illumination for 

the whole process. (d) Repetitive collection of 300 PL spectra of the emitter E3, each exposed 

for 0.5 s with laser power of 1mW.  The two peaks are also labeled as ‘1’ and ‘2’. Reproduced 

with permission [11]. Copyright 2020, Wiley-VCH. 
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Appendix C Supporting materials for Chapter 5 

 

 EPR [MHz] ODMR [MHz] 

 D E D E 

kk 1282 0 1284.35±0.32 0 

hh 1331 0 1332.43±0.26 0 

hk 1193 104 1225.85±0.36 103 

kh 1328 15 1349.16±1.21 15 

 

Table CI:  D and E values comparison with resonant EPR and ODMR characterization. 

Overall, the results are in agreement with each other except that the D values acquired with the 

ODMR method for the basal center are greater compared to the EPR ones[12]. The different 

temperature needs to be considered for the difference.  

 

Direct evidence of NCVSi
- center creation in 4H-SiC is the hyperfine interaction with 14N. We 

then compared the DFT calculated results with the electron magnetic resonance (EPR) resolved 

fine structure. In Figure C2, the experimental results are in good agreement with the theoretical 

predictions. The ground-state properties of the NCVSi
- center in the 1- charge state can be 

described by the conventional spin Hamiltonian of a spin S=1 center: 

 

𝐻 = 𝜇𝐵 𝐵 ∙ 𝑔 ∙ 𝑆 + 𝑆 ∙ 𝐷 ∙ 𝑆 + ∑ (𝑆 ∙ 𝐴𝑗 ∙ 𝐼𝑗 + 𝐼𝑗 ∙ 𝑃𝑗 ∙ 𝐼𝑗 − 𝑔𝑁𝑗 ∙ 𝜇𝑁𝐵 ∙ 𝐼𝑗)𝑗        

 

 

Figure C1[13]: spin density distribution of the axial NCVSi
- center in 4H-SiC. The calculation 

shows a strong central hyperfine interaction with the central C atoms, a superhyperfine 

interaction with the three Si atoms near the C atoms, and a weak indirect hyperfine interaction 

due to core polarization on the N atom. Reproduced with permission [13]. Copyright 2020, 

American Chemical Society. 
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Figure C2[13]: EPR experimental results (dots) fit very well with the DFT simulation results 

(red curves) of electron spins and nuclear spins interaction. The theoretical A(14N) value for kk 

center is -1.15 Mhz, hh center is -1.09 Mhz, hk center is -0.56 Mhz, and kh center is -0.84 Mhz. 

Experimental results for the A(14N) amplitude for the four types of centers are 1.12 Mhz, 1.15 

Mhz, 0.98 Mhz and 0.7 Mhz with error bars +/-0.1Mhz. Reproduced with permission [13]. 

Copyright 2020, American Chemical Society. 
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Figure C3[13]: 2D confocal PL mapping of nitrogen implanted 4H-SiC samples. (a) 2D 

mapping for the sample with an implantation dose of 1013/cm2. The maximum count rate is 150 

K/s. (b) 2D mapping for the sample with an implantation dose of 1014/cm2. The maximum 

count rate is 1500 K/s. (c) Spectrum of the sample in (b) under 980 nm excitation at 10 K. The 

low-temperature spectrum of the Nitrogen irradiated sample clearly proves the creation of 

NCVSi
- centers. Meanwhile, there are no evident peaks related to divacancy centers. According 

to the 2D mapping, the count rate is proportional to the implantation dose. This then makes 

single NCVSi
- center generation at low dose implantation possible. Reproduced with permission 

[13]. Copyright 2020, American Chemical Society. 

 

Figure C4[13]: g2 (0) value raw data verse background corrected data. (a) g2()  raw data 

(blue line) and its fit (red line) with giving a dip of 0.36 ± 0.06 and 

t0 = 2.21 ± 0.22 ns. (b) g2()  data with background corrected (blue line) and its fit (red line) 

giving a dip of 0.01 ± 0.02. The raw data is corrected with , where

, with S refers to signal and B background respectively 7. Here, we have a 

signal count rate of 16 K/s and a background level of 4 K/s. Reproduced with permission [13]. 

Copyright 2020, American Chemical Society. 

2

0( ) exp( / )g t A B t = + −

2 2 2
( ) [ ( ) / (1 )] /ng t N t N  = − −

/ ( )S S B = +
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Figure C5[13]: The saturation behavior of the NCVSi
- emitter. (a) Saturation curve of the 

learned NCVSi
- single emitter in the main text. The saturation count is 27.1 ± 1.5 K, and the 

saturation power is 657.4 ± 1.6 W. (b) time trace of the emission with under saturated and 

saturated excitation, showing the stable emission of the NCVSi
- center. Reproduced with 

permission [13]. Copyright 2020, American Chemical Society. 

 

Figure C6[13]: Additional single NCVSi
- emitter. (a) Confocal PL map of the same sample used 

in the Main text. The scale bar is 2 m. The circled spot refers to the one with which the HBT 

is performed. (b) g2() measurement of the circled spot. The blue curve is the raw data without 

background correction, according to which the dip is lower than 0.5 (0.39) and confirms the 

single emission of the circled spot. As a high power of 4 mW is applied, there is a bunching 

behavior due to the shelving state in the excited states. Reproduced with permission [13]. 

Copyright 2020, American Chemical Society. 
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Figure C7[13]: (a) g2(t) measurements under unsaturated (1 mW) and saturated power (4 and 7 

mW). The red lines refer to the fit with the two-level model (1mW only) and three-level model 

(the rest power); 𝑔2(𝑡) = 1 − α exp (−
|𝑡|

𝑇1
) + 𝛽 exp (−

|𝑡|

𝑇2
). The a, b are the fitting parameters, 

and the T1, T2  refer to the lifetime of an exited and a metastable state. (b) The extracted lifetime 

of a NCVSi
- excited state. (c) The lifetime of a NCVSi

- metastable state. Reproduced with 

permission [13]. Copyright 2020, American Chemical Society. 

 

Figure C8[13]: (a) Confocal mapping of focused nitrogen ion beam implanted sample at room 

temperature. The scale bar is 2 m. Due to the imperfection of the Nitrogen beam, one shot 

resulted in two implanted spots. (b) Spectrum related to the focused ion implantation sample 

at 10 K with 980 nm laser excitation and collection above 1000 nm. The peaks related to each 

kind of NCVSi
- centers are labeled accordingly. Reproduced with permission [13]. Copyright 

2020, American Chemical Society. 
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