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Resumen

La fotdnica cuantica integrada es un elemento indispensable para para la miniaturizacion,
estabilizacion y escalabilidad de las tecnologias cuanticas. El desarrollo de circuitos fotonicos integrados
para aplicaciOn en tecnologias cuanticas ayudara a traspasar el cuello de botella hacia niveles superiores
de disponibilidad tecnoldgica y comercializacién. La decoherencia cuantica supone uno de los retos
técnicos a nivel fundamental con mayor relevancia para la realizacion de este desarrollo. En este contexto,
el objetivo de este proyecto ha sido el de proporcionar herramientas teOricas para orientar la
conceptualizacion y el disefio de los bloques fundamentales de los circuitos cuanticos integrados con
vistas a la reduccion de la decoherencia cuantica en estos sistemas. Los resultados obtenidos en forma de
modelos tebricos, métodos numéricos de simulacion y esquemas de optimizacién facilitan estas
herramientas a través una serie de nuevos instrumentos matematicos que sirven tanto para la
caracterizacién de la decoherencia en diferentes componentes como para guias de disefio para su
reduccion: Expresiones analiticas que relacionan directamente los parametros de disefio de estructuras
foténicas con el grado de decoherencia de la plataforma; Modelos para la simulacion numérica de
emisores cuanticos integrados en estructuras fotdnicas que conectan la variacién de los pardmetros del
disefio con el impacto en las figuras de mérito que caracterizan la decoherencia; Esquemas de
optimizacion basados en métodos de Machine Learning para estructuras de fotOnica cuantica integrada
que ofrecen una reducciOn sin precedentes en términos de consumo de recursos computacionales;
Interpretaciones fisicas de las soluciones de los modelos desarrollados que contribuyen al avance del
conocimiento del comportamiento de componentes de circuito en diferentes condiciones. El aparato
matematico desarrollado ha sido evaluado a través de su aplicacién en diferentes casos practicos
validando su fiabilidad y demostrando resultados prometedores: Identificacion de los valores de los
parametros de disefio necesarios para la maximizacion de la indistinguibilidad y la eficiencia de
extracCidn en emisores cuanticos acoplados a guias de onda dependiendo de las caracteristicas del emisor,
estimando incrementos en la indistinguibilidad de hasta un 30% para disefios optimizados; Optimizacion
del disefio de una cavidad dptica para integracion en chip de emisores cuanticos que garantiza valores de
indistinguibilidad y eficiencia de extracCion cercanos a la unidad con emisores fuertemente disipativos a
temperatura ambiente; Relajacion de los requisitos técnicos generales para cavidades Opticas a partir de
una nueva plataforma propuesta basada en la integracion de clUsteres de emisores cuanticos acoplados
que garantiza indistinguibilidad perfecta con emisores fuertemente disipativos a temperatura ambiente
para las configuraciones 6ptimas. Esperamos que los resultados obtenidos en esta disertacion contribuyan
al avance del conocimiento para el desarrollo de la fotdnica cuéantica integrada y sirvan de hoja de ruta
para la realizacion de nuevas demostraciones experimentales que incrementen su impacto en el estado del

arte de las tecnologias cuanticas.
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Capitulo 1. Introduccién

1 desarrollo de la mecanica cuantica (MC) a lo largo del siglo XX trajo consigo la
revolucidn tecnoldgica que sostiene una buena parte del ecosistema industrial en la
actualidad. Los avances en teoria de semiconductores junto con la evolucion de las
tecnologias CMOS permitieron el desarrollo de los micro-transistores, que proporcionaron por primera vez
un candidato robusto para la manipulacion de sefiales digitales en el procesamiento de informacidn basado
en lenguaje binario, haciendo posible el desarrollo de ordenadores e internet. En esta primera generacion
de tecnologias cuanticas jugd un rol esencial el tercer postulado de la MC que involucra a la ecuacidn de
Schrédinger, la cual permite obtener el espacio discreto de estados energéticos de la funcién de onda (FO)
para un potencial determinado. Este formalismo result6 clave para la descripcion de la estructura de niveles

electronicos en materiales, dando lugar a la fisica de semiconductores.

En paralelo, el segundo postulado (postulado de la medida) centraba el debate sobre las interpretaciones
filosoficas de la MC dentro de la comunidad de sus propios fundadores. A pesar de que en su formulacién
estandar la MC identifica del modulo de la FO con una densidad de probabilidad y a los observables como
variables estocasticas, la aplicacion de conceptos probabilisticos a la MC difiere sustancialmente del caso
de una teoria clasica. En concreto, la nocidn de espacio de probabilidades junto con su correspondiente
espacio de variables estocasticas no es compatible con las estructuras basicas en MC: el espacio de Hilbert
de vectores estado y su correspondiente algebra de operadores [1]. Como consecuencia, no es posible
formular la MC como una teoria estadistica en un espacio de probabilidad clasico [2]. Atendiendo estas
inconsistencias, la exploracion sobre las interpretaciones probabilisticas de la FO llevada a cabo a lo largo
de la segunda mitad del siglo XX (von Neumann (1955) [3],J S Bell (1964) [4], JP Gordon (1962) [5], CW
Helstrom. (1969) [6], AS Holevo (1973) [7], A Fine (1982) [8], JF Clauser (1969) [9]]) fue estableciendo
lentamente los cimientos de la era de la informacidn cuantica (I0). Este nuevo formalismo proporciond un
marco tedrico en el contexto de la teoria de la informacidén para los conceptos de superposicion (i) y
entrelazamiento (ii) introducidos previamente por la MC: (i) La correlacion entre observables no
conmutables no admite su caracterizacion a través de una distribucion de probabilidad conjunta [10]; (ii)
La cantidad de entropia acumulada en un sistema compuesto es mayor que la almacenada en sus
subsistemas por separado [11]. Pronto esta reinterpretacion de ambos fenémenos dentro del nuevo marco

despertd su potencial para la aplicacion en los campos de la computacion y el procesado de informacion.



La posibilidad de emplear superposiciones coherentes de estados entrelazados como soporte fisico para la
codificacion y manipulacion de registros de bits permite en principio la posibilidad de actuar
simultineamente sobre varios estados de un bit a través de la implementacidn de una unica operacion. De
forma general, si un circuito cuantico dispone de un registro entrada de g-bits u, y un registro salida de g-

bits todos en el estado |0), una computacion arbitraria F produce la operacion:
[w)|0) = [w)|F (w)) (1)

Si el registro u se compone de una cadena de N g-bits en una superposicion de |0) y |1), este proceso deja
cada salida de 2N en un estado de superposicion [12]. A lo largo de la década de los 90 una serie de trabajos
tedricos demostraron la posibilidad de la explotacion de este escalamiento exponencial para la reduccion
de la complejidad computacional de problemas de computacion clasica moderna: Grover (1996), reduccion
de la complejidad del problema de biisqueda desordenada de N a /N (con N el numero total de
evaluaciones) [13]; Simons (1997), reduccién del problema NP-complete de la funcion vectorial periddica
a un problema lineal en N [14]; Shor (1994), reduccion del problema NP-complete de la factorizacion de
numeros primos a un problema tipo P(N) [15]. Las aplicaciones potenciales de una tecnologia capaz de
operar en este nuevo paradigma de computacion incluyen un gran numero de problemas de optimizacion:
Disefio eficiente de medicamentos para medicina personalizada [16-18]; Mejora de logistica para

proteccion de recursos naturales [19]; Gestion de carteras para optimizacion del beneficio/riesgo [20,21].

Fotdnica cudantica integrada

A raiz de estas evidencias dio comienzo una escalada de inversiones publico-privadas en tecnologias de
informacidn cuantica que se extendid a lo largo de Asia, Europa, Australia y Norte América con el objetivo
del desarrollo de un hardware comercializable para la realizacion fiable de algoritmos cuanticos (2™
Quantum Revolution). Las tecnologias originalmente mas extendidas fueron las basadas en g-bits
superconductores y las Ton-Trapping, que demostraron la primera realizacion de una operacion logica con
unos pocos q-bits en la década de los 90 [22,23]. En la actualidad existe una amplia variedad de alternativas
para la realizacion de g-bits estables dentro de un extenso abanico de empresas privadas y pablico-privadas,
entre las que destacan: Q-bits superconductores (IBM, Google, D-Wave, Intel, Qutech, Quantum circuits,
Seeqc, Amazon, Quantware, UST of China, Bleximo, Alice and Bob, Origin Quantum, Raytheon BBN,
Oxford Quantum Ciurcuits, IQM Quantum computers); lon-Trapping (Quantinuum, IonQ, Oxionics,
Infineon, Qscout, Oxfor Ionics, Alpine Quantum Technologies, Universal Quantum), Quantum Dot (QD)
g-bits (Qutech, Intel, HRL laboratories, CEA-LETI, Quantum Motion, Riken Center for Quantum
Computing); Color center q-bits (Qutech, SQC, Internacional Iberian Nanotech Lab, Quantum Brilliance);
Atomos neutros en pinzas épticas (Coldquanta, Atom Computing, Pasqal, Quera); Topological g-bits
(Microsoft, Qutech); Electrones en Helio (EEROQ); y qg-bits opticos (Xanadu, Psiquantum, Quix
Quantum, Orca Computing, Quandela, UST of China). Para la realizacion de circuitos con profundidad
computacional suficiente para ejecutar algoritmos que demostrasen supremacia cuantica se estima que seria
necesario un nimero de alrededor de 10° g-bits estables [24]. Esto es debido a que para garantizar la
fidelidad en la aplicacion de puertas lOgicas es necesaria la implementacion de circuitos de correccién de

errores que involucran una serie de g-bits adicionales que funcionan cooperativamente como un Unico q-



bit l0gico [25]. En el afio 2022 las empresas que lideran el ranking en términos de namero de g-bits disponen
de ordenadores del orden de 10? g-bits: IBM (433 g-bits); Google (53 g-bits); Rigetti (80 g-bits); Coldquanta
(100 g-bits); TonQ (32 g-bits); Pasqal (200 g-bits); Quera (256 g-bits). Las previsiones para el desarrollo de
dispositivos con numero de g-bits del orden de 10° se sitllan a lo largo de la proxima década: IBM (2026);
Google (2029); D-Wave (2024); Riguetti (2026) Psiquantum (2025); Coldquanta (2024); IonQ (2028);
Silicon Quantum Computing (2029).

Por otro lado, resulta conveniente resaltar que la estimacion de estas previsiones tiene como fuente la
informacidn ofrecida por las propias instituciones interesadas en la captacion de fondos para el desarrollo
de sus tecnologias. Aunque la consecucidn de estos hitos ha demostrado que el procesamiento de
informacidn a través de la superposicion coherente de g-bits es tecnoldgicamente realizable, todas las
tecnologias mencionadas previamente se enfrentan a una serie de retos comunes para los que no existe una
solucién tnica y fiable para el medio o largo plazo. Fundamentalmente, esta serie de retos involucran
problemas relacionados con la robustez de los componentes y su escalabilidad. A modo de ejemplo, las
tecnologias basadas en color-centers, QDS, o trampas de iones, requieren de sistemas sofisticados de
control de pulsos laser para la creacién o modificacion de estados cudnticos [26]; En sistemas de g-bits
superconductores, con transiciones en el régimen de microondas, el entrelazamiento entre distintos
dispositivos se realiza a través del acoplamiento con fotones individuales en el espectro visible, para lo que
se requieren fuentes coherentes de luz cuantica [27]; Para la generacidn de g-bits dpticos se utilizan
resonadores cuya frecuencia de resonancia debe mantenerse estable frente a vibraciones para asegurar el
acoplamiento con fuentes de fotones individuales [28]. La miniaturizaciOn y escalabilidad de este tipo de
componentes supone un importante reto tecnolégico para el que todavia es necesaria una fuerte inversién
en investigacion fundamental. En este punto juega un rol especialmente central el creciente desarrollo de

las tecnologias de fotOnica cuantica integrada (FCI).

La FCI se beneficia directamente del desarrollo en paralelo de la fotonica clasica integrada (FI), la cual
dispone en la actualidad de un considerable grado de madurez. El crecimiento de las industrias de fibra
Optica y sensores inteligentes ha motivado el esfuerzo para la miniaturizacién de componentes opticos e
integracion a gran escala, siguiendo un camino similar al ya recorrido por la industria electrénica. Al igual
que el proceso de manufacturacion de componentes microelectronicos, la fabricacion de circuitos fotOnicos
integrados (CPI) se basa en tecnologias de escala de oblea, donde es posible integrar una gran cantidad de
componentes Opticos sobre un Gnico sustrato. El esfuerzo por la realizacion de una plataforma escalable de
fabricacion de CPI ha generado a lo largo de las ultimas décadas un elevado numero de soluciones que ya
disponen de sus propios nichos de mercado: transceptores de alta velocidad para centros de procesamiento
de datos; soluciones de sensado y monitorizaciOn para automatizaCion industrial; sistemas
microelectromecanicos). Pudiéndose beneficiar de este alcance, la FCI representa un candidato esencial
para la miniaturizaciOn, estabilizaciOn y escalabilidad de las tecnologias cuanticas. El desarrollo de CPIs
para aplicacion en determinados dispositivos cuanticos puede ayudar a traspasar el cuello de botella hacia
niveles superiores de disponibilidad tecnol6gica y comercializacidén: arquitecturas escalables y
reconfigurables miniaturizadas [29,30]; alta estabilidad de sistemas 6pticos [31]; co-integracidén on-chip de
detectores de fotones individuales [32,33]; lectura electronica CMOS complementaria y sefial de

compensacion [34]. A pesar de su inmadurez, el desarrollo de la FCI muestra un crecimiento exponencial
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desde la demostracion de la primera puerta l6gica funcional en 2008 [35]. Hasta la fecha, una buena parte
de los componentes considerados como bloques fundamentales de la FCI han sido integrados en chips
foténicos clasicos con éxito: Fuentes laser y amplificadores a longitud de onda especifica [36];
Estabilizadores de frecuencia [37]; transformadores de frecuencia [38]; Controladores de intensidad [39];
elementos de control de frecuencia, fase y amplitud para trampas de iones [40]; MEMS [41]; interruptores
opticos de alta velocidad [42]; Guias de onda de ultra-bajas pérdidas [43]; detectores de fotones individuales
[44]; elementos de filtrado de polarizacion [45]; Cavidades Opticas de alto factor de calidad y volumen
modal reducido [46]; Memorias cuanticas basadas en atomos o estado solido [47]; Emisores cuanticos
basados en confinamiento cuantico [48]; Convertidores de frecuencia cuanticos entre espectro visible y
longitud de telecomunicacion [49]; Elementos para operaciones de compensacion de alta velocidad [50].
Al mismo tiempo, el impacto de la FCI en aplicaciones reales para diferentes areas de tecnologias cuanticas
muestra resultados altamente prometedores: Comunicaciones cuanticas: Sistema de distribucion de claves
cuanticas chip a chip basada en silicio a lo largo de 43 km de fibra 6ptica oscura (2018) [51]; Primera
operacion en red para computacion cuantica distribuida (2021) [52]; Computacion cudntica: Esquema de
sampleado de bosones con 50 fotones para computacion especifica demuestra por primera vez ventaja
cuantica basada en FCI (2020) [53]; Simulacion cuantica: Plataforma para Eigensolver variacional para el
calculo del estado fundamental energético de moléculas de H, (2013) [54]; Metrologia cuantica:
Plataforma basada en defectos en diamante para detectores eficientes de campo magnético con una
sensitividad sin precedentes [55]. Como aliciente, en la actualidad se investigan diferentes plataformas
basadas en FI con el potencial de materializarse en candidatos lideres para tecnologias de centros de datos
y 5G. La FCI ha emergido sobre este ecosistema de desarrollos con prevision de corto plazo y ya existen
sinergias que pueden explotarse para generar cadenas de suministro globales para tecnologias de FCI. Como
consecuencia, la FCI atraviesa un periodo de fuerte captacion de programas de inversidn publica extendidos
a lo largo de un gran numero de paises: Europa: Quantum Flagship (EU), QuantERA (ERA-NET), UK
National Quantum Technologies Programme; Australia: EQUS, TMOS, CQC27; Asia: Programas de
financiacion por parte de Academia de Ciencias China, la Fundacion de Ciencias Naturales de China y el
Ministerio de Ciencia y Tecnologia, con una inversion superior a 50 millones de Yuans; Tokyo QKD
Network; Quantum Technology Innovation Strategy también en Tokio; Norte América: Quantum Internet
Blueprint workshop (EEUU); Quantum Photonic Sensing and Security programme (Canada); Quantum
Encryption and Science Satellite (Canadd). Paralelamente, un amplio espectro desde grandes empresas
hasta start-ups se encuentran involucradas activamente en el desarrollo y provisionamiento de CPIs para
aplicacion en FCI: Huawei, Baidu, Thales, Bosch, Atos, Telefonica, Teledyne, BAE Systems, BT, Toptica
Photonics, Vixar/OSRAM, OROLIA, FISBA, AUREA, LightOn, QuiX, QUANDELA, iPronics,
LIGENTEC, VLC Photonics, IMASENIC, APE, VPIphotonics, IDQ, QUARTIQ, Single Quantum, MPD,
SMART Photonics, LioniX, QZABRE, QNAMI, Element6, KETS, Qontrol.

En FCI la informacion del estado del g-bit viene codificada en un determinado grado de libertad del foton
(polarizacidn, fase, momento angular, etc), y la implementacion de operaciones l6gicas sobre estos estados
se realiza a través elementos basicos de Optica integrada, fundamentalmente beam-splitters y phase-shifters.

En este contexto, la fidelidad de las puertas l0gicas se ve comprometida por un lado por la precision de las



especificaciones de estos elementos, y por un fendmeno de origen fundamental conocido como

decoherencia cuantica.

Decoherencia cuantica

Al margen de los desafios en términos de escalabilidad y estabilidad de componentes, toda tecnologia
basada en la creacion y manipulacion de estados cuanticos en g-bits, incluida la FCI, enfrenta un obstaculo
comun de naturaleza mas fundamental. Basados en vectores de corriente en superconductores, spin de
electrones de iones atrapados en trampas Optico-magnéticas, polarizacion de fotones en guias de onda, o en
cualquiera de sus variantes, los g-bits representan sistemas cuanticos abiertos en interaccCidn con entornos
con un espectro continuo de grados de libertad. La interacCién de un sistema cuantico abierto con sus
alrededores genera correlaciones entre los estados del sistema reducido y los del entorno. Asi, el entorno
almacena informacion del sistema abierto en forma de estas correlaciones. Para cierto tipo de interacciones
sistema-entorno, el efecto de el entorno se traduce de forma efectiva en una serie de medidas indirectas
sobre el sistema abierto [11]. Tras tomar la traza parcial sobre los grados de libertad del entorno, obtenemos
un conjunto de estados del sistema abierto fuertemente estables, mientras que las superposiciones entre este
conjunto de estados son destruidas de forma casi instantdnea. A esta destruccion de superposiciones
coherentes inducida por el entorno se le denomina decoherencia cuantica. A partir de este proceso las
superposiciones de amplitudes de probabilidad se reducen a estados mixtos de probabilidad clasica

produciendo una pérdida irreparable de informacion cuantica contenida en el estado del g-bit.

La propiedad caracteristica de este tipo de interacciones se basa en que el sistema reducido afecta al entorno
generando correlaciones sistema-reservorio, y sin embargo, el efecto de back-action por parte del reservorio
sobre ciertos estados del sistema puede considerarse negligible. Como consecuencia, el decaimiento de las
poblaciones de la matriz densidad reducida del sistema abierto es despreciable, mientras que las coherencias
(elementos no diagonales de la matriz densidad) decaen en escalas temporales mucho mas cortas que los
tiempos de relajacion tipicos del sistema abierto. Asi, tomamos el siguiente Hamiltoniano del proceso como

punto de partida [11]:
H=H;+Hg+H , H =Y,|n{n|®B, )

Donde H, Hg y H; son los Hamiltonianos del sistema abierto, reservorio e interaccion respectivamente,
[n) son los vectores base del sistema abierto, y B,, operadores arbitrarios del reservorio. Si asumimos que
H, conmuta con los proyectores del sistema |n), la evolucidn temporal del estado combinado en funcién

del tiempo se puede escribir como [11]:

[ (8)) = X ca[)®1 (1)) )

Donde |¢,,(t)) es un estado arbitrario del reservorio. El estado entrelazado (3) representa una correlacion
perfecta entre los estados del sistema y del reservorio, y al mismo tiempo, envuelve una superposicion
coherente de los estados |n) del sistema. Como consecuencia, las coherencias del sistema permanecen

presentes en la matriz de densidad reducida [11]:

ps(t) = Zn,m CnCm|n) (M|{y, ()P (1)) 4



Teniendo en cuenta que (¢, (t)|p,(t)) = 1, los elementos diagonales de p,(t) se mantienen constantes en
el tiempo, sin embargo, los elementos no diagonales experimentan una evolucion temporal. De esta forma,

la dependencia temporal de las coherencias depende del overlap entre los diferentes estados del reservorio

[11]:
|<¢m(t)|¢n(t)>| = exp [ ()] Q)

La cantidad T,,,(t) describe la evolucidn temporal de las coherencias y se denomina funcién de
decoherencia. La dependencia con el tiempo de I, (t) depende del tipo de acoplamiento entre el sistema
y el reservorio, y en general, para sistemas dinamicos irreversibles tiene forma de decaimiento exponencial
a un determinado ratio. De esta forma, considerando el caso extremo en el que el overlap entre distintos

estados |, (t)) ¥ |¢m (t)) decrece a 0 pasado un tiempo de coherencia T, [11]:

{Pm (D) Pn (N = Sm (6)

La matriz densidad reducida del sistema vendra dada por [11]:

ps() = X lenl?n) (n] (7

Después de tiempos de escalas superiores a 7, las coherencias del sistema abierto han desaparecido y este
se comporta como una mezcla incoherente de estados |n), por lo que los términos de interferencia para el
célculo del valor esperado del observable (n|A|m) ya no seran localmente observables a partir de medidas

sobre el sistema reducido (i.e. el g-bit).

En caso especifico de la FCI los principales mecanismos de decoherencia tienen lugar el proceso de
generaciOn de fotones individuales. Las plataformas para fuentes de fotones individuales (FFI) vienen
tipicamente constituidas por un emisor cuantico (EC) integrado en una cavidad 6ptica monomodal (ver

Figura 1):
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Figura 1. Esquema de un emisor cuantico con ratio de decaimiento y y ratio de dephasing y* acoplado con una fuerza de acoplamiento
g al monomodo de una cavidad optica con ratio de decaimiento k. El espacio de estados del emisor consiste en un sistema de dos

niveles |g) vy |e),

El EC viene descrito por un sistema de dos niveles {|f), |e)} (fundamental y excitado) y se encuentra

acoplado con una constante de acoplamiento g al monomodo de la cavidad Optica con espacio de estados



en la base de Fock {|0),|1)} (vacio, ocupado). Si consideramos un detuning despreciable entre la energia
de transicion del EC y la frecuencia de resonancia de la cavidad, y asumimos como condicion inicial la
excitaciOn instantanea del EC, la energia total del sistema se restringe al intercambio coherente de un unico
quanta entre el monomodo y el EC durante todo el proceso. En estas condiciones podemos truncar el espacio
de Hilbert del sistema compuesto eliminando los estados no acoplados a la dinamica del sistema
reduciéndolo al sistema 2-dimensional {|e 0), | f 1)}. Después de aplicar la aproximacion rotating-wave, el

Hamiltoniano de interaccion del sistema viene dado por [56]:

-

Que describe la evolucion unitaria del sistema compuesto sin tener en cuenta el acoplamiento con el
entorno. Si consideramos que tanto el EC como la cavidad dptica se encuentran acoplados a un espacio
continuo de modos electromagnéticos, la dindmica no unitaria de la matriz densidad del sistema vendra

descrita por la siguiente ecuacion de Lindblad [56]:

.o _ | Pee pec/Z) _ < 0 pec/Z)
Ps = l[H'ps] +LEC +Lcav +Ldeph ’ LEC - y(pce/z 0 ’ Lcav =—K pce/z Pec (9)

Donde p,. ¥ pcc son las poblaciones del EC y la cavidad respectivamente y p.. Y pec Son las coherencias
del sistema compuesto. En este esquema los términos disipativos Lz y L4, Vienen descritos bajo la
aproximacion de Born-Markov e introducen el efecto de disipaciOn de energia por acoplamiento al continuo
de modos electromagnéticos a través de un decaimiento exponencial de las poblaciones del EC y la cavidad
a ratios y y k respectivamente. Adicionalmente, dependiendo del tipo de plataforma empleada para la
integracidn de la FFI, el EC se encuentra acoplado a un entorno mesoscOpico con un vasto nimero de
grados de libertad. El sistema de dos niveles experimenta fluctuaciones aleatorias de su energia que pueden
describirse mediante un proceso estacionario estocastico que viene introducido en la ecuacion de Lindblad
mediante el operador de colapso [56]:

0 pec/Z)

o ( 10
deph Y Pce/2 0 ( )

El ratio disipativo y*, denominado dephasing puro, trae cuenta del decaimiento exponencial de las
coherencias del sistema y por tanto del grado de decoherencia cuantica inducida por el acoplamiento del
EC con su entorno mesoscdpico. Dependiendo de la naturaleza de la plataforma para la integracion del EC
la magnitud de y* puede variar desde niveles comparables a y, para el caso de emisores poco disipativos,
hasta extremos de 10*y para el caso de emisores fuertemente disipativos, lo que la convierte en uno de los

indicadores fundamentales de la calidad de la emisién de la FFI.

Este conjunto de definiciones para describir el grado de decoherencia en FCI establece medidas aplicables
generales para determinar la calidad de estados cuanticos en g-bits Opticos. Sin embargo, no representan
magnitudes directamente accesibles en el contexto de experimentos de coherencia optica. En particular,
existen funciones de correlacion cuantica, directamente dependientes de los parametros de decoherencia,
mas relevantes e indicados para evaluar resultados experimentales tipicos. Uno de los experimentos mas

establecidos para la caracterizacidn de estas funciones de correlacion, conocido como HOM (de Hong, Ou



y Mandel) [57], se basa en el fenomeno de coalescencia de dos fotones independientes en un set-up de

interferometria (ver Figura 2):

1 /
BS OT
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Figura 2. Esquema representativo de un experimento de interferometria HOM. Dos fotones independientes generados a partir de dos
EC entran a través de los puertos 1 y 2 de un Beam Splitter, abandonandolo por los puertos de salida 3 y 4, donde se coloca una pareja
de detectores de fotones individuales. Mediante la regulacion de la posicion relativa del Beam Splitter con respecto a los EC es posible

modificar la diferencia de caminos 6pticos entre los dos haces introduciendo una diferencia de fase relativa 7.

En el esquema HOM dos fotones independientes generados a partir de dos EC llegan a los puertos de
entrada 1 y 2 de un Beam Splitter (BS). Cada fotdn abandona el BS con una cierta probabilidad por el
puerto 3 o el puerto 4, la cual viene regulada por los parametros de transmision y reflectividad del BS. A la
salida de los puertos 3 y 4 se colocan dos detectores de fotones individuales que generan pulsos eléctricos
discretos con la deteccion de un foton. En general se necesita considerar 4 caminos Opticos diferentes con
4 tiempos de propagacion entre cada EC y cada detector. En la mayoria de set-ups experimentales 3 de
estos caminos se mantienen fijos, mientras que se introduce un retardo ajustable en uno de los puertos de
entrada para que las medidas puedan expresarse en funcion de ese retardo. Para nuestro propoésito, resulta
mas conveniente considerar la situacion en la que ambos EC y detectores se disponen simétricamente a
cada lado del BS, de forma que los 4 tiempos de propagacidn son iguales. En esta configuracion los
desplazamientos del BS con respecto a la posicion simétrica producen un retardo 8t afectando
simultaneamente a los dos caminos Opticos simétricos. Las seflales generadas por los fotodetectores
registran, al mismo tiempo, el tiempo de llegada de cada fotdn que abandona el BS, y se procesan mediante
un contador de coincidencias que acumula los eventos en los que se detectan dos sefiales simultaneas. Los
resultados del experimento vienen descritos por la funcion de correlacion g® (1), que se relaciona con los

operadores de campo mediante la expresién [58]:
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Donde el numerador indica la probabilidad de deteccion conjunta de un fotdn en el puerto 3 a tiempo ¢t y
un fotdn en el puerto 4 a tiempo t + T, mientras que el denominador permite la normalizacidn con respecto
a eventos descorrelacionados. Para el caso de EC ideales no disipativos, empleando un BS 50:50 y un
retardo de T = 0, ambos fotones entran al BS simultaneamente y coalescen en un estado de Fock puro de
dos fotones abandonando el BS por el mismo puerto. En este caso la probabilidad de deteccion conjunta es
nula y g®(0) = 0. Por el contrario, en presencia de mecanismos de dephasing los EC se encuentran
descorrelacionados en fase debido a su acoplamiento a reservorios independientes. El desfase entre
emisores genera una difusion de fases en los campos emitidos modificando el patrén de interferencia y
destruyendo parcialmente la coalescencia. En este caso la funcion de correlacion para T = 0 viene dada por

[58]:

g0 =1-—= (12)

Por lo tanto, el grado de coalescencia viene regulado directamente por la magnitud del cociente ny*. Dado

que el grado de coalescencia describe en cierta medida la posibilidad de distinguir experimentalmente
parejas de fotones independientes, a este cociente se le define como grado de indistinguibilidad (/), que de

forma general para un sistema arbitrario viene dado por [56]:

[ ataz|<at (t+v)a)>|”
Iy atar<at(vat)><at(t+valt+)>

(13)

Donde @' y @ son los operadores creacion y aniquilacion del campo. La expresion (13) puede resolverse
numéricamente via teorema de regresion cuantica, y en algunos casos especificos admite solucion analitica
a través de métodos de funciones de Green fuera del equilibrio. De esta forma, la estimacion tedrica del
grado de indistinguibilidad de una FFI para unos valores de y, y*, g y k especificos viene dada a partir de
las soluciones de la ecuacidn de Lindblad (9) y el célculo de (13). Dado que un extenso nimero de
aplicaciones para esquemas de computacion cuantica optica se basan en el fenomeno de coalescencia (como
la implementacién de puertas CNOT), para el que se requieren fotones altamente indistinguibles, el grado
de I representa una medida particularmente indicada de la calidad de los estados cuanticos de g-bits 6pticos
en presencia de fendmenos de decoherencia cuantica. Ya que, al mismo tiempo, se trata de una magnitud
facilmente extraible experimentalmente, el valor de [ se utiliza como figura de mérito para la caracterizacion

de FFL.

Motivacion y objetivos

En la actualidad existe un amplio espectro de plataformas viables como candidatas para FFI cuya
integraci6n en chip ha sido demostrada experimentalmente: II1-V QDs [59], nanotubos de carbono [60],
NV [61], centros SiV en diamante [62], defectos inducidos en materiales monocapa 2D [63], nanocubos de
perovskitas [64] y dopantes en erbio [65], entre otros. Particularmente, las FFI basadas en QDs epitaxiales
proporcionan control de posicionamiento durante el proceso de crecimiento [66] y la posibilidad de
integracidn monolitica en nanoestructuras fotonicas [67,68]. Estas caracteristicas facilitan

significativamente la integracion en cavidades opticas en chip, permitiendo posicionar el EC en el punto de
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maximo acoplo con el modo del resonador potenciando la calidad de la emision. Como resultado, en los
ultimos afios se ha reportado un gran nimero de demostraciones experimentales de QDs integrados en
cavidades opticas a temperatura (7) criogénica mostrando valores récord de I: g@(0) =7-10"3 ¢ /=
0.96 con InAs/GaAs QDs integrados en micropilares a T=4.3 K [69]; g®(0) = 1.2+ 1072 ¢ /=0.97 con
InAs/GaAs QDs integrados en microcavidades DBR a 4.2 K [70]; g(z)(O) =28-10"3 e 7= 0.99 con
InAs/GaAs QDs integrados en micropilares DBR a 4 K [71]. Sin embargo, para T por encima del régimen
criogénico el efecto de los mecanismos de dephasing puro reducen drasticamente la calidad de la coherencia
en la emision: g (0) = 0.47 con InAs/GaAs QDs a 120 K [72]; g®(0) = 0.34 con InAs/InP QDs a 80
K [73]; g(z)(O) = 0.48 con GaAs/GaAsP QDs a 160 K [74]. Para 7> 200 K la maxima calidad reportada
es de g@(0) = 0.34 [75]. Como consecuencia, el valor de I se reduce a niveles impracticables para
aplicacién en tareas de procesamiento de informacion cuantica (/ > 0.8 para la mayoria de esquemas
propuestos [76]). En este contexto, la implementacién de QDs en plataformas para FFI esta restringida al

régimen de T ultra-baja.

Con el objetivo de traspasar esta limitacion existen diferentes estrategias de ingenieria de cavidades que
recientemente han demostrado resultados prometedores. Una de las mas extendidas consiste en maximizar
el acoplo g por medio del confinamiento del modo 6ptico en una cavidad de volumen modal (V) ultra-
pequefio. En este aspecto las cavidades plasmoOnicas ofrecen una gran variedad de alternativas: El
confinamiento de modos Opicos en huecos sub-nanométricos entre pares de nanoparticulas plasménicas
(esferas de oro [77], nanohilos de oro [78], bowties metalicos [79]) generan los maximos confinamientos
de campo alcanzando valores de hasta g = 200 meV [80], aunque al mismo tiempo, proporcionan bajos
factores de calidad (Q) (~10%) y eficiencias de extraccién (f) [81]. Existen diferentes propuestas para el
incremento de O y f§ en estos sistemas, algunas de ellas basadas en estructuras de nucleos dieléctricos con
envolturas metalicas para el incremento de O [82,83], o sistemas hibridos de Fabrit-Perot con nano-antenas
para la maximizacion de S [84,85]. En general, las estructuras plasmonicas presentan una serie de
desventajas en términos de pérdidas 6hmnicas en las plataformas metalicas que repercuten drasticamente
tanto en la eficiencia de integracion en chip como en el ajuste del valor de Q [86]. En contraposicion, las
cavidades dieléctricas basadas en tecnologia del silicio ofrecen plataformas de pérdidas ultra-bajas, y al
mismo tiempo, compatibles con las tecnologias CMOS para la integracidn con circuitos electronicos
complementarios. Ademas, los avances en las tolerancias de precision en tecnologias de litografia por haz
de electrones [87] sobre obleas de silicio y nitruro de silicio permiten la miniaturizacidn de estructuras de
elevada complejidad con detalles en el rango de las decenas de nanometros [88]. A lo largo de la ultima
década se ha demostrado con éxito la integracion de varios tipos de EC en diferentes cavidades dieléctricas
en chip, entre las que destacan: Cristales fotOnicos 2D [89-91]; micro-pilares DBR [92]; nanobeams [93];
bullseye [94]; Bragg-Fabry-Perot en chip [95]. El disefio de cavidades con V. ultra-pequefios también es
posible en las plataformas dieléctricas basadas en cristales fotonicos con slots. Los nanobeams con slots
discretos [96,97] ofrecen Ve del orden de 10-3(A/2n)* manteniendo alto Q. Sin embargo, la introduccion de
slots discretos produce grandes perturbaciones en el modo 6ptico reduciendo S. Por otro lado, los disefios
basados en slots continuos [98], o concatenaciones slot-anti-slot en nanobeams [99,100] consiguen

mantener un Veyreducido manteniendo alta 8. En contraprestacion, las cavidades dieléctricas con Vg ultra-
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pequefio dificultan significativamente la deposicion del EC cuantico en la posicién de maxima intensidad
de campo eléctrico [101]. Por lo general, la realizacion experimental de la integracion de un EC requiere
de la fabricacion de un elevado nimero de dispositivos y el chequeo de candidatos adecuados uno a uno.
De esta forma, aunque estos esquemas puedan resultar (tiles para la demostracidn experimental de
determinados fendmenos cudnticos, se encuentran francamente lejos de convertirse en una tecnologia
escalable. Hasta la fecha, la realizacion de FFI de alta / con EC fuertemente disipativos (como QDs a alta
T o defectos en materiales 2D tanto a alta como baja 7) no ha sido demostrada experimentalmente. En este
contexto, la exploracion tedrica sobre nuevas estrategias para la conceptualizacion y disefio de plataformas

para FFI de alta / resulta especialmente relevante.

En general, el disefio de plataformas tanto para FFI como otros componentes de circuitos integrados pasa
por la simulacién computacional de la estructura integrada a través de métodos numéricos de resolucion de
las ecuaciones clasicas de Maxwell, como el FDTD [102-105]. A partir de la evaluacion del rendimiento
de la estructura en el entorno de simulacion, se procede a la optimizacion de los diferentes grados de libertad
de la geometria del disefio para la maximizacion de una determinada figura de mérito clasica (como Q o
Vep). La seleccion de estas figuras de mérito clasicas y sus valores objetivo vienen dados por los resultados
de estudios tedricos basados en modelos cuanticos (como en (9)), que buscan ofrecer guias de disefio
generales para el alcance de alta 7 [106-108]. En otras palabras, las estrategias de diseflo actuales se
construyen a partir de un proceso de dos etapas independientes: (i) Desarrollo de un modelo cuantico que
determine cuales son los valores adecuados de figuras de mérito clasicas (Q o Vp) para la obtencion de alta
I en una plataforma arbitraria; (ii) Disefio, simulacion clasica FDTD y optimizacion de los pardmetros
geométricos de una plataforma especifica para ajustar las figuras de mérito clasicas a los valores objetivo.
Los trabajos citados previamente en las referencias del parrafo anterior representan ejemplos de aplicacion
de esta metodologia. Bajo un punto de vista riguroso este enfoque presenta varias deficiencias. Como se ha
demostrado en un ntimero de trabajos tedricos previos [106-108], la dependencia de I con las figuras de
mérito clasicas es altamente no-trivial, y se ve drasticamente afectada por los parametros especificos del
EC y otros parametros clasicos no considerados en los modelos. Por otro lado, la electrodinamica presente
en una estructura especifica puede tener efectos en la interaccion con el EC que tampoco estan incorporados
en el modelo cuantico, que considera una plataforma general descrita por unos pocos parametros del campo.
Como consecuencia, la extrapolacion de las conclusiones del modelo tedrico cuantico general a situaciones
especificas con estructuras y EC concretos puede conducir a una descripcion deficiente del proceso real, y
una desviaciOn significativa de los resultados de las simulaciones con los datos experimentales. En
conclusiOn, para la busqueda de estructuras de FCI con el objetivo de reducir de la decoherencia cuantica
se hace indispensable el desarrollo de modelos tedricos hibridos que proporcionen expresiones analiticas
que relacionen directamente los parametros del disefio con las figuras de mérito de coherencia cuantica (i.e.
). A través de estas herramientas podremos llevar a cabo interpretaciones fisicas intuitivas de los procesos
que tienen lugar en cada dispositivo en concreto, obteniendo orientaciones mejor fundamentadas para el

disefio.

En este contexto, la presente disertacion tiene como objetivo principal el desarrollo de modelos tedricos
para la obtencién de expresiones analiticas que relacionen directamente los parametros geométricos de

estructuras fotOnicas con el grado de I. Las soluciones proporcionadas por este esquema tedrico permiten
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la interpretacion fisica del efecto directo de variaciones de los parametros de la estructura sobre la
decoherencia del sistema con un EC integrado. Al mismo tiempo, se han desarrollado métodos numéricos
para la simulacion de EC integrados en plataformas fotOnicas basados en modelos hibridos que combinan
la resolucion de las ecuaciones de Maxwell con modelos cudnticos abiertos del tipo (9). Estos métodos
permiten aplicar esquemas de optimizacion de estructuras donde la variacion de los parametros de la
geometria tiene un impacto directo sobre el calculo de la / en la plataforma, en lugar de parametros
indirectos como Q o V5 ofreciendo una estimacion mas fiable de su rendimiento en términos de las figuras
de mérito objetivo. Adicionalmente, se ha llevado a cabo la realizacién de esquemas Machine-Learning
de optimizacidn para estructuras de FCI basados en arquitecturas hibridas de algoritmos genéticos (AG)
con redes neuronales (RN). A partir de bancos de datos producidos por los modelos tedricos se han
entrenado con éxito diferentes arquitecturas de RN les capaces de modelizar el comportamiento plataformas
integradas y predecir el valor de / en funcion de una serie de inputs relacionados con la geometria de la
estructura. Esta metodologia novedosa ofrece una reduccion significativa de los recursos computacionales
para problemas de maximizacion permitiendo la optimizacion simultinea de un gran niimero de grados de
libertad a partir de AG. En su aplicacion para estructuras de FCI, el esquema hibrido RN-AG hace posible
la optimizacidn complementaria de varias figuras de mérito como £ e [ abarcando un enorme nimero de

grados de libertad de la geometria del disefio simultineamente.

Este analisis se estructura a partir de tres trabajos independientes, presentados en el Capitulo 2, cada uno
de ellos dedicado a la exploracion de un tipo especifico de plataforma integrada: (i) EC integrados en guias
de onda; (ii) EC integrados en cavidades Opticas; (iii) ClUsteres de EC acoplados entre si integrados en

cavidades Opticas.

(1) “Guimbao, J., Weituschat, L. M., Montolio, J. L., & Postigo, P. A. (2021). Enhancement of
the indistinguishability of single photon emitters coupled to photonic waveguides. Optics
Express, 29(14),21160-21173, https://doi.org/10.1364/OE.422023 Journal 2021 Received 10
Feb 2021/ published 22 Jun 20217

(ii) “Guimbao, J., Sanchis, L., Weituschat, L., Manuel Llorens, J., Song, M., Cardenas, J., & Aitor
Postigo, P. (2022). Numerical Optimization of a Nanophotonic Cavity by Machine Learning
for Near-Unity Photon Indistinguishability at Room Temperature. ACS Photonics.
https://doi.org/10.1021/acsphotonics.1c01651, Received: October 27, 2021/ Published: May
11,2022~

(iii) “Guimbao, J., Sanchis, L., Weituschat, L. M., Llorens, J. M., & Postigo, P. A. (2022). Perfect
photon indistinguishability from a set of dissipative quantum
emitters. Nanomaterials, 12(16), 2800, https://doi.org/10.3390/nano12162800, Received: 17
July 2022 / Published: 15 August”

Los resultados obtenidos en esta serie de publicaciones contribuyen al desarrollo del conocimiento de los

mecanismos de decoherencia cudntica en circuitos de fotOnica cuéntica integrada y esperamos resulten de
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utilidad para la busqueda de nuevas estrategias de conceptualizacion y disefio para el avance de esta

tecnologia cuantica emergente.

Capitulo 2. Publicaciones

Enhancement of the Indistinguishability of Single Photon Emitters
Coupled to Photonic Waveguides

Abstract: One of the main steps towards large-scale quantum photonics consists of the integration of single
photon sources (SPS) with photonic integrated circuits (PICs). For that purpose, the PICs should offer an
efficient light coupling and a high preservation of the indistinguishability of photons. Therefore,
optimization of the indistinguishability through waveguide design is especially relevant. In this work we
have developed an analytical model that uses the Green's Dyadic of a 3D unbounded rectangular waveguide
to calculate the coupling and the indistinguishability of an ideal point-source quantum emitter coupled to a
photonic waveguide depending on its orientation and position. The model has been numerically evaluated
through finite-difference time-domain (FDTD) simulations showing consistent results. The maximum
coupling is achieved when the emitter is embedded in the center of the waveguide but somewhat
surprisingly the maximum indistinguishability appears when the emitter is placed at the edge of the

waveguide where the electric field is stronger due to the surface discontinuity.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

Introduction

Indistinguishability of single photons generated by point defects is the central topic of quantum photonic
integrated circuits for quantum information applications like quantum simulation [1], quantum teleportation
[2] or quantum networks [3]. Indistinguishable photons are usually generated by parametric down-
conversion [4] or alternatively from a single two-level quantum emitter in a solid-state environment [5].
Over the last years several on-chip integration of different SPS material systems have been demonstrated:
III-V quantum dots [6], carbon nanotubes [7], NV [8] or SiV centers in diamond [9] and 2D layered
materials [10]. For most of those solid-state quantum emitters the intrinsic indistinguishability at room
temperature is almost zero because pure dephasing rates are orders of magnitude larger than the population
decay rate [11]. Improvement of the indistinguishability can be achieved by low temperature operation and
by reducing the radiative lifetime of the SPS using an optical cavity that takes advantage of the Purcell
effect [12]. The balance between dephasing and population decay rates varies significantly depending on

the material system. Whereas for specific single self-assembled GaAs quantum dots the emission at low
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temperature can be radiative lifetime limited [13], defects in 2D materials can exhibit several orders of
magnitude of difference between radiative decay and pure dephasing rates [14]. Purcell enhancement using
photonic resonators permits on-chip control of light—matter interaction to enhance collection efficiency and
generation of indistinguishable photons [15] that can be used for on-chip processing of quantum
information [16-18]. Therefore, it is important to explore the coupling of SPS to PICs and its effect on the
indistinguishability. In this work we use an analytical treatment of light radiation from a point source
placed at an arbitrary location and with arbitrary orientation on a waveguide. The refractive indexes of the
waveguide correspond to materials commonly used in silicon photonics (SiO2, Si3N4, Si) besides other
high-index materials like WeS2 or WO3 [19]. It is worth to note that other specially designed nanomaterials
with ultra high refractive index can be designed [20]. We explore how the position of the source and its
orientation affects the coupling to the waveguide modes and the indistinguishability of the photons. We
also explore how the dimensions of the waveguide impact the indistinguishability. We perform FDTD
simulations to validate the analytical model and to calculate the Purcell effect. The results show remarkable
differences depending on the orientation of the SPS and provide maximum indistinguishability when the
source is placed at the edge of the waveguide, in contrast to the maximum coupling efficiency position at
the center of the waveguide. The indistinguishability is expressed in terms of the pure dephasing value of
the emitter, so that the effects of the waveguide can be compared between strong and weak dissipative
emitters. Depending on the waveguide geometry and the position of the source the indistinguishability can
either increase or decrease, showing non-negligible enhancements for weak dissipative emitters placed at

optimum positions.

Several works deal with the radiation of a point source embedded in bounded dielectric slabs and square
waveguides through Green's function methods [21-26]. Also, the problem of the unbounded dielectric slab
is treated in [27] from a classical perspective and in [28] from a quantum perspective. However, in those
cases the description of the source comes from the macroscopic expression of the dipole moment, without
computing the Green's Dyadic. The Green's function of the unbounded 2D dielectric slab is covered in [29]
and the same for the 3D cylindrical fiber in [30-32] through the development of a transform theory. As far
as we know, the Green's Dyadic of a 3D unbounded rectangular waveguide has not been treated until this
work. Here we develop a generalization of the transform theory from the 2D case [29] to obtain the solution
of the 3D version of the problem for an unbounded rectangular waveguide. The obtention of the Green’s
Dyadic allows us to directly connect the value of the indistinguishability with the geometrical parameters

of the waveguide, which also has not been covered neither in the previously mentioned works.

Methods, results and discussion

Indistinguishability for different SPS

In an isolated two-level system, the emission rate can be fully described by its population decay rate I'0.
However, a solid-state quantum emitter has an interaction with the mesoscopic environment. The two-level

system is affected by random fluctuations of its energy that can be described by a stationary stochastic
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process characterized by a dephasing rate I'* [33]. In this situation the indistinguishability (I) is reduced to
[34]:

I

I = (1)

T Lp+r’

In general, for any practical implementation in quantum information processing I >0.5 [33]. The pure
dephasing rates at room temperature of solid-state quantum emitters like color centers, quantum dots or
organic molecules are about 3 to 6 orders of magnitude larger than their radiative decay rates [34].
Improvement of this efficiency can be achieved by working at cryogenic temperatures. For example, for
excitons weakly confined in GaAs quantum dots the dot ground-state transition at low temperature is near
radiative life-time limited [13] which would provide a balance of about I'*/[3=1 and I = 0.5. There are
recent reports of even better performance with strain free GaAs/AlGaAs quantum dots without the need of
Purcell enhancement [35]. For those highly efficient emitters the ratio I'*/[;—0 and the intrinsic
indistinguishability tends to the unity. As an example of an intermediate situation, InAs quantum dots have
decay and pure dephasing rates I'*/I; = 2.6 [36,37] and the indistinguishability is only 1=0.19. On the
opposite side, strain-induced defects in 2D materials have typical radiative lifetimes in the order of
nanoseconds with dephasing lifetimes in the order of picoseconds [14]. For those emitters the I"*/I;, balance
reaches 103 with almost zero indistinguishability. However, recent works related to defects created in
transition metal dichalcogenides (like MoS2) by local helium ion irradiation [38] show radiative lifetimes
<150 ps. Also, a lifetime <100 ps has been observed recently in regular strain induced defects in WSe2
layers deposited on metallic surfaces [39, 40]. More examples of quantum emission demonstrations in 2D
materials can be found in [41]. Therefore, emitters with a certain I" */Ij ratio may enhance significantly their
indistinguishability when properly integrated inside photonic waveguides due to the change in their
radiative decay rate. We will show that for certain geometries and emitter positions I can be greatly reduced
whereas optimal configurations can maintain or even enhance I significantly, especially for emitters with a

certain I'*/I} ratio.
Analytic model for pure dephasing

We can assume that for a two-level emitter coupled to a waveguide the coupling (g) and the cavity decay
rate (k) are in the incoherent limit (2g < I+ *+k) and “bad cavity” regime (k > [5+I"") [34]. In that limit
the cavity can be adiabatically eliminated so the dynamics of the coupled system are described by an
effective quantum emitter with decay rate (I'+R) where R is the is the population transfer between the

emitter and the cavity [34]:

_  (Ip+R) | 492

T (Ip+R)+T™* R= To+I*+x 2)

)

R is related to the Purcell enhancement (Pr) by R = I - P [42]. Substituting in (2) we obtain:

(1+Pf)
= —7F,
(1+Pf)+1_,—0

)
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Here the Purcell enhancement is defined as I'/I where I is the population decay rate in the inhomogeneous

environment. This ratio is related to the power emitted by the source [43]:
==, 4)

With P and P, the power emitted in the inhomogeneous and homogeneous environment, respectively. The
radiative decay rate enhancement can be obtained by FDTD simulations integrating the power emitted by
the source inside the waveguide (P) and normalizing it with respect to the power in a homogeneous
surrounding (P;). In order to extract the maximum amount of physical information from the interaction
between the quantum emitter and the photonic waveguide, we develop an analytic model of the system. We
use the relation between I' and the Green dyadic of the equation governing the interaction between the
source and the waveguide. From (4) one can obtain the dependence of the decay rate with the imaginary

part of the Green dyadic evaluated at the position of the source [43]:

4w?

I'= [l_l) . Im{ﬁ(ro,ro)} . ﬁ], (5)

mc2heg

Where o is the frequency of emission of the source, &, is the vacuum dielectric constant, ¢ the speed of
light in vacuum, # the reduced Planck constant, and p the dipole moment of the source. Fig 1 shows a layout
of a section of the waveguide used for our model. The waveguide (infinite in the z-axis) has a rectangular
section filled with a linear homogeneous medium with refractive index nl. The surrounding environment

has a refractive index n2=1.

4
/E
M ! b
e n,
x| e .
a [
n,

Fig. 1. Layout of the homogeneous infinite waveguide used for the analytical model.

The calculation of the Green’s Dyadic is based on the development of a 3D transform theory applied to the
unbounded Helmbholtz equation. Details of the calculation and the explicit dependence with the waveguide
width and the position/orientation of the source (for each contributing guided mode) can be found in the
Supplementary material. Using the Green’s dyadic we can obtain the Purcell enhancement as a function of
the waveguide width for a point dipolar source that can be oriented parallel to the x-axis (s) or to the y-axis
(p). The source is placed initially at the center of the waveguide cross-section (x0=0, y0=0). Initially, the
waveguide thickness is arbitrarily fixed at b=200 nm and we will change the width (a) and the refractive
index of the waveguide (nl) using n1=1.44, 2 and 3.4 corresponding to SiO2, SiN and Si respectively. This

will provide some initial hints on how the system actually behaves.
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Fig. 2. Purcell enhancement of the radiative decay rate as a function of the wavelength-normalized waveguide width obtained from
analytical calculations (lines) and FDTD simulations (open dots). n1=3.4 (black), n1=2 (blue), n1=1.44 (red). (Left) Source orientation

parallel to x-axis (s) (Right) Parallel to y-axis (p) .

Fig. 2 shows the value of the Purcell enhancement, I'/I;, as a function of the normalized waveguide width,
a/A, for the mentioned values of nl (1.44, 2, 3.4). Solid lines show the calculation of I'/I§ using (5) and
open dots show the values obtained through FDTD simulations. Details of the FDTD simulations can be
found in the Supplementary material. Fig. 2.a shows the Purcell enhancement for the s-source. In general,
it almost vanishes before the width reaches the cut-off of the TE10 mode, which happens for a/1 =0.13,
0.1 and 0.05 for n1=3.4, 2 and 1.44, respectively. Since the cut-off increases with nl, the vanishing
threshold also increases with nl. After the cut-off, for increasing a/A, The Purcell enhancement increases
as the propagation constant decreases (with 1/a) and the mode gets more confined. The maximum values
for I'/[; are 0.83,1 and 1 when a/A=0.23,0.42 and 0.64 respectively and the light confinement is
maximum. If the waveguide becomes wider the modes spread out with lower intensity at the position of the
source producing a decrease in I'/[;, that scales with 1/a, until the cut-off with the second order mode is
reached at a/A=0.43, 0.8 and 1.2 for the same values of nl. At this point, the same mechanism takes place
showing the second maxima and second decay. The process is repeated for each contributing mode. We
note that there is no contribution from the lowest TM00 mode because the components of the Green dyadic
vanish at the position of the source for this orientation. This is expected since the x-components of the
fundamental modes are antisymmetric with respect to the source when it is placed at the center. For the p-
source (Fig. 2, Fig. 2.a) the situation is somewhat opposite and the components do not vanish at the position
of the source for the lowest order TM00. Since b=200 nm, in the case of n1=2 and n1=1.44 the cut-off
condition is already reached at a/A =0. For n1=3.4 the cut-off is reached at a/A =0.05. The Purcell
enhancement for the s-source shows maximum values of I'/I[=1.2, 0.51 and 0.6 when a/1=0.13,0.27 and
1 for the same values of nl than before. For both s and p orientations the Purcell enhancement decays
asymptotically with the width, although in a different trend due to the different (m,n) values for each
contributing mode. The maxima located at a/A=0 are accidentally generated by the model due to the
unphysical divergence of the Green function at the origin. The maximum values of I'/Ij for the s-source
are about 40% higher than for the p-source with n1=2 and n1=1.44. The reason is the transverse electric
field component of the TE10, which is higher than the TMO0O0 at the position of the source (x0=0, y0=0)
[44]. Nevertheless, for n1=3.4 the maximum I'/Ij is about 40% higher for the p-source. This happens
because when n1=2 and n1=1.44 the TE10 mode is well confined for b=200 nm, but when n1=3.4 the TE10
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mode is not optimally confined and the source has a better overlap with the TM0O. Therefore, high modal
confinement and good spatial overlapping to waveguide modes are key ingredients for Purcell
enhancement, as one could intuitively expect. The indistinguishability should show its maximum value
when the Purcell enhancement is maximum, according to (3). We note that a deviation in the optimal width

of about 20 nm can decrease the Purcell enhancement, and therefore the indistinguishability, about 10%.

Since the position of the emitter is very relevant, we explore now its effect keeping fixed the waveguide
widths in a/1=0.23, 0.42 and 0.64 (respectively to the nl values as before) and for the s orientation. We
change the position of the source along the x-axis, from the center of the waveguide (x0/a=0) to far away

from the edge (x0/a>+1).

(b}

Fig. 3. Enhancement of the radiative decay rate as a function of the position of the point source (normalized with respect to the
waveguide width, a) obtained from the analytical model (lines) and from FDTD simulations (open dots). The origin in the x-axis
corresponds to the center of the waveguide and the edges to x0/a=+1. n1=3.4 (black), n1=2 (blue), n1=1.44 (red). (Left) s-source
(Right) p-source.

First we focus on the region inside the waveguide core (x0/a<+1). Fig. 3 (left panel) shows the Purcell
enhancement depending on the position of the s-source. As the s-source is separated from the center the
overlapping to symmetric modes decreases and the enhancement decreases. The maximum enhancement
happens at the center of the waveguide. A deviation from that optimal position of about x0/a==40.5 leads
to a decrease of the Purcell enhancement of about 20%. The opposite behavior is obtained for a p-source
(Fig. 3 right). In this case the minimum overlapping is obtained at the center of the waveguide and the
maximum enhancement is for about x0/a=10.75, where the overlap with the antisymmetric modes is
maximum. FDTD simulations provide a maximum value for the enhancement of 1.42 matching the

analytical calculations within an error of 0.2% for the Purcell enhancement and 0.3% for x0.

The variation of the coupling efficiency with the position of the source inside the waveguide follows a
similar trend than the Purcell enhancement. Details of coupling definition and its calculation can be found
in the Supplementary material. Fig. 4 shows the coupling efficiency depending on the position of the source
for both s and p orientations. At the center of the waveguide, the s-source achieves a maximum coupling of
Pc/P0O = 0.88, 0.6 and 0.25 for n1=3.4, 2 and 1.44 respectively, where Pc is the emitted power coupled to
guided modes. As expected, the coupling decreases with decreasing nl. When the s-source is separated

from the center, the coupling to symmetric modes decreases. Again, the opposite behavior is obtained for
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the p-source, which shows minimum coupling at the center of the waveguide. Some discrepancies between
analytic and FDTD results arise from the discretization of space in the FDTD simulations. Also, the slight
asymmetries shown in the x0/a dependence in Fig.4b are due to small misalignments between the simulation

cells and the dielectric waveguide.
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Fig. 4. Coupling efficiency versus normalized position of the source with respect to waveguide width a. The origin in the x-axis
corresponds to the center of the waveguide. The edges of the waveguide correspond to x0/a=+1. Figure shows results from analytical

model (lines) and from FDTD simulations (open dots). n1=3.4 (black), n1=2 (blue), n1=1.44 (red). (Left) s-source, (Right) p-source.

Since there are recent experimental works that use heterogeneous integration of SPS and waveguides
[45][46] it is worth to explore the dependence of the enhancement with the position of the source in the
region outside the waveguide but close to its edge (x0/a>+1). Due to the index contrast between air and
waveguide the electric field shows a strong discontinuity at the interface with an amount comparable to the
square of the index ratio at the interface [47]. This effect can lead to a dramatic alteration of the mode
profile in the vicinity of the edge that drastically increments the Purcell enhancement. This effect has been
used, for example, to achieve ultrasmall cavity mode volumes of the order of 7 - 107513 that enable ultra-
strong Kerr nonlinearities at the single-photon level [48]. When the source is placed at the edge the
enhancement is I'/I;=4.2, 2.6 and 1.9 for the s-source, and I'/[;=4.6, 1.2 and 0.87 for the p-source. The cost
of the increase in the Purcell enhancement is a decrease in the coupling efficiency, which for the position
at the edge is about Pc/P0 = 0.5, 0.37 and 0.15 for the s-source and about Pc/P0 = 0.5, 0.3 and 0.12 for the
p-source. Details about this calculation can be seen in the Supplementary material. At the points x0/a=+1
(i.e. the edges of the waveguide) the mode field shows its highest contrast according to E;quq =
(n1/12)2E ore Where E,,,. is the field inside the waveguide and E,,4 is the field outside the waveguide.
For that reason, the maximum value of the Purcell enhancement lies in the edges of the waveguide,
especially for high nl. Since the Purcell enhancement is strictly dependent on the field value at the position
of the source, its maximum value is achieved at the edge of the waveguide. On the other hand, the coupling
is proportional to the guided-mode field value divided by the non-guided modes field value. Despite the
guided-mode field value is maximum at the edge, the value of non-guided modes is also maximum at the
edge. In consequence, the coupling at the edge is weaker than in the center of the core (where the coupling

to non-guided modes is smaller).

Now that we have a better understanding of the physical meaning of the model we can explore

simultaneously both degrees of freedom (i.e. a and b) in order to find the optimal configurations in terms
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of the figures of merit. The source is placed initially at the center of the waveguide cross-section (x0=0,
y0=0) in horizontal orientation (i.e. parallel to x-axis) but this time both a and b are varied from 0 to 0.7 A.
The results are obtained for four different values of the refractive index of the waveguide n1=1.44, 2, 3.4,

and 4.
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Fig. 5. Purcell enhancement as a function of the normalized width, a/A, and thickness, b/, when the s-source is placed at the center

of the waveguide calculated with the analytical model. (Top-left) n1=1.44 (Top-right) n1=2 (Bottom-left) n1=3.4 (Bottom-right) n1=4.

Fig. 5 shows the value of I'/Ij, as a function of the normalized waveguide width, a/A, and normalized
thickness, b/, calculated for the four different refractive indexes. The blue areas in the plots correspond
to values of a and b below the first cut-off. The subsequent maxima and minima correspond to the activation
of the TEmn and TMmn modes. For low refractive indexes (i.e. n1=1.44, 2) the two first modes appear. As
the refractive index increases the source starts to overlap effectively with the rest of higher order modes.
The absolute maxima of I'/[}, increases with the refractive index, since the area of the spatial distribution
of the modes decreases with nl, so the field intensity gets higher at the position of the source. We obtain
maximum values of I'/I;=1, 1.1, 1.6 and 1.9 for n1=1.44, 2, 3.4 and 4, respectively. Due to the symmetry
of the system the plots for the vertical source show the same rotated 90 degrees (see the Supplementary

material).
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Fig. 6. Purcell enhancement as a function of a/A and b/A when the s-source is placed outside the core calculated with the analytical

model. (Top-left) n1=1.44 (Top-right) n1=2 (Bottom-left) n1=3.4 (Bottom-right) n1=4 .

Next, we place the source outside the waveguide, 10 nm away from the edge and oriented horizontally (i.e.
parallel to x-axis). Fig. 6 shows the value of I'/Ij, as a function of the normalized waveguide width, a/4,
and normalized thickness, b/A, for different nl. As we saw before, the field discontinuity generates a
dramatic enhancement when the source is placed near the evanescent region of the mode. We observe that
in all of the cases the maxima are located in the bottom left region, where both a and b have reached the
cut-off but the first mode has not reached the maximum confinement. For that geometry, the mode is not
optimally confined inside the core and the field gets accumulated at the edges of the waveguide so the
overlap is more efficient. We obtain maximum values of I'/[;=2,3.5, 8 and 10 for n1=1.44, 2, 3.4 and 4
respectively. At this time the orientation of the source matters, since we can arrange two different
configurations: (a) Parallel to the larger side of the waveguide (i.e. parallel to the x-axis if the source is
placed on top of the core, or parallel to the y-axis if the source is placed on one side of the core); (b)
Perpendicular to the larger side of the waveguide (i.e. parallel to the y-axis if the source is placed on top of
the core, or parallel to the x-axis if the source is placed on one side of the core). The plots in Fig. 6
correspond to the second case. When the source is parallel we obtain lower values for the maximum
enhancements: I'/I=0.9, 1.5, 6.8 and 7.1 for the different values of nl. For emitters with orientations other
than s or p one should decompose the projection of the orientation on the x-axis and the y-axis and treat the
emitter as two separated emitters with corresponding s and p contributions. The total enhancement is given

by the addition of those two contributions.

The maximum enhancements obtained for the source at the edge can be used in (3) to obtain the maximum

values for the indistinguishability. Fig. 7 shows I for an s-emitter placed at the edge of the waveguide versus

22



the intrinsic emitter normalized dephasing ratio, I'*/[. Results for the p-source show an analogous
behavior. From Fig. 7 we see that for low dissipative emitters with I'*/I[;~1 (like weakly confined GaAs
dots of Ref. [13]) the expected indistinguishability can reach a value up to 0.8 when n1=4, which makes an
enhancement of I of about 30% with respect to the same dots without coupling to a waveguide. For InAs
quantum dots with I'*/I; = 2.6 [36,37] we obtain [=0.6, an enhancement of 40%. As the pure dephasing
rate increases the indistinguishability decays asymptotically reaching 0.2 when I"*/I; = 50. Therefore, for
strong dissipative systems with I"'*/I[; > 50 (like quantum emitters in 2D materials) the effect of the
waveguide in the indistinguishability is very small. For emitters with lower dephasing ratio, I'*/[;, < 1, and
high intrinsic indistinguishability (I >0.5) the effect of the waveguide becomes again negligible since -1
when I'*/I; = 0. As nl increases the maximum I"*/I; for I >0.5 also increases reaching values up to 12 for

nl=4.

(a) h m
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Indistinguishability 1

Fig. 7. Indistinguishability of an s-source quantum emitter placed at the edge of the waveguide versus its I;— value. Green- nl=4,
0

Black—n1=3.4, Blue- n1=2, Red- n1=1.44. (Left) Perpendicular-source (Right) Parallel-source.

Despite a SPS can achieve much stronger Purcell enhancements inside optical cavities [49], it is often
required small mode volumes or high quality factors, or both. Small mode volumes difficult the deposition
of the emitter at the field maxima [50], and on the other hand, high quality factors reduce the extraction
efficiency [34]. In the case of waveguide integration, deposition at the field maxima (i.e. edge of the
waveguide) becomes trivial, and as it has been shown, high extraction efficiency can be achieved. However,
our results also reveal that for strong dissipative SPS integrated in a waveguide the indistinguishability does
not reach the standard requirements for quantum information applications. For those cases the use of an

optical cavity is mandatory.

From a practical perspective, the heterogeneous integration of the emitter with a waveguide may be
performed by placing the emitter inside a material with non-unity refractive index (i.e. n2# 1) [45], it is
worth to explore how the Purcell enhancement is affected by different index contrasts. As we mentioned
above, the field discontinuity at the edge of the waveguide is proportional to (1, /n,)?, so we can expect a

significant reduction of the enhancement depending on n,.
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Fig. 8. (a) Purcell enhancement of an s-source at the edge of the waveguide as a function of n2. (b) Indistinguishability of an s-source

at the edge of the waveguide as a function of n2.

Fig. 8a shows the dependence of the Purcell enhancement with n, for an s-source placed at the edge of the
waveguide with optimal (a,b) geometry. Since the Purcell enhancement in the edge depends on the index
contrast n, /n,, it decreases asymptotically with n2. In the limit where n2~1 the Purcell value approaches
to that shown in Fig. 6, and when n2~ nl we obtain the emitter decay rate corresponding to a homogeneous
material (i.e. Pf=1). For cladding materials like Si02 (n2=1.44) the Purcell enhancement is reduced about
50% with respect to the value with n2= 1. On the other hand, Fig. 8b shows the reduction in the
indistinguishability due to this lower Purcell enhancement for an emitter with I'* /T[,=10. Similarly to what
happened to the Purcell enhancement, when n2~1 the indistinguishability approaches to that shown in Fig.
7, and when n2~ nl we obtain the value corresponding to the specific I'* /T ratio in a homogeneous
material (i.e. I=0.1). Again, for n2 = nSiO2 the indistinguishability is reduced about 15% with respect to
n2~1. Regarding the optimization sweep for finding the optimal waveguide height and width for the case
of n2 in the range (1-1.6) the results are almost equivalent to that shown in Fig. 6 (case of nl= 1.44).

Therefore Fig. 6 can be used as a guide for waveguide design when n2 is inside that range.

It is important to highlight that the positions for maximum indistinguishability differ from those of
maximum coupling efficiency. Indistinguishability depends strongly on Purcell enhancement, which for
the case of a waveguide achieves its maximum value at the edge, where the field is strongest. On the other
side, the coupling efficiency on the edge is not as high as in the center, but still may have a value useful for
some experiments or even some applications An interesting figure of merit for the geometrical optimization
of the waveguide is the I - 8 product (with S the coupling efficiency) that can be explored as a function of
a and b. In the same way we did for the optimization of the Purcell enhancement, a and b change from 0
to 0.7 4, and the emitter is placed at the edge of the waveguide. We set n2=1.44 this time and we vary nl=
2,3.4,4 and 4.4. For the estimation of the indistinguishability we set I'*/T;;=10 as before.
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Fig. 9.1 value as a function of the normalized width, a/A, and thickness, b/A, when the s-source is placed at the edge of the waveguide
with n2=1.44 calculated with the analytical model. (Top-left) n1=2 (Top-right) n1=3.4 (Bottom-left) n1=4 (Bottom-right) n1=4.5.

Fig. 9 shows the I § value as a function of the normalized waveguide width, a/A, and normalized thickness,
b/A, calculated for n1=2, 3.4, 4 and 4.4. As expected, for the four refractive indexes the highest I § happens
for the geometry that maximizes the Purcell enhancement. Maximum I § = 0.35 is found for the highest
waveguide index (n1=4.5) and minimum I § = 0.15 for n1=2. Also, in the four cases the I § product is
significantly higher than the obtained when the source is at the center of the waveguide (0.06 for n1=2, 0.09
nl1=3.4, and 0.13 for n1=4).

Analytic model for spectral diffusion

We have explored so far the effect of pure dephasing in the indistinguishability. In addition, the effect of
spectral diffusion needs to be treated separately. Whereas the dynamics of pure dephasing evolve at shorter
time scales than the emitter decay rate [, spectral diffusion is related to processes with significantly larger
time scales [51] so it is characterized by a statistical average over the different center frequencies associated
with the emitter [52]. In this context, the spectral broadening of the emission is given by I, = I + I’ ",
where I’ represents the FWHM of the distribution associated with spectral diffusion. The
indistinguishability reads I = I;/I; [51]. Being Aw the intrinsic width of each center frequency, and AS§
the extrinsic width due to the entanglement with the extrinsic environment, for a Lorentzian distribution

the ratio 8 = Ad/Aw is equal to 2I ' /Iy [52]. The indistinguishability can be written in terms of 6 as:

(6)
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With I' the enhanced decay rate due to Purcell effect. As we did in the previous section, we can use the

maximum enhancements obtained for the source at the edge in (6) to obtain the maximum values for the

indistinguishability.
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Figure 10. Indistinguishability of an s-source quantum emitter placed at the edge of the waveguide versus its 8 <value. Green- n1=4,

Black—n1=3.4, Blue- n1=2, Red- n1=1.44. (a) Parallel-source (b) Perpendicular-source.

Fig. 10 shows I for s- and p-emitters placed at the edge of the waveguide versus the normalized ratio 6.
From Fig. 1 we see that for emitters with with 6~1 [13] the expected indistinguishability is above 0.9 for
the four refractive indexes. As the extrinsic width of the emitter increases respect to the intrinsic width the
indistinguishability decays asymptotically reaching 0.3 when 6 = 50 for n1=4 and 6 = 10 for n1=1.44.
Therefore, for emitters with extrinsic width much larger than intrinsic width the effect of the waveguide in
the indistinguishability is negligible. As nl increases the maximum 6 for I >0.5 also increases reaching
values up to 21 for nl=4. We can say that in general we observe a similar behavior to pure dephasing

although with a slower asymptotic decay of I.

Conclusions

We have calculated the indistinguishability of a point-source quantum emitter coupled to a waveguide
because its technological implications in future quantum photonic integrated circuits. The emitter has
arbitrary orientation and location with respect to the waveguide. We have obtained the results for different
index of refraction of the waveguide (SiO2, Si3N4, Si, and other high index materials like WeS2 or WO3).
The analytical model used permits a fast computing of the indistinguishability from a set of simple
expressions derived from the same solution of the dyadic Helmholtz equation. The model has been
numerically evaluated through 3D-FDTD simulations with excellent agreement. Maximum
indistinguishability for an optimal waveguide width is found for a source placed outside the core, at the
edge of the waveguide, in contrast to maximum coupling efficiency position at the center of the waveguide.
For strong dissipative emitters with I"*/I;; > 50 (like transition metal dichalcogenides) the effects of the
waveguide in the indistinguishability are negligible but for low dissipative emitters with I'*/I[; = 1 (like
GaAs quantum dots) the indistinguishability can be enhanced up to a 30% and reach values around 1=0.8
when dots are coupled to a waveguide. We hope this work can help for an optimized design of PIC

waveguides in quantum photonic circuits.
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Numerical Optimization of a Nanophotonic Cavity by Machine
Learning for near-Unity Photon Indistinguishability at Room
Temperature

Abstract: Room-temperature (RT), on-chip deterministic generation of indistinguishable photons coupled
to photonic integrated circuits is key for quantum photonic applications. Nevertheless, high
indistinguishability (/) at RT is difficult to obtain due to the intrinsic dephasing of most deterministic single-
photon sources (SPS). Here we present a numerical demonstration of the design and optimization of a
hybrid slot-Bragg nanophotonic cavity that achieves theoretical near-unity / and high coupling efficiency
(P) at RT for a variety of single-photon emitters. Our numerical simulations predict modal volumes in the
order of 10-3(A/2n)?, allowing for strong coupling of quantum photonic emitters that can be heterogeneously
integrated. We show that high 7/ and f should be possible by fine-tuning the quality factor (Q) depending
on the intrinsic properties of the single-photon emitter. Furthermore, we perform a machine learning
optimization based on the combination of a deep neural network and a genetic algorithm (GA) to further
decrease the modal volume by almost three times while relaxing the tight dimensions of the slot width
required for strong coupling. The optimized device has a slot width of 20 nm. The design requires
fabrication resolution in the limit of the current state-of-the-art technology. Also, the condition for high /7
and f requires a positioning accuracy of the quantum emitter at the nanometer level. Although the proposal

is not a scalable technology, it can be suitable for experimental demonstration of single photon operation.

Keywords: Single-photon; Neural Network; Genetic Algorithm; Nanophotonics; nanocavity.
Introduction

Indistinguishable single photons are the leading candidates for quantum communication and quantum
information processing technologies. They play a central role in a range of proposed schemes, including
quantum simulation', quantum walks? boson sampling®, quantum teleportation*, and quantum networks>.
However, the complex mesoscopic environment of solid-state sources entails fundamental barriers that
restrict the operation to cryogenic temperature (7). Trying to overcome the thermal restrictions of quantum
devices remains a challenge for the development of on-chip, on-demand SPS. A feasible approach for
achieving efficient indistinguishable photon emission from a solid-state emitter consists of maximizing the
emitter-field coupling (g) through the effective confinement of light in an ultra-small cavity mode-volume
(Vesy) and reaching the strong coupling regime’. In this regime the transfer rate between the emitter and the
cavity field exceeds the dephasing rate of the emitter, and the emitted photons are able to leave the cavity
before being affected by decoherence’. Plasmonic cavities with sub-nanometer gaps between dimers like
Au spheres®, Ag nanowires’, and surface plasmon-polariton systems'? or metallic bowties with CdSe/ZnS
quantum dots'! produce the highest g value up to 200 meV !! and the lowest quality factors (O~10)°. There
are different proposals to improve Q and £ in these systems, some of them involving dielectric-core/metal-
shell schemes for Q'%!2, or hybrid FP-nanoantenna cavities for 5'>!4. However, using plasmonic cavities

faces two obstacles': (i) the placement of the emitter in the point with the strongest cavity field can be
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challenging; (ii) ohmic and quenching losses can be very high. The use of dielectric cavities can avoid the
latter limitation and strong coupling can happen using strategies to decrease the modal volume, like slotted
photonic crystals. Discrete slotted nanobeams'®!” lead to volumes in the order of 10-3(A/2n)? while keeping
high Q. However, because introducing a finite slot causes a large perturbation to the optical mode, £ values
remain low. Continuous-slot designs improve 8 and Q'8, and more recently, slot-anti slot concatenations in

1D-PC"2 have shown record Q/V,¢, ratios with PC cavities. Also, designs based on cascaded cavities

schemes have shown promising results with dielectric structures?!. According to those works, a slotted
dielectric cavity can provide sufficient small modal volume for strong coupling, thus a high I, avoiding at
the same time the losses inherent to plasmonic cavities. However, for highly dissipative emitters, the
dependence of I with g at RT is highly non-trivial’”. With high g there is a high population transfer rate
between the emitter and the cavity field, so the emitted photons must leave the cavity before getting
dephased by the emitter. This can be accomplished by setting the right 0. As we will show, this trade-off
between different rates (i.e. dephasing rate, g and Q) translates in to a complex dependence of / with the

cavity figures of merit.

In this work, we show that achieving high 7 at RT requires a tuning of O together with a small modal
volume. That does not translate to a high O, but a specific O threshold depending on the emitter's intrinsic
properties and the modal volume. From our calculations, none of the previously mentioned dielectric
cavities can provide a high [ for strong dissipative emitters despite achieving small modal volumes.
Furthermore, the implementation of machine learning algorithms for the geometrical optimization of the

cavity modal volume and Q has shown promising results in recent works?>-%°

. Here we present a numerical
demonstration of a design strategy for high indistinguishable SPS at RT strongly coupled to a hybrid slot-
Bragg waveguide cavity. We vary the geometrical parameters of the waveguide cavity (i.e., the waveguide
width, slot width, number of periods), and we obtain a theoretical estimation of the cavity performance for
1, B, and the Purcell enhancement. We explore different types of promising SPS (InGaAs?® and GaAs?’

8

quantum dots, single molecules®®, localized excitons in transition metal dichalcogenides TMDC

° and diamond color centers®®), and we obtain theoretical near-unity / and high S

monolayers?
simultaneously by parameter optimization. Finally, we develop a hybrid deep neural network-GA scheme
that further reduces the modal volume for achieving near-unity I with a slot width of 20 nm. The optimized
device presents strong challenges for current fabrication and quantum emitter (QE) positioning techniques.
In this regard, we have developed a comparison of the design requirements with the state of the art

demonstrations.

Methods

We can compute the value of 7 for a QE with radiative decay rate y and pure dephasing rate y * coupled
to a photonic cavity (with decay rate x and electromagnetic coupling constant g) from the Lindblad equation

and applying the quantum non-regression theorem. For each (g, k, v, v *) we have’:

[ ataz|<at (c+o)am>|"
17 atar<at (Ha()><at (t+o)at+o)>

I'= (M
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Where at,a are the creation/annihilation operators of the cavity mode. Details of the calculation can be

found in the supplementary material. The values of g and k are linked to Q and V,¢f by Kk ~1/Q and

Figure 1e shows the value of I for photons emitted by a high dissipative QE with y *=10* v as a function
of g and x normalized to y in the coherent strong-coupling regime (i.e. g > y* + y). In this regime, the
rate of photon transfer from the emitter to the cavity is R = 4g2/ k 7, which exceeds the pure dephasing rate
(R >y ™) for certain values of k. For high / the photon must escape out of the cavity before the emitter
dephases it. In other words, k > v *, which means that a small Q is needed. Specifically, for a QE with
v *=10*y one needs a value of k/y above 2:10* for 1 >0.9. The region of high I in Figure 1e has a shape
and area that depend on T through vy *. For a QE at RT, vy "~ 10% v 7 and the minimum value of g/y to

achieve 1>0.9is (g /v )min ~10%. As v */y decreases the area of high 7 grows and (g / v )min decreases.

Figure 1g shows the contour maps of the region with high 7 (/>0.9) as v * changes. For moderate dissipative
emitters (v *~102 vy ), the minimum g /v necessary for />0.91is (g /vy )min=103. As vy * increases (g/v
)min grows monotonously, reaching 10* for v *~10* v . Similarly, the minimum (x /v )mi, increases from
103 for vy *~102, to 2- 10* for v *~10%* y . We can use this colormap to plot the cavities mentioned before,
according to its performance for /. Plasmonic cavities®!° can achieve 7 >0.9 even for high dissipative

16-18 can achieve 7 >0.9 for emitters

emitters with y *~10% y . On the other hand, slotted dielectric cavities
with v * between ~10% y to ~ 2-10?% y and slot-anti slot concatenations in 1D-PC' for emitters with
y*~2-10%y to v *~4-10?% v . The cavity shown in? is the only one, in the group of dielectric structures,
that can reach 7 >0.9 when v*>2-10%y. According to our calculations those dielectric cavities can
potentially achieve the region with 7 >0.9 for high dissipative emitters (i.e., QE at RT) just by increasing
its cavity decay rate k (i.e., deteriorating its quality factor Q). Figure 1b shows the dependence of the value

33,34 and

(g /v )min with T for I >0.9, calculated for quantum dots of GaAs?! and InAs?2, organic molecules
defects in 2D materials®. The evolution of (g/ v )min with T shows a proportional increase with a different
trend that depends on vy *. We can obtain the (g /v )min needed for 7>0.9 for a QE at an specific T from
Figure 1g. It is interesting to observe that for the technologically relevant 7 of liquid nitrogen (77 K) the

same value (g/ v )min =490 works for InAs and GaAs QDs and 2D materials.
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Figure 1. (a) |E|? field profile in the y-z plane. (b) Variation of the ratio (g/ v )min with T for 7>0.9 and different SPS: GaAs (red),
S.molecules (green), 2D-materials (blue), InAs (yellow). (c) |E|? field profile of the cavity-mode in the x-y plane. (d) Layout of the
proposed structure, where w), is the width of each waveguide, w; is the slot width, L is the cavity length, and A is the grating period.
(e) Color map of I as a function of g/ and x/y for photons emitted by a high dissipative QE with y *=10*vy . (f) SEM image of the
center of the cavity. (g) Contour map of regions with 1>0.9 for different dephasing values (y * = 20y,50v,80v,10%y,2-10%y
,4-10%y,8-10%y,10%y,5-10% v, and 10* ). (h) Transmission spectrum of the structure for different number of periods, the

FWHM of the resonance scales exponentially with #p. (i) Q versus number of periods.

Therefore, our goal is to keep the k /g ratio inside the region with high / by increasing g and adjusting Q.
Moreover, we look for an on-chip cavity that can be CMOS-compatible with photonic integrated circuits
(PICs) used in silicon photonics. Slotted one-dimensional dielectric photonic crystal cavities'6->° have been
shown to fulfill most of our requirements in terms of compatibility and small modal volume. Nevertheless,
to efficiently control Q, we choose a hybrid slot-Bragg cavity, where Q changes by the number of periods
of the Bragg reflector section. Figure 1d shows a layout of our hybrid slot-Bragg photonic cavity aiming to
achieve near-unity / and high £ simultaneously. w;, is the width of each waveguide, w; is the slot width,
and #p is the number of periods. While this structure has been explored for sensing applications®6-*7-38, it
has never been proposed for SPS operation, as far as we know, neither calculated its performance in terms
of the figures of merit (/, §). It consists of a phase-shifted corrugated Bragg grating situated at the sides of
a Si3Ny (n;=2) deposited on top of a SiO; substrate (n,;=1.4). The cavity length L corresponds to the central

section between the two periodic regions and matches the wavelength of the zero-order Fabry-Perot mode
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for the target wavelength A. The Si3Ny thickness (7) is set for optimum field enhancement at the slot for the
target A. Each of the periodic regions behaves like a mirror with an effective reflectivity that depends on
the number of periods (#p), creating a Fabry-Perot structure. The grating period A matches the central
frequency of the photonic bandgap at the target A. In order to get information about the physical behavior
of the device, we will set first A = 801 nm to perform a general evaluation of the performance. After that,
for each type of emitter the geometrical parameters of the device (i.e. ¢, L and A) are set to match the specific
emission wavelength A: (A ¢, L, A) = (915 nm, 900 nm, 263 nm, 263 nm) for InGaAs?®, (916 nm, 900 nm,
263nm, 263 nm) for GaAs?’, (728 nm, 710 nm, 210nm, 210 nm) for TMDC?, (785 nm, 770 nm, 225 nm,
225 nm) for S.molecules® and (685 nm, 680 nm, 195 nm, 195 nm) for diamond color centers*’.Figure 1a
show how the slotted cross-section of the cavity enhances the field of the zero-order TE mode in the gap
showing an evanescent tail in the top of the waveguide. This field distribution provide advantages related
to the coupling of the source when is heterogeneously integrated on top. The cavity provides strong coupling
if the slot width is sufficiently small, and it also provides advantages in extraction efficiency (f) since (i)
cavity and output waveguide share the same cross section, so the modes are perfectly matched; (ii) the
integration of the QE (for example colloidal QDs) can be done by direct deposition on top of the cavity
which avoids interferences by total internal reflection and enhances f3; (iii) the slot mode has the field
maxima at the edges of the slot, which matches well with the region of maximum probability of having
SPS in 2D materials deposited on top of waveguides®®. Finally, the cavity modal volumes are in the order
of 10-3(M/2n)* along with the whole slot, increasing the probability of having one or several QE strongly
coupled to the cavity mode. As a proof of concept, we have fabricated a specific design valid for diamond
color center requirements. We selected (ws, #p) = (38 nm, 50) and added vertical grating couplers to the
structure to collect the input and output light beams. Figure 1fshows an SEM image of the cavity fabricated
by e-beam lithography and reactive ion etching on a layer of SisN4 130 nm-thick deposited on top of a SiO»
layer (1 um-thick) by plasma-enhanced chemical vapor deposition (PECVD). The obtained slot width is
ws = 54 nm, and the grating period is 204 nm, with less than 5% of the error to the initial design for the
grating period and 30% for w,. According to our simulations, the wider slot translates into a modal volume
increase, Vey~ 6:10-2(A/2n)?, which slightly reduces the indistinguishability to / = 0.81. This issue can be
solved by further optimization by machine learning, as we will show later. We can obtain the transmission
spectrum T(A) shown in Figure 1h and the field profile (Figure 1¢) of the cavity mode for a set (ws, wy, #p)

using a fully vectorial, bi-directional, frequency-domain model for solving Maxwell's equations (3D-FD)*.

4o
FWHM

We obtain Q from T(A) by Q = and the cavity decay rate from x = w /2Q. Details of the model appear

in the supplementary material. There is a different effective index for each set (ws, wy, , #p), so the values

of A and L are changed to keep the cavity resonance at 801 nm. The volume of the cavity-mode Vzf is*:

_ fe@|E®)| a7

Vorr = 2
efs max{s|§(i")|2} @

The value of g, when the QE is placed at the maximum cavity field and perfectly matches the polarization

is*:
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Where 1,4 is the electric dipole moment of the excitonic transition, w is the frecuency of the transition, e
is the electron charge, &), is the dielectric constant in the source region, # is the reduced Planck constant,
M,y the exciton effective mass, and f the oscillator strength. Once we have g and k, we obtain / according
to the procedure outlined in Figure 2a. For the computation of the Purcell enhancement (I;,) and the
coupling efficiency 8, we perform 3D-Finite Difference Time Domain (3D-FDTD) simulations*’ by placing
a dipole point source emitting at 801 nm with position xy, yy at the center of the slot and zp 4 nm above the
top of the waveguides. We obtain [}, by integrating the power P emitted by the source and normalizing it
to the power inside a homogeneous environment Py**. Finally, we calculate # by measuring the fraction of
light coupled to guided modes at the output waveguide. Details of the simulations appear in the

supplementary material.

Our design strategy can be further enhanced using machine-learning techniques, especially to keep critical
fabrication parameters, like the slot width w;,, experimentally accessible and far from too narrow and
unrealistic values. Recently, the optimization of nanophotonic structures by deep learning techniques has
been reported’”?*. The two main advantages are: (i) further improved performance beyond the time-
consuming method of sweeping the (ws, wy, #p) parameters; (ii) we can introduce a vast number of new

parameters for the optimization, like the width of each of the Bragg corrugations, as shown in Figure 2b.

(a)

+ Obtaintransmision spectrum * Compute ( and
Set {ax;, wh, #periods)— ——+Compute ]
+ Obtainfield profile in the cavity »Compute Ve and g
Oy, @3 vee Py iy eee P m_—._;(,,;_d:'

(c)

FD Simulation - Deep Iveural . e B Genetic Algorithm
o, w) Network

Figure 2 (a) Outline of the computation algorithm for the calculation of I. (b) Parametrization of the Bragg corrugations for machine
learning optimization. Each w; represents the width of the corresponding Bragg corrugation. (c) Routine for the hybrid NN-GA

optimization of the Bragg corrugations.
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For that purpose we can use a vector @ = (w;, W, W3, ..., w,), Where each entry w;with i=1,...,20
representing the width of each Bragg corrugation. For each configuration w we obtain / using the two-step
method described in Figure 2c. We use a GA to create a random vector w and the fitness function obtains
I from the 3D-FD simulation (Figure 2a). Through the iteration of cross-over and mutation, the GA should
find the optimal configuration for maximizing I after a certain number of generations. Details of the code
appear in the Supplementary material. However, this procedure faces a critical issue. Typically, in a GA
optimization one needs to generate about 10° pairs (w, I) and the generation of each pair (w, I) involves a
3D-FD simulation that may take several minutes, making the whole optimization process unfeasible in
terms of time and computational resources. To solve this issue, we take a different approach: (i) we generate
5000 pairs (w, I) through 3D-FD simulations; (ii) with these data, we train a deep neural network (NN)
which learns to estimate the outcome of I for any possible @. Now we can use the NN to calculate [ for
the fitness function of the GA optimization. In this way, the calculation of the fitness function for each w
takes just a few seconds; (iii) We perform the GA optimization by calculating the fitness function for each
individual of the population through the NN. With this scheme, we reduce by two orders of magnitude the

number of actual numerical simulations for the dataset from 10° to 10 with the aid of the NN.

Results and discussion

We first assess the performance of the cavity by sweeping the main geometrical parameters and setting a
target A =801 nm. ¢, L and A are setto (¢, L, A) = (800 nm, 230 nm, 230 nm). Figure 3 shows how / changes
with (ws, wy,) and #p when v *= 10* y (a typical ratio for many QE at RT as we have seen before). Figure
3a shows 7 versus wy, and wy for #p=10 with w, varying between 10 to 50 nm and w;, between 150 to 220
nm (required for single-mode operation). With #p fixed, O remains constant (0=50), while the field profile
of the cavity mode varies for each (wy,, wg). Therefore, the variation of 7 follows the variation of g with wy,
and wy. As wy increases, the cavity mode spreads out from the slot and gets confined at each waveguide
core separately. That results in an exponential decay of the field intensity in the slot region**, increasing V.
exponentially with w;. Since g~1/VV, > g decreases, driving the system to the weak coupling regime (i.e.,
going downwards in Figure 1a) and inducing an exponential decay of /. For small enough wg (<20 nm) the
system remains in the strong coupling regime and I becomes independent of g 7. Therefore, we can observe
that for w; <20 nm / shows a weak variation with w,. When w; >20nm, the cavity starts to perform away
from the strong coupling regime and / shows an evident change with wj,, which we will further analyze
later. A slot width w; <10 nm produces a maximum value of /=0.96, decaying with w; at a rate of 5-1073
nm™!. Figure 3d shows the dependence of I with #p, with #p in the range from 10 to 100 and fixed w,= 140
nm and w; =15 nm so we keep the strong coupling regime. As #p increases, the effective reflectivity also
increases, and the Q factor grows exponentially (see Figure 1i). Consequently, k decreases exponentially
with #p. Therefore, the time that the photon stays in the cavity increases exponentially with #p and when
K<+ * the photon is dephased by the emitter (i.e., going in the left direction in Figure 1a). The result is that
I decreases with #p giving I =0.4 for #p=100. Figure 3b shows I, versus (w;, w,) when #p=10, ws in the

range 10-100 nm and wy, between 110 nm to 600 nm. Since I,,~1/Vey, I, changes with w; in a similar way
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than I does. As the slot mode spreads over the waveguide cores, the fields intensity at the source’s position
decreases and I, shows an exponential decay. The change with w,, displays a more complex structure,
shown more clearly in Figure 3e. For w; =15 nm and w;, =80, I, increases monotonically as the zero-order
cosine/even® slot mode gets more efficiently confined in the waveguide. I, is maximum (I, = 11) when
wy, =125 nm and the strongest light confinement in the waveguide happens. For higher w;, the mode spreads
over the structure producing a decay of the overlapping with the source that scales with 1/w;,. The decay
interrupts abruptly when the zero-order sin-type/odd mode cut-off is reached at w, =155 nm. From there,
the same pattern reproduces until the activation of the subsequent mode, and so on. The same behavior
happens for w,. However, as w; increases the dependence of I, with wy, shifts to lower values of wj,. This
is because the wy cut-off value of the zero-order sine mode/odd decreases monotonically with w, *.

Therefore, the activation of the second mode shifts to lower values of wj, as wg increases.

Figure 3¢ shows B versus wg and wy, for the same values of #p, ws and wy, used in Figure 3b. While I, is a
measure of the field enhancement due to the overlapping of all available modes, £ accounts just for the
overlapping with guided modes. Therefore, we expect a similar dependence and, in fact, f shows an
exponential decay with wg similarly to / and I,. The dependence with wy, shows the same “mode jumps”
found for I}, giving a maximum $=75% at w;, =128 nm. In this case, the regions of high 5 become bigger

for higher wy,, as the number of available modes increases with wy,.

The position of the QE inside the cavity plays a relevant role46. To explore the effect of the position of the
QE in I}, we have performed 3D-FDTD simulations changing the position (yo) of the QE along the cavity
cross-section (y-axis) at z7=4 nm above the top of the cavity. Figure 3f shows I}, versus yy varying from -
225 nm to +225 nm when w;, =200 nm, w; =30 nm and #p=10. Since I, is proportional to the field of the
available modes for each spatial position, the plot reproduces the field profile of the zero-order mode of the
slot waveguide. The maximum [}, happens in the region inside the slot, with maxima at the edges of the
waveguides. The enhancement falls abruptly inside the waveguide, with values reduced by one order of
magnitude. For a QE located away from the outer edges of the waveguide cores, the evanescent coupling
increases the enhancement slightly. In summary, even for a strong dissipative emitter with y *= 104y , we
can achieve 7>0.9 by adjusting the number of periods and reducing the slot width w; below 10 nm. At the
same time, high Purcell enhancement (I}, =45) and good extraction efficiency ($=0.7) can be obtained for

the same wg. On the other hand, we need an accurate positioning of the emitter inside the slot region.
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Figure 3. (a) Cavity-induced I when y/y*= 10* versus waveguide width (w}) and slot width (w;) for #p=10. (b) Purcell enhancement
(I}, ) versus waveguide width (wp,) and slot width (w). (c) Coupling efficiency (B) versus waveguide width (wy,) and slot width (ws)
for #p=10. (d) I versus number of grating periods (#p) for (w,, wy) = (5 nm, 140 nm). (e) I, versus wy, for three w; (green-wg =15

nm, blue-wg =20 nm, yellow-w,; =25 nm). (f) I" versus source position y, along the y-axis.

Y - 1021', v *_ 1031Ir v *_ 1041‘,
InGaAs (43,100) (36,50) (15,10)
GaAs (41,100) (30,500 (9.10)
T™MDC (36.120) (25.60) (5.12)
S molecules (40,1207 (28.60) (8,12)
Diamond (43,100) (38,50) (15,10)

Table 1. Maximum (w, (nm), #p) for 7>0.9 using InGaAs QD, GaAs QD, TMDCs and single molecules as QE.

We further explore the performance of the device and the design requirements for different types of QE
with different dephasing rates. For each type of emitter the geometrical parameters of the device (i.e. t, L
and A) are set to match the specific emission wavelength A. Table 1 shows the values of the pairs (wy,, #p)
needed for 7>0.9 for five different v */ v values corresponding to each emitter. The values of the oscillation
strengths are extracted from InGaAs*’, GaAs®, TMDC*"°, single molecules®®*' and diamond>. We
observe that as y * increases (i.e., T increases) the cavity demands smaller wq (i.e., narrower slot). For the
highest oscillator strength (~5 in InGaAs QD and diamond color centers) (g/ v )min is easily reached when
ws <44nmand y *=102 v . A TMDC QE with oscillator strength ~ 0.1 demands ws <38 nm on the opposite
side. In an intermediate situation, the oscillation strength of the GaAs QD (~ 1) gives wy; <42 nm. From
this, we can find the optimal design for each emitter at high T. InGaAs at 300 K have a pure dephasing of
600y 53, so (ws, #p) = (36 nm, 50) are needed for />0.9. GaAs at 300 K has 1450 y 54 and needs of the
same values (wg, #p) = (36, 50). High dissipative emitters with dephasing of ~104 y at 300 K, like TMDC?>?
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and single molecules, demand narrower slot widths (ws, #p) = (5 nm, 10). For color centers in diamond,

with y *=103 v at room T?°, the optimal configuration is (ws, #p) = (38 nm, 50).

As we have shown, for high dissipative emitters with y *= 104y the width of the cavity slot must be w;
<10 nm for />0.9. Similarly, ws; <10 nm is needed for f>0.7. At the same time, the emitter’s position plays
a critical role, giving very low coupling when the emitter is outside the slot region. These requirements
make complex both the fabrication and the emitter integration. Achieving slot widths below 10 nm is
beyond the state of the art of almost any fabrication technology and deterministic deposition of a QD with
that accuracy can be complicated. To reduce those limitations, we need to optimize the geometry of the
cavity further. We have performed a hybrid GA-NN optimization of the Bragg corrugation geometry. The
GA-NN optimization must deal with the trade-off between reducing the cavity modal volume (to increase
£) and maintaining the appropriate Q to achieve 7/ >0.9 with vy *= 104 y . With this aim, we set wg =20 nm
and the number of periods to #p=20. The structure without optimization has a modal volume of about 10-
2(M/2n)3, which gives =0.82 with v *=10*y . Figure 4a shows the GA-NN optimized geometry. Somehow
surprisingly to us, the GA-NN found that it is enough to change the widths of the most external Bragg
corrugations, leaving the others unperturbed. This geometry provides the best confinement of the cavity

mode in the center of the structure, significantly reducing the modal volume while maintaining the correct
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Figure 4. (a) Optimized structure for fixed (w;, #p) = (20,20). Cavity-mode field profile in the XY plane inside the cavity region for
(b) Cavity mode profiles of the non-optimized structure (up) and optimized structure (down); Transmission spectra for (c) Structure

without optimization; (d) GA-NN optimized structure.
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Figure 4 b,c,d show the cavity-mode profile and the transmission spectrum for the structure with and
without optimization. It is easy to appreciate how the cavity mode is significantly more confined in the
central region of the optimized cavity. The modification of the widths of the external Bragg corrugations
creates a tapered section that connects the cavity with the input/output slot waveguides and increases the
confinement of the cavity mode. The modal volume is reduced from 7-10-3(A/2n)3 to 2.5-103(A/2n)?, a factor
of 2.8. At the same time, the FWHM has been increased to 0=50, keeping the system in the region of high
1. The reduction in the modal volume, and the Q adjustment, improve the indistinguishability from /=0.82
to /=0.91. In conclusion, we obtain that for the optimized structure, we can achieve 1>0.9 for vy *= 10*y
with a slot width of w;=20 nm, relaxing the tight requirements for the fabrication of the slot to more realistic
values. The resulting transmission spectra of the optimized device reveals that there is a 7 nm shift of the
resonance wavelength. This results from the discontinuous alteration of the periodicity of the Bragg
reflectors. The A-Bragg condition for total reflection changes along the corrugations, giving rise to a small
modification of the spectra. This resonance displacement could be reduced through a second optimization
process involving the maximization of / together with the minimization of the A-shift, which will be covered

in future works.

Although simulations results show a promising device performance, potential difficulties related to
fabrication have to be considered according to CMOS compatible processes. Realization of vertical slots
widths below 80 nm can be difficult with standard lithography techniques. For emitters with y *=10? v slots
between 36 nm and 45 nm are needed (see Table 1). Despite achieving these widths can be challenging,
there are many experimental demonstrations reporting the fabrication of sub-100 nm slots (between 30 nm
and 80 nm) using e-beam lithography (EBL)’’"%. On the other hand, strong dissipative emitters with
v *=10* y require slot widths between 5 nm and 15 nm. Defining sub-10 nm structures with EBL is a great
challenge, requiring simultaneous control of several factors like resist contrast, beam diameter, resist
development mechanics, and limitations in metrology®. A novel fabrication procedure with EBL was
reported® which allows to achieve slots widths down to 8 nm in Si substrates. Also, recent works®
experimentally demonstrate a different fabrication approach achieving slots with 10 nm width in Si
waveguides. In this context, the relaxation up to 20 nm width achieved through the ML optimization is
especially relevant, since it reduces the fabrication requirements from the limit of the technology (5 nm) to
a more accessible value (20 nm). Still, we must emphasize that achieving such ultra-narrow slots presents

a significant challenge which require top-state-of-the-art resolution technology.

Another key aspect to consider for the experimental realization is the nanoscale positioning approach for
the deposition of the QE in the 20 nm slot region of the cavity. Recently, several nanoscale positioning
techniques compatible with nanofabrication processes have shown promising results, achieving positioning

accuracy at the nanometer level®’

. Atomic force microscopy-based positioning approaches with 30 nm
positioning accuracy have been reported with GaAs QDs strongly coupled to a nano-cavity®®. Confocal
micro-photoluminescence techniques also showed 10 nm positioning accuracy with GaAs QDs inside a
photonic structure®. Bi-chromatic photoluminescence approaches with 5 nm position accuracy was
recently achieved through a novel image analysis software implementation in the positioning setup’®. Also,

In Situ lithographic techniques, where the QD position extraction and the nanostructure definition are
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developed in the same setup have improved position accuracy down to 30 nm’". Pick-and-place techniques,
which are the most suitable approach for our specific structure, have also shown significant progress’.
Recently, Si vacancy centers were transferred to AIN waveguides achieving 98% coupling efficiency”, the
placement mean error was about 38 nm. According to this, for a pick and place deposition, assuming a
normal distribution we would have a standard deviation of 38 nm with a target of 20 nm, which leads to
34% probability of successful deposition. Therefore, the positioning accuracy required for our structure lies
close to the limit of the technology depending on the positioning approach. An experimental realization of
a QE coupling requires fabricating many devices and looking for good candidates one by one. This approach
allows the experimental demonstration of certain quantum effects for quantum information applications,

but is still far from a scalable technology.

Conclusions

We explored a hybrid slot-Bragg nanophotonic cavity for the generation of indistinguishable photons at RT
from various quantum emitters through a combination of numerical methods. We obtain the values of the
theoretical indistinguishability, efficiency and Purcell enhancement for each configuration (i.e. waveguide
width, slot width, number of periods). We obtained theoretical near-unity indistinguishability and high
efficiency simultaneously by parameter sweep optimization. To relax the fabrication requirements (slot
width) for near-unity indistinguishability, we have developed a machine learning algorithm that provides
the optimal geometry of the cavity. According to our simulations, the optimized structure shows high
indistinguishability (7>0.9) with slot widths about 20 nm. The geometrical features of the optimized design
present significant challenges from the perspective of fabrication process. Although the device may be far
from a real scalable technology it can be suitable for experimental demonstration of single photon operation.
Also, the developed ML approach may provide insights for the optimization of different photonic structures

for quantum information applications.

Acknowledgments

We gratefully acknowledge financial support from the European Union's Horizon 2020 research and
innovation program under grant agreement No. 820423 (S2QUIP) and CSIC Quantum Technology
Platform PT-001. JML acknowledges the Agencia Estatal de Investigacién (AEI) grant PID2019-
106088RB-C31.

Disclosures

The authors declare no conflicts of interest.

Data availability statement

Details underlying the results presented in this paper are available in the Supplement 1 file.

Funding sources

43



This work has been funded by the European Union's Horizon 2020 research and innovation program under

grant agreement No. 820423 (S2QUIP).
Supplement information

This material is available free of charge via the internet at http://pubs.acs.org. Details of the computation
of the indistinguishability; details of the numerical simulation; details of the machine learning algorithm;

Information about the fabrication process.

References

[1] Aspuru-Guzik, A., & Walther, P. (2012). Photonic quantum simulators. Nature physics, 8(4), 285-291.

[2] Aharonov, D., Ambainis, A., Kempe, J. & Vazirani, U. in Proc. 33rd Annual ACM Symposium on
Theory of Computing 50-59 (ACM, 2001).

[3] Broome, M. A., Fedrizzi, A., Rahimi-Keshari, S., Dove, J., Aaronson, S., Ralph, T. C., & White, A. G.
(2013). Photonic boson sampling in a tunable circuit. Science, 339(6121), 794-798.

[4] Fattal, D., Diamanti, E., Inoue, K., & Yamamoto, Y. (2004). Quantum teleportation with a quantum dot
single photon source. Physical review letters, 92(3), 037904.

[5] Kimble, H. J. (2008). The quantum internet. Nature, 453(7198), 1023-1030.

[6] Aharonovich, I., Englund, D., & Toth, M. (2016). Solid-state single-photon emitters. Nature
Photonics, 10(10), 631.

[7] Grange, T., Hornecker, G., Hunger, D., Poizat, J. P., Gérard, J. M., Similar, P., & Affixes, A. (2015).
Cavity-funneled generation of indistinguishable single photons from strongly dissipative quantum

emitters. Physical review letters, 114(19), 193601.

[8] Chikara, R., De Nibs, B., Benz, F., Barrow, S. J., Sucherman, O. A., Rosa, E., ... & Blumberg, J. J.
(2016). Single-molecule strong coupling at room T in plasmonic nanocavities. Nature, 535(7610), 127-130.

[9] Russell, K. J., & Hu, E. L. (2010). Gap-mode plasmonic nanocavity. Applied Physics Letters, 97(16),
163115.

[10] Seo, M. K., Kwon, S. H., E, H. S., & Park, H. G. (2009). Full three-dimensional subwavelength high-
Q surface-plasmon-polariton cavity. Nano letters, 9(12), 4078-4082.

[11] Santhosh, K., Button, O., Chitonid, L., & Haran, G. (2016). Vacuum Rabi splitting in a plasmonic

cavity at the single quantum emitter limit. Nature communications, 7(1), 1-5.

44


http://pubs.acs.org/

[12] Kang, J. H., No, Y. S., Kwon, S. H., & Park, H. G. (2011). Ultrasmall subwavelength nanorod

plasmonic cavity. Optics letters, 36(11).

[13] Peng, P., Liu, Y. C., Xu, D., Cao, Q. T., Lu, G., Gong, Q., & Xiao, Y. F. (2017). Enhancing coherent
light-matter interactions through microcavity-engineered plasmonic resonances. Physical review

letters, 119(23), 233901.

[14] Burle, B., Sandoghdar, V., & Martin-Cano, D. (2018). Manipulation of quenching in nanoantenna—
emitter systems enabled by external detuned cavities: a path to enhance strong-coupling. ACS

Photonics, 5(2), 456-461.

[15] Hugall, J. T., Singh, A., & van Hulst, N. F. (2018). Plasmonic cavity coupling. Acs Photonics, 5(1),
43-53.

[16] Robinson, J. T., Manolatou, C., Chen, L., & Lipson, M. (2005). Ultrasmall mode volumes in dielectric

optical microcavities. Physical review letters, 95(14), 143901.

[17] Seidler, P., Lister, K., Drechsler, U., Hofrichter, J., & Stoferle, T. (2013). Slotted photonic crystal
nanobeam cavity with an ultrahigh quality factor-to-mode volume ratio. Optics express, 21(26), 32468-

32483.

[18] Ryckman, J. D., & Weiss, S. M. (2012). Low mode volume slotted photonic crystal single nanobeam
cavity. Applied Physics Letters, 101(7), 071104.

[19] Hu, S., & Weiss, S. M. (2016). Design of photonic crystal cavities for extreme light concentration. ACS
photonics, 3(9), 1647-1653.

[20] Choi, H., Heuck, M., & Englund, D. (2017). Self-similar nanocavity design with ultrasmall mode

volume for single-photon nonlinearities. Physical review letters, 118(22), 223605.

[21] Saxena, A., Chen, Y., Ryou, A., Sevilla, C. G., Xu, P., & Majumdar, A. (2019). Improving
indistinguishability of single photons from colloidal quantum dots wusing nanocavities. ACS

Photonics, 6(12), 3166-3173.

[22] Sanchis, L., Cryan, M. J., Pozo, J., Craddock, I. J., & Rarity, J. G. (2007). Ultrahigh Purcell factor in
photonic crystal slab microcavities. Physical Review B, 76(4), 045118.

[23] Sanchis, L., Hakansson, A., Lopez-Zanén, D., Bravo-Abad, J., & Sanchez-Dehesa, J. (2004).
Integrated optical devices design by genetic algorithm. Applied Physics Letters, 84(22), 4460-4462.

[24] Morgado-Leén, A., Escuin, A., Guerrero, E., Yéfiez, A., Galindo, P. L., & Sanchis, L. (2011, June).
Genetic algorithms applied to the design of 3D photonic crystals. In International Work-Conference on

Artificial Neural Networks (pp. 291-298). Springer, Berlin, Heidelberg.

45



[25] Marques-Hueso, J., Sanchis, L., Cluzel, B., de Fornel, F., & Martinez-Pastor, J. P. (2010). Genetic
algorithm designed silicon integrated photonic lens operating at 1550 nm. Applied Physics Letters, 97(7),
071115.

[26] Tomm, N., Javadi, A., Antoniadis, N. O., Najer, D., Lobl, M. C., Korsch, A. R., ... & Warburton, R. J.
(2021). A bright and fast source of coherent single photons. Nature Nanotechnology, 16(4), 399-403.

[27] Schnauber, P., Singh, A., Schall, J., Park, S. 1., Song, J. D., Rodt, S., ... & Davanco, M. (2019).
Indistinguishable photons from deterministically integrated single quantum dots in heterogeneous

GaAs/Si3N4 quantum photonic circuits. Nano letters, 19(10), 7164-7172.

[28] Iff, O., Buchinger, Q., Moczala-Dusanowska, M., Kamp, M., Betzold, S., Davanco, M., ... &
Schneider, C. (2021). Purcell-enhanced single photon source based on a deterministically placed WSe2
monolayer quantum dot in a circular Bragg grating cavity. Nano letters, 21(11), 4715-4720.

[29] Toninelli, C., Gerhardt, 1., Clark, A. S., Reserbat-Plantey, A., Gétzinger, S., Ristanovi¢, Z., ... & Orrit,
M. A. J. G. (2021). Single organic molecules for photonic quantum technologies. Nature Materials, 20(12),
1615-1628.

[30] Dolan, P. R., Adekanye, S., Trichet, A. A. P., Johnson, S., Flatten, L. C., Chen, Y. C,, ... & Smith, J.
M. (2018). Robust, tunable, and high purity triggered single photon source at room temperature using a

nitrogen-vacancy defect in diamond in an open microcavity. Optics express, 26(6), 7056-7065.

[31] Fan, X., Takagahara, T., Cunningham, J. E., & Wang, H. (1998). Pure dephasing induced by exciton—

phonon interactions in narrow GaAs quantum wells. Solid state communications, 108(11), 857-861.

[32] Jakubezyk, T., Delmonte, V., Fischbach, S., Wigger, D., Reiter, D. E., Mermillod, Q., ... & Rodt, S.
(2016). Impact of phonons on dephasing of individual excitons in deterministic quantum dot

microlenses. ACS photonics, 3(12), 2461-2466.

[33] Kummer, S., & Basche, T. (1995). Measurement of optical dephasing of a single terrylene molecule
with nanosecond time resolution. The Journal of Physical Chemistry, 99(47), 17078-17081.

[34] Hesselink, W. H., & Wiersma, D. A. (1980). Optical dephasing and vibronic relaxation in molecular
mixed crystals: A picosecond photon echo and optical study of pentacene in naphthalene and p-

terphenyl. The Journal of Chemical Physics, 73(2), 648-663.

[35] Moody, G., Dass, C. K., Hao, K., Chen, C. H., Li, L. J., Singh, A., ... & Li, X. (2015). Intrinsic
homogeneous linewidth and broadening mechanisms of excitons in monolayer transition metal

dichalcogenides. Nature communications, 6(1), 1-6.

[36] Wang, X., Grist, S., Flueckiger, J., Jaeger, N. A., & Chrostowski, L. (2013). Silicon photonic slot
waveguide Bragg gratings and resonators. Optics express, 21(16), 19029-19039.

46



[37] Bera, A., Kuittinen, M., Honkanen, S., & Roussey, M. (2018). Silicon slot waveguide Fano
resonator. Optics Letters, 43(15), 3489-3492.

[38] Wang, X., Flueckiger, J., Schmidt, S., Grist, S., Fard, S. T., Kirk, J., ... & Chrostowski, L. (2013). A
silicon photonic biosensor using phase - shifted Bragg gratings in slot waveguide. Journal of

biophotonics, 6(10), 821-828.

[39] Errando-Herranz, C., Schéll, E., Picard, R., Laini, M., Gyger, S., Elshaari, A. W., ... & Jons, K. D. On-
chip single photon emission from a waveguide-coupled two-dimensional semiconductor. 2020, August.
In Quantum Nanophotonic Materials, Devices, and Systems 2020 (Vol. 11471, p. 1147105). International
Society for Optics and Photonics.

[40] Lumerical Inc. https://www.lumerical.com/products/ . (accessed 2022-02-21)

[41] Kristensen, P. T., Van Vlack, C., & Hughes, S. (2011). Effective mode volumes and purcell factors
for leaky optical cavities. 2011-7-22. Optics Letters, Vol. 37, Issue 10, pp. 1649-1651

[42] Vuckovic, J. Quantum optics and cavity QED with quantum dots in photonic crystals. In Quantum

Optics and Nanophotonics. Oxford University Press. (2017).

[43] Novotny, L., & Hecht, B. (2012). Principles of nano-optics. Cambridge university press.

[44] Almeida, V. R., Xu, Q., Barrios, C. A., & Lipson, M. (2004). Guiding and confining light in void
nanostructure. Optics letters, 29(11), 1209-1211.

[45] Liu, Y., Kong, M., & Jiang, Y. (2015). Transverse magnetic modes in planar slot waveguides. JOSA
B, 32(10), 2052-2060.

[46] Guimbao, J., Weituschat, L. M., Montolio, J. L., & Postigo, P. A. (2021). Enhancement of the
indistinguishability of single photon emitters coupled to photonic waveguides. Optics Express, 29(14),
21160-21173.

[47] Stoleru, V. G., & Towe, E. (2003). Oscillator strength for intraband transitions in (In, Ga) As/GaAs
quantum dots. Applied physics letters, 83(24), 5026-5028.

[48] Hatami, F., Grundmann, M., Ledentsov, N. N., Heinrichsdorff, F., Heitz, R., Bohrer, J., ... & Kop’ev,
P. S. (1998). Carrier dynamics in type-II GaSb/GaAs quantum dots. Physical Review B, 57(8), 4635.

[49] Schneider, C., Glazov, M. M., Korn, T., Hofling, S., & Urbaszek, B. (2018). Two-dimensional

semiconductors in the regime of strong light-matter coupling. Nature communications, 9(1), 1-9.

[50] Lundt, N., Marynski, A., Cherotchenko, E., Pant, A., Fan, X., Tongay, S., ... & Schneider, C. (2016).
Monolayered MoSe2: a candidate for room T polaritonics. 2D Materials, 4(1), 015006.

47


https://www.lumerical.com/products/

[51] Zhao, H., Zhao, Y., Song, Y., Zhou, M., Lv, W, Tao, L., ... & Wang, X. (2019). Strong optical response

and light emission from a monolayer molecular crystal. Nature communications, 10(1), 1-9.

[52] Saani, M. H., Vesaghi, M. A., & Esfarjani, K. (2004). Oscillator strength calculations in color centers
of diamond and the role of spin. The European Physical Journal B-Condensed Matter and Complex

Systems, 39(4), 441-446.

[53] Borri, P., Langbein, W., Schneider, S., Woggon, U., Sellin, R. L., Ouyang, D., & Bimberg, D. (2001).
Ultralong dephasing time in InGaAs quantum dots. Physical Review Letters, 87(15), 157401.

[54] Bayer, M., & Forchel, A. (2002). T dependence of the exciton homogeneous linewidth in In 0.60 Ga
0.40 As/GaAs self-assembled quantum dots. Physical Review B, 65(4), 041308.

[55] Huang, L., Krasnok, A., Alu, A., Yu, Y., Neshev, D., & Miroshnichenko, A. Enhanced Light-Matter
Interaction in Two-Dimensional Transition Metal Dichalcogenides. (2022-03-08). Reports on Progress in

Physics. Volume 85 (4).

[56] Albrecht, R., Bommer, A., Deutsch, C., Reichel, J., & Becher, C. (2013). Coupling of a single nitrogen-

vacancy center in diamond to a fiber-based microcavity. Physical review letters, 110(24), 243602.

[57] Héayrinen, M., Roussey, M., Sdynitjoki, A., Kuittinen, M., & Honkanen, S. (2015). Titanium dioxide
slot waveguides for visible wavelengths. Applied optics, 54(10), 2653-2657.

[58] Raza, A., Van Daele, M., Wuytens, P., Dendooven, J., Detavernier, C., Clemmen, S., & Baets, R.
(2018, May). E-beam-lithography free plasmonic slot waveguides for on-chip Raman spectroscopy.

In CLEO: Science and Innovations (pp. SW3L-6). Optical Society of America.

[59] Wang, Y., He, S., Gao, X., Ye, P., Lei, L., Dong, W, ... & Xu, P. (2022). Enhanced optical nonlinearity
in a silicon—organic hybrid slot waveguide for all-optical signal processing. Photonics Research, 10(1), 50-

58.

[60] Lin, S., Hu, J., & Crozier, K. B. (2011). Ultracompact, broadband slot waveguide polarization
splitter. Applied Physics Letters, 98(15), 151101.

[61] Hochberg, M., Bachr-Jones, T., Wang, G., Huang, J., Sullivan, P., Dalton, L., & Scherer, A. (2007).
Towards a millivolt optical modulator with nano-slot waveguides. Optics Express, 15(13), 8401-8410.

[62] Wang, J., Cheng, Z., Chen, Z., Wan, X., Zhu, B., Tsang, H. K., ... & Xu, J. (2016). High-responsivity
graphene-on-silicon slot waveguide photodetectors. Nanoscale, 8(27), 13206-13211.

[63] Lin, C. Y., Wang, X., Chakravarty, S., Lee, B. S., Lai, W., Luo, J., ... & Chen, R. T. (2010). Electro-
optic polymer infiltrated silicon photonic crystal slot waveguide modulator with 23 dB slow light

enhancement. Applied Physics Letters, 97(9), 194.

48



[64] Zhang, H., Zhang, J., Chen, S., Song, J., Kee, J. S., Yu, M., & Lo, G. Q. (2011). CMOS-compatible
fabrication of silicon-based sub-100-nm slot waveguide with efficient channel-slot coupler. IEEE

Photonics Technology Letters, 24(1), 10-12.

[65] Cord, B. M. (2009). Achieving sub-10-nm resolution using scanning electron beam

lithography (Doctoral dissertation, Massachusetts Institute of Technology).

[66] Debnath, K., Khokhar, A. Z., Reed, G. T., & Saito, S. (2017). Fabrication of arbitrarily narrow vertical
dielectric slots in silicon waveguides. IEEE Photonics Technology Letters, 29(15), 1269-1272.

[67] Liu, S., Srinivasan, K., & Liu, J. (2021). Nanoscale Positioning Approaches for Integrating Single
Solid-State Quantum Emitters with Photonic Nanostructures. Laser & Photonics Reviews, 15(10),

2100223.

[68] Hennessy, K., Badolato, A., Winger, M., Gerace, D., Atatiire, M., Gulde, S., ... & Imamoglu, A. (2007).
Quantum nature of a strongly coupled single quantum dot—cavity system. Nature, 445(7130), 896-899.

[69] Thon, S. M., Rakher, M. T., Kim, H., Gudat, J., Irvine, W. T., Petroff, P. M., & Bouwmeester, D.
(2009). Strong coupling through optical positioning of a quantum dot in a photonic crystal cavity. Applied
Physics Letters, 94(11), 111115.

[70] Liu, J., Davango, M. 1., Sapienza, L., Konthasinghe, K., De Miranda Cardoso, J. V., Song, J. D., ... &
Srinivasan, K. (2017). Cryogenic photoluminescence imaging system for nanoscale positioning of single

quantum emitters. Review of Scientific Instruments, 88(2), 023116.

[71] Gschrey, M., Schmidt, R., Schulze, J. H., Strittmatter, A., Rodt, S., & Reitzenstein, S. (2015).
Resolution and alignment accuracy of low-temperature in situ electron beam lithography for nanophotonic
device fabrication. Journal of Vacuum Science & Technology B, Nanotechnology and Microelectronics:

Materials, Processing, Measurement, and Phenomena, 33(2), 021603.

[72] Elshaari, A. W., Pernice, W., Srinivasan, K., Benson, O., & Zwiller, V. (2020). Hybrid integrated
quantum photonic circuits. Nature photonics, 14(5), 285-298.

[73] Wang, J., Sciarrino, F., Laing, A., & Thompson, M. G. Integrated photonic quantum
technologies. (2020). Nature Photonics, 14(5), 273-284.

49



Perfect Photon Indistinguishability from a Set of Dissipative
Quantum Emitters

Abstract: Single photon sources (SPS) based on semiconductor quantum dot (QD) platforms are restricted
to low temperature (T) operation due to the presence of strong dephasing processes. Although the
integration of QD in optical cavities provides an enhancement of its emission properties, the technical
requirements for maintaining high indistinguishability (/) at high T are still beyond the state of the art.
Recently, new theoretical approaches have shown promising results by implementing two-dipole-coupled-
emitter systems. Here, we propose a platform based on an optimized five-dipole-coupled-emitter system
coupled to a cavity which enables perfect / at high T. Within our scheme the realization of perfect I single
photon emission with dissipative QDs is possible using well established photonic platforms. For the
optimization procedure we have developed a novel machine-learning approach which provides a significant
computational-time reduction for high demanding optimization algorithms. Our strategy opens up
interesting possibilities for the optimization of different photonic structures for quantum information

applications, like the reduction of quantum decoherence in clusters of coupled two-level quantum systems.

Keywords: Single-photon; Quantum Optics; Photonic Integrated Circuits; Quantum Decoherence.

Introduction

Over the last decade, milestones achieved in integrated quantum photonics (IQP) have led to promising
results. While other quantum technologies (QT) like ion trapping or superconducting systems were used to
demonstrate their first logical operations in the 1990s [1,2], the first functioning IQP gate was only
developed in 2008 [3]. Yet, despite its immaturity, IQP has become established in a wide range of proposed
schemes: (Quantum Communications) Si-based chip to chip quantum key distribution (QKD) over 43 km
dark fiber was demonstrated in 2018 [4]; network operation for distributed quantum computation (i.e.
quantum internet) was reported in 2021 [5]; (Quantum Computation) Gaussian boson sampling scheme
with 50 photons for specific quantum computing demonstrated quantum advantage for the first time in 2020
[6]; (Quantum simulation) A IQP based variational eigensolver for calculation of the ground state energy
of H2 molecules was developed in 2013 [7]; (Quantum Metrology) A IQP platform based on defects in
diamond was used for extremely efficient detectors of magnetic fields with unprecedent sensitivity [8]. In
contrast to other QT platforms, IQP leverage commercially available systems from the integrated photonics
industry, which provide reliable devices for on-chip integration [9] and metamaterial systems for broadband
operation [10,11]. In this context, IQP shows a new leading candidate for the future q-bit in QT: the

indistinguishable single photon.

Integrated photonics offer different approaches for the modulation of photon emission [12,13]. Suitable
platforms for indistinguishable SPS are epitaxially grown semiconductor QDs. QDs enable site control
during growth [14] and the possibility of monolithic integration into photonic nanocavities [15,16],

providing enhanced quantum emission. As a result, many recent experimental demonstrations have reported
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record I with cavity-integrated QDs at cryogenic T: g(2)(0) = 7x10-3 and I = 0.96 was reported with
InAs/GaAs QDs embedded in a micropilar cavity at 4.3 K [17]; g(2)(0) = 1.2x10-2 and / = 0.97 with
InAs/GaAs QDs integrated in a DBR microcavity at 4.2 K [18]; g(2)(0) = 2.8x10-3 and I = 0.99 with
InGaAs/GaAs QDs inside DBR micropilars at 4 K [19]. However, for T above the cryogenic regime, QDs
are subject to pure dephasing mechanisms which reduce the coherence of the emission [20-22]: g@(0) =
0.47 with InGaAs/GaAs QDs at 120 K [23]; g@(0) = 0.34 with InAs/InP QDs at 80 K [24]; g®(0) = 0.48
with GaAs/GaAsP QDs at 160 K [25]. For T>200 K the best reported value is gp)(0) = 0.34 [26]. As a
consequence, / is reduced to non-practical values for quantum information tasks: 7> 0.79 for most quantum
information processing schemes and /> 0.5 for QKD protocols [27]. In this regard, QDs for SPS operation
are restricted to low T. In an attempt to overcome this limitation, a variety of cavity-engineering approaches
have been conducted [28,29]. However, several theoretical works [30-32] indicate that cavity quality factors
(Q) above 4x107 are required for QDs to function at room T, while, to date, the highest reported Q coupled
to a quantum emitter is about Q = 55000 [33]. In this regard, the theoretical exploration over new strategies

for enhancing I in the presence of dephasing processes is especially relevant.

Recently, theoretical studies [34-38] have shown that the enhancement and tunability of single photon
emission are possible through interfaces based on two-emitter systems coupled to a cavity mode. In their
scheme, tunable bandwidth and Purcell enhancement are achieved by dynamical control of the collective
states of the two emitters coupled by dipolar interaction. The results open up interesting possibilities for
application in single photon generation for quantum information processing. At the same time, deterministic
positioning required for dipole-dipole coupling between emitters has been experimentally demonstrated on
several SPS platforms: organic molecules [39], color centers in h-BN [40] and diamond [41], terylene
molecules [42] and QDs [43-46]. The potential applications of these cluster systems for the enhancement
of I have not been studied neither theoretically nor experimentally. As we will show, the cooperative
dynamics of these cluster systems can be exploited to maintain high / with arbitrary low Q cavities by

tuning the energy transfer rates between the emitters.

In this work, we present a theory for estimating / in a two-emitter system with strong dephasing coupled to
a single-mode cavity. We derived an analytical expression of / as a function of the distance between the
emitters, cavity decay rate, and pure dephasing rate. The results show how the requirements of the cavity
for high 7 change with the strength of the dipolar interaction. Taking the model further, we propose a new
interpretation of the I value, which allows us to estimate its behavior with larger systems (i.e., systems with
more than two emitters). We performed numerical simulations of a system of five dipole-coupled emitters
to find the optimal configuration for maximum /. For the optimization process, we developed a novel
machine-learning (ML) scheme based on a hybrid neural network (NN)-genetic algorithm (GA) to find the
position of each emitter to maximize /. The optimization procedure provides perfect / (i.e., /= 1) in arbitrary
low Q cavities, offering unprecedent advantages for relaxing the cavity requirements and favoring the use

of QDs as SPS at room T.
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Materials and methods

Dipole-dipole coupling model

After rotating the wave approximation, the Hamiltonian for the two-QE system coupled to the single-mode

cavity reads [35]:
H= le(o';rcrz + 0'10;) + ig (a“(a1 +0,) — a(af +o ), (1)

where o;/ UL-T are the lowering/rising operators of the QEs and a/a’ the annihilation/creation operators of
the cavity field. The terms associated with y, y*and k are described under Born-Markov approximation, so

the evolution of the density matrix follows the Lindblad equation [34]:

op : v 1o T
2= =ilH,pl + ) (DupDy =5 (DaTDup + D, 'D,))
n

1
+2y Sixj(0ip0] == (] aip + paj o)) ©)

where the D, denotes the collapse operators: vka, and \/Fol-*a,-. We have assumed kd << 1 so the

3y

modified radiative decay rate is 2 ¥y and Q;, = o

. Without detuning between the QEs there is no

coherent coupling between any state but the {|gg), |+)} set, so the Hamiltonian and Lindblad equation can

be written as:

H = Qu|+)X+| + iv2g(ato, — as])

a , 1
a_f = —i[H,p] + Zn(anDn-r - E(DnTDnP + pDnTDn)) 3)
Where g, = 01\7;2 and now the D,, denotes the collapse operators: Vkd, \/2yo, and \/FGIJJ, [34]. The

equations in (14) corresponds to the evolution of a system with a single effective QE with decay rate 2y

coupled to a single-mode cavity field with v2g. The degree of I is defined as [30]:

[12° ataz|(at e+a®)]’
I = 9]
Jly dedr(at(®a®))al t+Dalt+1))
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Which can be computed numerically via Quantum Regression Theorem (QRT). Alternatively, to derivate

an explicit formula for 7 we start from the following expressions of the master equation:

ap .
a:e = lg(ch = Pce) — VPee
0pcc .
6;C = ig(pce = Pec) — KPcc
pec . r 3
gt = i8(Pee — Pcc) — (E + 4(RZ)3)pec (5)

In the incoherent regime we can apply adiabatic elimination of the coherences by setting ag:c =0 [30].

Substituting in (5) we obtain the rate equations (14) with the corresponding transfer rate R shown in (13).

We can now obtain the numerator of (8) by calculating the ne-G of the system from the equations of motion:
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Where GR(7) is the retarded G®(7) and $F the retarded self-energy. Following a similar procedure as in

[30], the numerator in (4) can be substituted by:

2
—T(k+4g? r/(rh(ﬁ’w))

[(a®(t + D)a®)|* = P2(t)e (7)

Solving equation (14) for P, we can analytically solve (4), which gives the expression shown in (13).
Larger systems

We first obtain the characteristic polynomial of (14): P(1) = A% + (k + 2R + 1)A + (kR + k + R), where
we have set y = 1. Then we set the iterative process 4,,4 = P(4,) (from 1 = 0) and check the stability in
the parameter space (k, R). Fig 2.a shows the k-parameter space of the stability of P (1) for a fixed R. Black
dots in the complex plane correspond to x values whose iteration stays bounded and doesn’t diverge to
infinity. White dots correspond to values whose iteration diverges to infinity at a maximum speed. Gradient
colors correspond to values whose iteration diverges to infinity at different speeds. Our region of interest
is the positive real line k € R*. In this region the iteration diverges to infinity for all k. We want to measure
the speed of the divergence 8 for each k and R (i.e. the number of iterations that takes the process to
infinity). A good candidate to characterize this value is the slope of P(4) at A = 0 (i.e. P'(0)). Since P'(1)
grows monotonically with A, P’(0) uniquely determines 8. In Figure 2.b we show the value of P(1) (blue
line) for specific (k, R). The arrows indicate consecutive A, values of the iteration process. In order to

express 6 in the decay rate units (A units), we draw the tangent line to P(4) at A = 0 (red line in Figure 2.b)

and take the cut with the x-axis, which gives :'(_((:)))‘ With this definition 6 reads:

P(0) _ KR+K+R
P'(0)  k+2R+1

9 =

@®)

In order to normalize 8, we need to divide (8) by its maximum value 8,,,,. 6 is maximum when k , R <<

1, and therefore from (8) we have that 8,,,,, = Kk + R. Then the normalized speed of divergence 8 is given
by:

- 9 y+il
0= = =1 ©)

Omax K+2R+y

which matches the expression for 7 [30]. If we apply the same definition of 8 for the cascaded cavity system

(equation (15)) we obtain:

K2R
§=K1/2+27(K§+’232)=[ (10)

3
k1 /2+K2+5R2

which again matches the expression for 7 [31] after applying the same approximations. In the same way,

P(0)
P'(0)

for the two-emitter system 6 matches the / value shown in (13). Note that in general the is equal to é,

where A is the determinant and 7 is the trace of the rate equations matrix. Therefore, with this method we
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are able to obtain the analytic expression of / for any system from trivial operations in the rate equations,

without the need of calculating the ne-G.

Machine Learning scheme

The Hamiltonian for the 5-QEs system coupled to a single-mode cavity field can be written as:
H = 3i2;0(0] 0 + 0:0]) + ig Binj@* (01 + 0)) — a(o] + o)) (11)

with i, j = (1,...,5). The modified radiative decay rates y;; and the dipolar interaction strengths £;; can be

obtained from the Green'’s tensor of the system leading to [38]:
3
nj==§{gn(kdu)/kdu)-zams(kdu)/kduz)—-gn(kdu)/kduﬂ
Qij = Z{_COS (kdl])/kdu) — Z(Sin (kdl])/kduz) — COS (kdl])/kdljz} (12)

The evolution of the density matrix follows the Lindblad equation (2) substituting y by y;; and adding the

corresponding \/F ;1 o; operators. For each iteration the value of I is calculated by solving (2) numerically
and computing (8) by QRT. As in each iteration a 12x12 matrix is diagonalized, the total time of each
function evaluation can take several minutes. At the same time, a GA optimization may require 105
evaluations of the fitness function. If we directly use QRT for each evaluation, the optimization would
require excessive computational times. Instead, in our approach we first generate a data set (w, I) with the
results obtained from 2000 iterations. With these data, we train a deep NN which learns to estimate the
outcome of I for any possible set of random positions @. Now, each time the GA creates a random vector
w, the evaluation of the fitness function obtains / from the estimation of the NN. This way, each evaluation
takes just a few seconds. Through the iteration of cross-over and mutation, the GA finds the optimal
configuration for maximizing / after a certain number of generations. Therefore, with our NN-GA scheme

we reduce the number of actual numerical simulations for the dataset by two orders of magnitude.

The NN consists of a sequential layer model implemented in Keras module with the corresponding settings:
Number of layers = 4; Neurons per layer = 200; input-dimension = 10; output dimension = 1; loss = mean
square error; Epochs = 200; learning rate = 0.001; Batch size = 100; Number of samples = 2000. After the
training with 2000 samples both loss and validation-loss converged to 10-3, giving enough accuracy for the
estimation of / and the optimization model. The Genetic Algorithm uses decimal representation for the
genes, one-point crossover and uniform mutation. The total initial population was set to 5000, the number
of parents mattings =2500, number of weights = 1000. Using these values, we needed over 216 generations

to find each optimal geometry.

Results

Indistinguishability of dipole coupled emitters

We consider a system of two quantum emitters (QE) coupled to a single-mode cavity field. Each QE is

described by a Two-Level-System {|g), |e)} with a decay rate y and a pure dephasing rate y*. The QEs
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interact with each other by direct dipole-dipole coupling with a strength Q,, = where k is the wave

3y
4(kd)3”’
vector of the emission and d is the distance between the QEs [34]. The cavity field in the Fock basis
{10), 1)} has a decay rate k and is coupled to the QEs with a coupling constant g. Assuming kd <« 1 and
no detuning between the QEs this system is equivalent to a single effective QE {|gg), |+)} (e-QE) with a
decay rate 2y [34]. Fig 1.a shows a layout of the proposed system where Fig 1.a (top) shows the two

interacting QEs with y coupled to the cavity field with g, and Fig 1.a (bottom) shows the equivalent single

leg)—lge)
V2

The e-QE is coupled to the cavity field with v2g and a cavity detuning § = Q,, [35]. In Fig 1.b, ¢ we

effective QE system coupled to the same cavity. Here |+) represents the superradiant state |+) =

report the numerical calculation of I for the e-QE as a function of the cavity parameters (g and ) for fixed
d, y and y* = 10*y. Fig 1.b shows the region of high I in the incoherent regime (i.e. g € k+y +¥*)
while Fig 1.c corresponds to the region in the coherent regime (g > k + y + y*). The plots shows a color

map with the indistinguishability of the effective QE versus the normalized parameters of the cavity x and
g.

Within the incoherent regime the dynamics can be approximated to a population transfer between the e-QE
and the cavity field with an effective transfer rate R [30]. From the non-equilibrium Green’s function (ne-

Q) of the system we obtain (see methods):

po 4gr vl D0, 0 40s) 13
- 2+V_2 T [[2+Q4,+8g2]- [k[2+Q1,+4g%T)
(kd)®

where I' =y + y* + k. In this regime the cavity behaves as an effective emitter pumped by the e-QE, and
the conditions for high 7 are k < y and R < y [30], as shown in Fig 1.b. As the distance between the QEs
decreases the R of the e-QE reduces, so / remains high for higher g values. This effect is easily visualized
in Fig 1.d, where we plot the iso-contours of 7/ = 0.9 versus the normalized parameters of the cavity x and
g for different values of d. Each color region in Fig 1.d shows the / > 0.9 area for a specific value of d,
which ranges from d = 6.9 - 1072\ to d = 8.5 - 1072A. Whereas the maximum g for 7> 0.9 is about g =
10 y when d = 8.5 - 1072}, this value increases to g = 20 y when d = 6.9 - 1072A. In other words, the
requirement for Q (i.e., k < y) remains unchanged and the R-reduction effect just enables high / for higher
g values, which is not particularly interesting. Therefore, the implementation of the two-QE system does
not provide any practical advantages (in terms of Q and g) with respect to the single-QE. For the three
distances, Fig. 1.f confirms the excellent agreement for I values obtained from equation (1) and from

numerical simulations of the two-QE system (see methods).
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Figure 1. (a) The two interacting QEs with y coupled to the cavity field with g are equivalent to a single QE with 2y coupled to the
cavity with v2g, each sphere represents a single two-level-system. Indistinguishability of the effective QE versus the normalized x
and g in the (b) incoherent regime, and (c) coherent regime. Contour map of regions with I>0.9 for different distances between the
emitters from d = 6.9-1072A to d = 8.5- 1072\ (d) incoherent regime and € coherent regime. (f) Indistinguishability versus
normalized g for d = 7.2 - 1072 (yellow), d = 7 - 1072 (green) and d = 6.9 - 1072\ (blue); solid lines calculated using equation
(1); colored dots obtained from numerical integration of the Lindblad equation with two QEs.

In the coherent regime the conclusions are roughly similar. Within the range where g is close to the strong
coupling condition, the (e-QE)-cavity system is equivalent to an effective emitter [30] with decay rate 2y +
R. Here the condition for high 7 is R > y* [30], as shown in Fig 1.c. Same as before, reducing d decreases
R, requiring higher g for high I. Fig 1.e shows the same iso-contours as Fig 1.d in the coherent regime. The
1> 0.9 region narrows upwards as d decreases due to the same R reduction effect. Thus, in the coherent
regime the two-QE system impose stronger restrictions than the single QE, since it demands higher g values
for getting high /. Therefore, the two-QE interface does not provide any advantage for high 7 in terms of
cavity requirements, in the incoherent or coherent regimes. However, an extended exploration over systems
with larger number of coupled emitters can be relevant. As we will show next, exploiting the cooperative

behavior of optimized systems with more than 2 emitters can provide benefits in terms of /.
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Larger systems

We showed before that for a set of interacting 2-level quantum systems in the incoherent regime the
dynamics are described by a population transfer between the subsystems with effective transfer rates R. As
an example, for a single QE coupled to a single-mode cavity field the evolution of the system reduces to

the following rate equations [30]:
Por) _ (COFR R L) <PQE> a9
P, R —(k+R)/\ P,

2
Where Py, is the population of the QE, P is the population of the cavity and R = 4%. As it is described in

the Methods section, / is obtained from the solution of (14) via the QRT. Since QRT computation is an
iterative process, it may be useful to study the dynamic stability of the characteristic equation of (14) to
find any kind of relation with /. For this purpose, we have defined the degree of stability (8) by measuring
the speed of divergence of the characteristic equation of (14) (see methods). After some algebra, we have
found a direct relationship between 8 and / (see equations (9) and (10) in Methods). This means that we
can derive analytic expressions of / for arbitrary large system without having to compute the ne-G. Instead,
we obtain / from the determinant A and the trace T of (14), which significantly simplifies the problem,
especially for more complicated systems (like the ones with more than 2 emitters). This finding can be

expressed as:

=y (15)

where A is the normalized determinant (see Methods). In the same way as I, if k increases, 8 decays at
different rates depending on R. The alternative interpretation of / shown in Eq (15) provides some hints to
find a way of keeping high 7 with higher x values (i.e. to reduce the Q of the cavity). For the case of a single
QE-cavity system the decay of 8 with k can be tuned by changing R. If we include more QEs (or, in general,
more subsystems) we have additional transfer rates that may help even more to reduce the cavity Q. The
additional transfer rates will show up in the off-diagonal terms of the rate equations, giving additional terms
in A which can lead to new paths to improve the reduction of 6 with x. This approach can be illustrated
with the cascaded-cavities scheme [31]. This system considers a single QE coupled to a cavity which at the

same time is coupled to a second cavity. In the incoherent regime the dynamics follows the rate equations

[31]:

Por\  [—(r +Ry) R, 0 Pos
Py | = Ry —(ky + Ry +Ry) R, Py (16)
P, 0 R, —(k2 + Ry) ) \ P2

where P¢q is the population of the first cavity, P, is the population of the second cavity, k; is the decay
rate of the first cavity, k, is the decay rate of the second cavity, R; is the transfer rate between the QE and
the first cavity, and R, is the transfer rate between the first and second cavitiy. In this case we have one
more degree of freedom (R,) than in the single QE-cavity system. Therefore, by adjusting R, and R, we
can tune the decay of the stability with x in a more efficient way. Fig 2.c shows a quantitative example of

this improvement. The plot shows the indistinguishability versus the normalized second-cavity parameter
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K, for three different values of normalized first-cavity parameter g,;= (green), 2y (red) and 3y (yellow).
While with the single QE-cavity system / decreases below 0.5 for k¥ = y, the cascaded-cavities scheme can
maintain / > 0.5 up to x, = 100y when setting the right R, and R, values (i.e. setting the cavity mode

volume, Veff, and Q).
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Figure 2. (a) k-parameter space of the stability of rate equations of a single QE system coupled to a cavity. Black dots correspond to

bounded points while the gradient colors represent the degree of stability. (b) Characteristic equation of (2) (blue line); tangent line

with slope P'(0). The cut of the tangent line with the x-axis is given by P,((OO)). The arrows indicate consecutive A, values of the iteration

»
process. (¢) Indistinguishability versus normalized k, for g,= (green), 2y (red) and 3y (yellow). (d) Bloch-spheres of the five-QE
system with population rate transfers Rij between each subsystem.

Therefore, adding more subsystems (emitters and/or cavities) provides additional paths to maintain the
stability and, therefore, relax the cavity requirements for high /. Accordingly, we study now the case of a
cluster of five QEs coupled to a single-mode cavity field. With this scheme, we have 10 transfer rates (Rij)
that can be tuned by setting the relative distances between the QEs, so we have enough parameters to
perform a sufficiently complex optimization. Fig 2.d shows a layout of the system where each Bloch-sphere
represents the time evolution of each QEi, and each arrow represents the specific transfer rate between the

QE; and QE;. Our aim now is to find the geometrical configuration of the QEs that provides the optimal set
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of R;; that keep high 7 for high k values. This goal involves an optimization task with 10 degrees of freedom,
which is a highly non-trivial problem and computationally very time-consuming. Nevertheless, similar
optimization problems have been recently solved using machine-learning methods [28,47-50]. Employing
a similar approach, we developed a machine-learning scheme based on a hybrid NN-GA algorithm which
is able to solve the optimization problem in very short computational times providing the best geometrical

configuration for the emitters.
Machine Learning optimization

We consider five QEs with y* randomly positioned in a 2D-grid. All of them are coupled to a single-mode
cavity field with the same coupling constant g and cavity decay rate k. Each relative distance d;; (i,j = 1,...,5)
between QEs leads to a dipolar interaction strength €;; and modified decay rate y;;. Since this scheme
requires solving a system of 144 coupled differential equations, we are not able to derive an analytic
expression for / like in the 2-QE case. Instead, we numerically solve the Lindblad equation of the system
and compute / via QRT. At each iteration we generate a vector @ with 5 random positions for the QEs and
we calculate / via QRT for a fixed g and x. The data set (w, I) is then used to train the NN-GA algorithm
which finds the optimal positions for maximum I for that g and . In Fig 3.a,b,c,d,e we report the obtained
optimal geometries for g=y and k =10y, 50y, 100 y, 500 y and 1000 y respectively. All these geometries
provide perfect / (/ = 1) with minimum distances d; ~ 0.14, a value compatible with experimental
realizations [34-41]. Each geometry leads to the right transfer rates R;; between the subsystems for keeping
the stability at the specific rates g and k. For a fixed geometry, small changes in g and x drastically reduce
I. This is displayed in Fig 3.f, which shows [ versus normalized g/y and x/y for the optimal geometry
obtained for g=1y, k = 10 y. The plot shows a small “bubble” of high 7 at the (g/y, k/y)=(1,10) point, while
in the neighbor regions of the bubble / reduces to 0. Fig 3.a,b,c,d,e also show the positioning tolerances for
each QE for getting /> 0.9. The tolerances for the accuracy in the position depend on the specific QE and
the (g, k) values.

Within our scheme the realization of perfect / SPS with strong dissipative QEs is possible using well
established photonic platforms. To verify this claim we performed 3D-FDTD simulations [51] of a point
source placed at the antinode of a cavity-mode in a standard 2D-hexagonal SiN photonic crystal cavity
(PCc). The Vg and Q were obtained from the field profile (see Fig 3.g) and frequency analysis of the
resonance. For a QE with (y, y*, w) = (160 MHz, 400 GHz, 400 THz) like color centers in diamond [52]
we obtained (g, k) ~ (1,100). The radius and distances between the holes of the PCc were set to 120 nm
and 50 nm respectively, which is compatible with most fabrication techniques [53-55]. To highlight the
benefits of our strategy we have contrasted the obtained performance with standard single-emitter-cavity
systems [30] for different QEs at high T. Diamond color centers, InGaAs QDs, GaAs QDs and single
molecules at 300 K has a pure dephasing of 1000y, 600y, 1450y and 10* y respectively [52,20,21,56].
Considering the same standard PCc with (g, k) = (1,100), a single-emitter-cavity system leads to /~0.01
for all these emitters, whereas the 5-QEs optimized platform provides /=1. For these emitters, obtaining
I=1 with a single-emitter-cavity at room T would require at least a cavity with O above 4x107, which is

beyond the state of the art for most current fabrication technologies.
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Figure 3. (a) Optimal configuration of the 5-QEs system in a 2D plane for (a) k = 10y, (b) k = 50y, (c) k = 100y, (d) k = 500y,
(e) k = 1000y. The circles around each QE position corresponds to the positioning tolerance for having I > 0.9. (f) Indistinguishability
versus normalized k and g for the optimized system shown in (a). (g) Field profile |E |?of the hexagonal PC-cavity-mode with a point

source placed at the antinode.

Discussion

A key point to evaluate for the experimental realization of our scheme is the nanoscale positioning approach
for the deposition of the cluster of QDs. Novel positioning technologies have recently shown positioning
accuracy at the nanometer level [57]. 30 nm positioning accuracy with GaAs QDs has been reported using
atomic force microscopy [58]. Confocal micro-photoluminescence can provide 10 nm positioning accuracy
also with GaAs QDs as it has been shown in [59]. 5 nm position accuracy has been achieved recently with
Bi-chromatic photoluminescence through a new image analysis software implementation [60]. In-situ
lithography approaches have also shown promising results improving its position accuracy down to 30 nm
[61]. Pick-and-place approaches have shown 38 nm positioning accuracy for Si vacancy centers

transference to aluminum nitride waveguides, achieving 98% coupling efficiency [62,63]. Therefore,
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according to tolerances shown in Figure 3.b, for the case of point defects in diamond, using pick-and-place
positioning we would have a standard deviation of 38 nm with a target of about 30 nm. This leads to 81%
probability of successful deposition for a single QD. Successful deposition of the five QDs in place would
have a probability of 32%. An experimental realization should require the fabrication of a large number of
devices and checking for suitable candidates one by one. According to this, although our scheme could
enable the experimental demonstration of certain quantum phenomena, it is still far from a high-scalable

technology.

So far, we have explored the theoretical performance of our scheme considering identical QDs without
detuning A between the emitters. However, a more realistic analysis involves the evaluation of the effect of
mismatching between the emission frequencies of the QDs. With this aim, we have incorporated a statistical
detuning distribution to the system of 5 QDs in the configuration shown in Figure 3.b. We consider a normal
distribution setting the mean equal to 0 and standard deviation o,, = ny, as shown in Figure 4.a. The A of
each QD is set randomly according to the normal distribution. We start with the distribution a; = y, we set
five random A for the QDs and compute /. Then we reset the random A according to the same distribution
and compute again /, repeating this process 200 times and computing the average of all obtained values of
1. We obtained the average value of / for the 20 different probability distributions g,, = ny withn = 1... 20,

as shown in Figure 4.b.
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Figure 4. (a) Probability distributions with standard deviation o,, for n=1...20 for the normalized detuning values A/y. At each iteration
we set a random A value for each QD according to the corresponding distribution. (b) Average value of the indistinguishability
obtained for each of the 20 probability distributions.

As expected, the value of / reduces as the standard deviation of the distribution increases. For the
distribution o; = y the possible values for the A between the QDs range from -5 y to 5 ¥ , leading to a
negligible reduction of /. On the opposite side, with 0,, = 20y the possible values of A range from -60 y
to 60 y , giving a reduction of 7 of about 70%. According to these results, our scheme is able to maintain
high 7 > 0.75 for normal distributions of emitters with standard deviation below 5 y , which includes
frequency mismatching between the QEs of about 20y. Therefore, the proposed system is a relatively robust

platform for distributions of non-identical QDs according to recent experimental demonstrations [64].
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Conclusions

We have developed an analytical model for estimation of the indistinguishability with two-QE interfaces
with dephasing integrated in optical cavities. The model provides an analytical expression that relates the
indistinguishability to the distance between the QEs and the parameters of the cavity. Through an alternative
interpretation of the indistinguishability, we can estimate the behavior of systems including more QEs.
Finally, we performed a numerical optimization of a 5-QE system coupled to a single cavity by a machine
learning scheme. The results predict perfect indistinguishability with strong dissipative QEs in arbitrary
low Q cavities. The proposed method provides a strategy for the realization of a source of perfect
indistinguishable single photons at room temperature. The strategy presents significant challenges from the
perspective of QD positioning process. Although the required accuracy in positioning may be still far from
areal scalable technology it can be suitable for experimental demonstration of single photon operation with
high indistinguishability. The ML approach may provide insights for optimizing different photonic
structures for quantum information applications, like the reduction of quantum decoherence in clusters of

coupled two-level quantum systems.
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Capitulo 3 Resultados

A continuacién se muestra una exposicion resumida de los resultados y conclusiones extraidos de
los tres trabajos compendiados en esta disertacion. Es conveniente resaltar que, habiendo sido descritos
previamente en el Capitulo 2, tanto la metodologia como la interpretacion de datos que fundamentan esta
discusion de resultados no se encuentran presentes en las siguientes secciones, que exclusivamente recogen
de forma ordenada sus aspectos mas fundamentales. Tal y como se describe en el Capitulo 1, la estructura
de esta disertacion se basa en la aplicacidn de la metodologia tedrica desarrollada a tres casos practicos de
integracidn de EC en plataformas fotOnicas ordenados de menor a mayor complejidad: (i) EC integrados
en guias de onda; (ii) EC integrados en cavidades opticas; (iii) ClUsteres de EC integrados en cavidades
opticas. De esta forma, cada una de las subsecciones del Capitulo 3 se focaliza independientemente en la

discusidn de resultados de cada caso por separado.

Emisores acoplados a guias de onda

En este trabajo se llevo a cabo la derivacion de la diddica de Green de una guia rectangular infinita 3D en
un entorno homogéneo no-acotado. Para ello se realizd una generalizacion de la teoria de transformadas
desarrollada previamente en [ 109] para el caso 2D, permitiendo obtener por primera vez una representacion
explicita del campo generado por una fuente puntual 3D en un entorno dieléctrico con contornos no-
acotados. Las expresiones obtenidas permiten la separacion de las energias de campos emitidos entre cada
uno de los modos guiados y no-guiados, y describen la dependencia con los parametros geométricos de la
guia y la posicidn y orientacion de la fuente. En contraposicion a otros trabajos previos basados en el
formalismo del vector de Hertz [110], la representacion de la fuente puntual a partir de la diadica de Green
permite introducir los efectos de campo cercano en el modelo, lo que resulta de especial utilidad para la
descripcion de EC integrados en guias de onda, donde la separacién entre la fuente y la guia se encuentra
en el rango de nandémetros. A partir de las soluciones del modelo es posible extraer ecuaciones que
relacionan directamente los pardmetros de ancho de guia (a), espesor (b), indice de refraccion (n;), posicion
de la fuente (x, y0), orientacion de la fuente, y, y y* con las figuras de mérito de factor de Purcell (Pf), B e
1. Estas herramientas facilitan la interpretacion fisica del efecto de los parametros de disefio en los

mecanismos de decoherencia cudntica de EC integrados en guias de onda.

El modelo analitico considera una fuente puntual 3D con posicién y orientaciOn arbitrarias en una guia

rectangular infinita de indice n;, anchura a y espesor b en un entorno homogéneo no-acotado de indice n;

(ver Figura 1). De esta forma los elementos diagonales de la diddica del vector potencial 5A vienen dados

por la siguiente ecuacion:

VZGAUU (T, T') + n(x' y)szAvv (1', 1") = —6(1’ - T') (1)
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Donde la fuente puntual viene representada por la delta §(r — r"). Mediante el desarrollo de una teoria de

transformadas basado en [109], se pudo realizar una expansion parcial de EA en el espacio completo de

soluciones guiadas y no-guiadas v} (x,y,4) de la ecuacion de Helmholtz homogénea asociada a (1),

obteniendo las siguientes expresiones para las componentes de radiacion libre G1%¢ y radiacién guiada

Avv
g .
GAvv'
i|z—zg| kzn%—l v
rad _ ©e v v )
Gavy (X, Y,2,%0,Y0,20) = Yje(s,a} g2 TV (x, 3, vy (X0, Y0, 20) =5 44 )
2i [k?ni-2

i|z—zg| |k2nZ-2 .
GAgvv (x, Y,Z,X0,Y0, ZO) Zje{s,a} ZmZO ano % U}/ (x! Y, Ainn)v}/ (x0: Yo, Amn) (3)

2i |k2n2-2

i 400 -1 \’dz_/’lznn
T#Ll;L = I:ff—oo vjy (x' y: Amn)dedy] = . a b v v
a2=A [0 2, i dxdy+$l) (a,b)?

4

v _ A—d?
9j ) = (A-d?) ¢} (a,b, )%+ ¢}’ (a,b,1)? ®

Donde A la longitud de onda del emisor, m y n los 6rdenes de los modos guiados, k la constante de

propagacion del modo y d = k?(n? — n2). Los indices s y a indican la simetria o antisimetria del modo

respectivamente.

'
/E
M ! b
Pt
x/ “1,' .............................. e
i a
n,

Figura 1. Esquema de una fuente puntual 3D en una guia de onda rectangular infinita de indice 7;, anchura a y espesor b en un entorno

homogéneo no-acotado de indice 7,.

A partir de (2) y (3) se pueden obtener las expresiones para los campos eléctricos y magnéticos emitidos

por la fuente de acuerdo con [111]:

E)e (r,r)= (7+ k—12VV) -ﬁA(r, ) (6)
?m(r, ') =VX ?A(r, r) (7)

Las expresiones obtenidas fueron validadas a partir de simulaciones computacionales FDTD mostrando
una correspondencia perfecta entre los campos derivados del modelo tedrico y los obtenidos por integracion
numérica de las ecuaciones de Maxwell. Tomando la componente z del vector de Pointing, integrando sobre
la secciOn transversal de la guia de onda y normalizando con respecto a la potencia emitida por la fuente en

un entorno homogéneo, extraemos el valor de . Por otro lado, el Pr puede obtenerse a partir de la relacion

entre la modificacion de y y la componente imaginaria de E)e [111]:
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P = [ - Im{G (ro, 70)} - ] (8)

nmcZhey

Donde w es la frecuencia de emisién de la fuente, €, la constante dieléctrica en el vacio, ¢ la velocidad de
la luz, A la constante de Planck reducida y ji el momento dipolar eléctrico de la fuente. Del mismo modo,

el valor de I vendra dado por su relacion con la modificacion de y:

(1+Pf)
(1+Pf)+]‘:—0

(€))

Donde y, indica el ratio de decaimiento espontaneo del emisor en un entorno homogéneo.

A partir del comportamiento de (2) y (3) en funcion de los parametros normalizados a/A, b/A, xo /A e Yo /A
podemos extraer informacién de cOmo se modifican las figuras de mérito en funcion del disefio de la guia
y de posicién y orientacion relativas del EC. Como ejemplo ilustrativo fijaremos un espesor b = 200 nm y
nz =1 y analizamos la dependencia de Py con la anchura normalizada de la guia a/A para el caso de un EC
integrado en el centro del ntcleo (x, = 0,y, = 0) con orientacidn en el eje x. Para n; utilizaremos valores
tipicos de materiales utilizados en plataformas para guias de onda (SiO»: n; = 1.44; SiN: n; = 2.Si: n; =
3.4). En general, con independencia de n;, Py se mantiene nulo hasta que a/A alcanza el umbral de
activacion modo fundamental TE o, cuyo valor crece con n; desde a/A = 0.05 para n; = 1.44 hasta a/A =
0.13 n; = 3.4. A partir de este valor umbral, P; se incrementa monétonamente con a/A conforme k
disminuye y el modo mejora la calidad de su confinamiento. El incremento de Py alcanza un maximo en el
punto de a/A de 6ptimo confinamiento del modo, cuyo valor también crece con n;. Para valores de ancho
de guia superiores a este valor de a/A de confinamiento 6ptimo el modo se extiende a lo largo de la seccién
transversal de la guia disminuyendo el valor de intensidad maxima situado en la posicién del EC. Como
consecuencia, a partir de este punto la fuerza de acoplamiento disminuye produciendo un decaimiento de
Pr con a/A a escala de 1/a. Este decaimiento se prolonga hasta que a/A alcanza el valor umbral de
activacion del modo de segundo orden. A partir de aqui el comportamiento de Pf repite el mismo patron
creciendo monotonamente hasta alcanzar un maximo en el punto de a/A de optimo confinamiento para el
modo de segundo orden, seguido de un decaimiento asintdtico conforme el modo se expande. Este proceso
se repite indefinidamente conforme se van alcanzando las anchuras umbrales de activacion de los
subsecuentes modos. Los valores maximos obtenidos para P con el modo fundamental crecen con n; desde
Pr = 0.83 para n; = 1.44 hasta Pr = 1 para n; = 3.4. Asi, para el caso de EC enterrados en el interior del
nucleo de la guia, la calidad del confinamiento del modo y el overlap del momento dipolar del EC con el
modo son ingredientes esenciales, tal y como cabria esperar. De acuerdo con (9), la 7 mostrara maximos

para los mismos valores de ancho de guia con confinamiento 6ptimo.

Por otro lado, el sistema muestra un comportamiento mas interesante para el caso del EC posicionado en el
exterior del nucleo de la guia en las proximidades de su eje, situacion que se reproduce en la integracion
heterogénea de emisores en CPIs. Debido al contraste de indices n,- n2 el campo eléctrico muestra una

fuerte discontinuidad en la superficie de contacto entre los dos medios. Esta discontinuidad es proporcional

el cuadrado del cociente entre indices (%)2. Este efecto da lugar a una alteracion drastica del perfil del
2
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modo en las regiones cercanas al eje de la guia que se traduce en un incremento significativo de Pr. Cuando
el emisor se encuentra posicionado proximo al eje de la guia los valores maximos de Pr crecen con n; desde
Pr = 1.9 para n; = 1.44 hasta P, = 4.2 para n; = 3.4. El coste de este incremento es una reduccion de S,
cuy valor también cambia con n; desde Pr = 0.15 para n; = 1.44 hasta Py = 0.5 para n; = 3.4. Dado que Pf
depende estrictamente del valor de intensidad de campo en la posicion de la fuente, su valor maximo se
alcanza en esta regidn de maxima discontinuidad préxima al eje de la guia. Por el contrario, S es
proporcional al ratio cociente entre el valor de intensidad del modo guiado y los modos no guiados. A pesar
de que en esta region proxima al eje el modo guiado muestra su valor de intensidad méaximo, la intensidad
de los modos no guiados es también maxima para posiciones fuera del nucleo de la guia. Como
consecuencia {8 es significativamente mas débil en esta regidn en comparacion que con el emisor integrado

en el interior del nucleo.

Tomando estas conclusiones podemos llevar a la optimizacion de la anchura y espesor de una guia con un
EC integrado heterogéneamente posicionado en el exterior del ntcleo de la guia en las proximidades del
eje. A partir de un barrido de los pardmetros a/A 'y b/A observamos que el Py alcanza valores méximos en
el rango en que @ y b han alcanzado el valor umbral de activacién del modo fundamental, pero el
confinamiento no ha llegado a su valor ptimo. Para estas geometrias el modo fundamental no se encuentra
perfectamente confinado en el interior del nucleo y el campo se acumula en los ejes de la guia, produciendo
un overlap mas eficiente con el emisor. Los valores maximos alcanzados de Py crecen con n; desde Py = 2
para n; = 1.44 hasta Pr = 8 para n; = 3.4. En esta situaciOn, la orientacion del dipolo eléctrico del emisor
juega un papel mas relevante, pudiendo diferenciar dos configuraciones: (i) Orientado paralelamente al eje
con el pardmetro mas largo de la guia (x sia > b, y sia < b). En este caso los valores de Py se corresponden
con los maximos descritos anteriormente; (ii) Orientado perpendicularmente al eje con el parametro mas
largo de la guia. Para esta configuracion los méaximos de Py se reducen hasta P, = 0.9 para n; = 1.44 hasta
Pr = 7.1 paran; = 3. Para emisores con orientaciones en combinaciones lineales de estos dos ejes, podemos
descomponer la proyeccion en cada uno de los dos ejes y tratar al emisor como dos emisores independientes
cada uno con su correspondiente contribucion. El valor de Py total vendra dado por la suma de estas dos

contribuciones.

Los valores maximos de Py obtenidos pueden utilizarse en (9) para la estimacion del rendimiento de la
plataforma en términos de los valores de /. Los resultados muestran que para emisores poco disipativos con
valores de y* del orden de y, como QDs basados en GaAs débilmente confinados [112], el valor de / alcanza
un valor de 0.8 para n; = 4 con el emisor orientado en la posicién dptima. Para emisores con y* del orden
de 2.6 - y, como QDs InAs [113,114] se obtiene un valor de /= 0.6. A medida que el valor de y* aumenta
la I decae asintOticamente reduciéndose a 0.2 con y* del orden de 50 - y. De esta forma, para emisores
fuertemente disipativos con y* > 50 - ¥, como emisores basados den defectos en materiales 2D [115], el

efecto de la guia de onda en la / se hace despreciable.

Como conclusidn, las predicciones del modelo indican que la maximizacidn de [ requiere de la integracion

heterogénea el emisor lo mas proximo posible al eje de la guia, con unos pardmetros de anchura y espesor
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en el rango entre la activacion del modo fundamental y la maximizacion del confinamiento en el nicleo.
En contraposicidn, la maximizacidn de § requiere de la integracion monolitica en el centro del nucleo de
la guia con los parametros de anchura y espesor ajustados a los valores de maximo confinamiento del modo
fundamental. Por otro lado, Para emisores fuertemente disipativos con y* > 50 - y los efectos de la guia
sobre el valor de / son negligibles mientras que para emisores con y* comparable a y la / puede
incrementarse hasta un 30% alcanzando valores de 0.8 con materiales para el niicleo de la guia con valores

de indice de refraccion alto.
Emisores acoplados a cavidades dpticas

En este trabajo se demuestra un ejemplo de aplicacion de un modelo teérico hibrido clasico-cuantico
integrado en el algoritmo de aprendizaje automatico de un esquema Machine Learning basado en redes
neuronales profundas (RNP) en cooperacion con algoritmos genéticos (AG). El modelo tedrico describe la
dinamica de EC acoplados a cavidades Opticas para la estimacion de I a través de la combinacién de
simulaciones clasicas FDTD de los campos electromagnéticos presentes en la cavidad con la resolucion
numérica de la ecuacidn de Lindblad para el sistema cuantico abierto del EC acoplado a estos campos y a
diferentes reservorios. Este modelo se implementd en el proceso de entrenamiento de una RNP que aprendio
a estimar el valor de / a partir de los parametros del disefio de la cavidad. A través del esquema cooperativo
entre la RNP entrenada y un AG se llevd a cabo la optimizacion del disefio de la cavidad optica para la
maximizacion simultinea de / y B con EC fuertemente disipativos (i.e. ¥* = 10%-y). Los resultados
demuestran la posibilidad de alcanzar valores de [y 8 cercanos a la unidad con emisores integrados a
temperatura ambiente con especificaciones de disefio asequibles en el contexto del estado del arte de las

tecnologias de fabricacion y deposicion de EC.

Como punto de partida tomamos una de las estrategias de disefio mas extendidas para la maximizacion de
I en EC acoplados a cavidades épticas: maximizacion del acoplo g por medio del confinamiento del modo
Optico en una cavidad de V ultra-pequefio, trasladando la dinamica del sistema al régimen de
acoplamiento-fuerte (g > y + ¥*). En este régimen el ratio de transferencia de fotones entre el EC y el
modo de la cavidad (R) supera a y* para ciertos valores de k [56]. La condiciOn para alta / en esta situacion
implica que los fotones emitidos escapen de la cavidad antes de ser reabsorbidos por el EC y se vean
afectados por y*, lo que implica la necesidad de ajustar k. En otras palabras, para obtener alta / en una
cavidad con Veyultra-pequefio, se ha de ajustar el parametro x a un rango de valores que depende del valor
especifico de g alcanzado con ese Ve y de los parametros del EC y y y*. Es conveniente recordar que el
ajuste del parametro k se traduce en el ajuste del factor de calidad Q de la cavidad, ya que Q~ 1/k. En
primer lugar, se realiz6 un estudio bibliografico en donde se recogieron los valores de Very Q de diferentes
propuestas de cavidades para FFI y se evalud su rendimiento en términos de [ introduciendo estos
parametros en nuestro modelo. Como conclusion se determind que ninguna de las estrategias de disefio
evaluadas resulta en unos valores suficientes para alcanzar alta / con EC de alto y*. Sin embargo, se observo
que muchas de las cavidades examinadas cumplen parcialmente los requisitos en términos de Vey, y que por

lo tanto son potencialmente validas para asegurar alta / si se introducen las modificaciones necesarias para
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el ajuste de Q al rango adecuado. En concreto, se puso especial atenciOn a las cavidades dieléctricas basadas
en cristales fotOnicos con slot. Siguiendo este razonamiento, el diseflo de partida utilizado para la

implementacién de nuestro modelo de optimizacién fue el descrito en el esquema de la Figura 2:

Figura 2. Esquema del disefio de partida de la cavidad de SiN basada en un patron de cristal fotonico 1-D sobre una guia slot. El
parametro wy, representa el valor de ancho de las guias, ws el ancho del slot, L la longitud del defecto central y A el periodo de las
corrugaciones. Bajo el esquema se muestra una imagen SEM de la parte central de la estructura fabricada mediante litografia de haz

de electrones para la demostracion experimental de la viabilidad del disefio.

La estructura consiste en una red difractora de Bragg basada en una serie de corrugaciones en linea situadas
a ambos lados de una guia slot de SisN4 con anchura de guia w; y anchura de slot wg depositada en un
sustrato de SiO,. En el centro de la estructura se implementa una perturbacion del periodo de la red
generando un defecto que confina el campo electromagnético en el eje x, funcionando como nano-cavidad
Optica. Cada una de las dos regiones periddicas a ambos lados de la cavidad actla como un espejo efectivo
con reflectividad efectiva dependiente del nimero de periodos (#p), creando un esquema Fabrit-Perot (FP).
La longitud de la cavidad L se ajusta de forma que la A de resonancia del modo fundamental FP de la
cavidad coincida con la A de emision del EC objetivo. De igual forma el periodo A ajusta la A central del
bandgap fotdnico a la A objetivo. La distribucion del perfil de campo eléctrico en la seccidn transversal de
la guia muestra una extensa cola evanescente concentrada en el slot que se extiende hacia la parte superior
de la guia en la regidn exterior al niicleo de SisN4. Esta distribucién de campo proporciona ventajas en
términos de f para EC integrados heterogéneamente sobre la parte superior de la guia. Al mismo tiempo,
dado que la cavidad y la guia de salida comparten secCiOn transversal, el modo fundamental de la FP posee
un overlap perfecto con el modo TE o de salida del dispositivo, lo que también repercute positivamente en
B. El volumen modal estimado por las simulaciones FDTD est4 en el orden de 1073(1/2n)3, por lo que se

encuentra dentro del rango de V,;radecuado para alcanzar el régimen de acoplamiento-fuerte.

En una primera fase, con el objetivo de obtener informacién acerca del comportamiento fisico del
dispositivo realizamos una evaluacion general de su rendimiento en términos de /, § y Py a partir de nuestro
modelo tedrico ajustando los parametros para una longitud de onda objetivo de A = 801 nm con un EC
integrado en la parte central de la cavidad en la regidn del slot. El valor de / muestra una fuerte dependencia
con los parametros de #p y wy. A medida que w; aumenta el modo fundamental de la cavidad se esparce

hacia los nucleos de las guias saliendo del slot y comienza a confinarse en cada guia lateral por separado.
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Esto resulta en un decaimiento exponencial de la intensidad de campo en la region del slot, aumentando Vy
exponencialmente con w,. Dado que el acoplo g~ 1/V,ss , g comienza a disminuir conduciendo al sistema
fuera del régimen de acoplamiento-fuerte, induciendo un decaimiento exponencial de /. Para valores de
ws < 10 nm produce una I de 0.96, que empieza a decaer desde este valor con w a un ratio de 51073
nm™. Por otro lado, el crecimiento de #p produce aumenta la reflectividad efectiva de la cavidad
produciendo un aumento exponencial de Q. Como consecuencia, el parametro k disminuye
exponencialmente con #p y el tiempo que el fotdn emitido permanece en la cavidad aumenta con #p.
Llegado el puno en el que k < y* el fotdn empieza a verse afectado por el dephasing del EC, y como
resultado 7 decrece con #p reduciéndose a 0.4 para # = 100. En conclusion, el parametro w, necesita ser

ajustado para producir un Vgsr minimo para obtener acoplamiento-fuerte, y al mismo tiempo #p debe

elegirse adecuadamente para mantener k en el rango de valores adecuados para condicion de alta 7. El
comportamiento de § en funcidn de wg muestra un patrén similar al observado en /. Dado que 8 depende
del overlap del dipolo del EC con el perfil de intensidad del modo fundamental de la cavidad, a medida que
w, aumenta y el modo se esparce hacia las regiones exteriores al slot, el acoplamiento del EC con el modo
guiado disminuye produciendo un decaimiento exponencial de . Por otro lado, la dependencia de 5 con
wy, es analoga al caso del EC acoplado a guias de onda descrito en la subseccion anterior. El valor de 8 se
mantiene nulo hasta que w; alcanza el valor umbral de activacion del modo fundamental y después
comienza un crecimiento monotono hasta alcanzar un maximo de 0.75 cuando el modo se encuentra
Optimamente confinado en el slot. A partir de este valor de wy,, B decae asintGticamente conforme el modo
se extiende a lo largo de los nticleos de las dos guias. La posicién del EC en el interior de la cavidad juega
un rol especialmente relevante. Dado que tanto el acoplamiento g como [ dependen del overlap del EC
con el modo fundamental, la desviacién de la posicidn del EC con respecto al punto de maxima intensidad
de campo tiene un impacto significativo. La secCifn transversal del modo fundamental de la cavidad tiene
la forma de un modo tipico de guia de slot, concentrando mas de el 90% de la intensidad en la regién del
slot y con valores extremadamente bajos en la region de los niicleos de las guias. Asi, con EC posicionados
en la region del slot obtenemos tanto / como 8 maximas, y la minima desviacion de la posicion hacia el
exterior de la region del slot produce reducciones drasticas de ambos valores. En resumen, incluso para
emisores fuertemente disipativos con y*~10*y el disefio de la estructura puede ajustarse mediante los
parametros de wg y #p obtener valores de /> 0.9 y f =0.75. Sin embargo, el requerimiento minimo de w
< 10 nm junto con la fuerte dependencia de las figuras de mérito con la posicion del EC, imponen unos
requerimientos extremos en términos de fabricaciOn y precision de posicionamiento que dificultan la
realizaciOn experimental de la plataforma. La definicion de anchos de slot de 10 nm es impracticable
considerando el estado del arte de las tecnologias de fabricacion, y la precision de deposicion en ese mismo

rango se encuentra en el limite de la viabilidad.

Con el objetivo de la relajacion de estos requerimientos, se procedi0 al entrenamiento del esquema hibrido
de RNP-GA a partir de bancos de datos generados por el modelo tedrico. En concreto, se propuso como
limite el garantizar unos valores de 7> 0.9 y § > 0.75 con una estructura con al menos ws = 20 nm, un valor
de mayor accesibilidad para las técnicas de fabricacion y posicionamiento. Los grados de libertad del disefio

para la optimizaci6n se muestran en la Figura 3:
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Figura 3. Esquema de los grados de libertad afiadidos a la parametrizacion del disefio. Para el proceso de optimizacion se permite

modificar las anchuras independientes de cada una de las corrugaciones de la red de difraccion de Bragg.

El algoritmo de optimizacion dispone de la capacidad de alterar las anchuras independientes de cada una
de las corrugaciones de la red de difraccion de Bragg para encontrar una configuracion que de alguna forma
consiga reducir el valor de V¢, para alcanzar acoplamiento-fuerte, al mismo tiempo que ajustando Q al
rango de alta . Gracias a la reduccion de recursos computacionales que proporciona nuestro esquema
hibrido, cada evaluacion del rendimiento de la plataforma realizada por la RNP se lleva a cabo en cuestion
de microsegundos, en contraposicion al calculo a partir de simulaciones FDTD que puede llevar tiempos
del orden de minutos o decenas de minutos. Esta reduccion hace posible la optimizacion del dispositivo
tomando un basto nimero de grados de libertad, como son cada una de las anchuras de las diferentes
corrugaciones. Tras encontrar con éxito una arquitectura de RNP adecuada para le entrenamiento con el
banco de datos del modelo tedrico, se procedid a la optimizacion a través del AG. La estructura resultante

se muestra en la Figura 4:

@ ¥,
L 5

(b)

Figura 4. (a) Esquema de la configuracion de la estructura optimizada a través del esquema hibrido RNP-AG. Las modificaciones de
las corrugaciones se concentran especialmente en las regiones mas proximas a las guias de entrada y salida del dispositivo,
produciendo un efecto de confinamiento en el eje x capaz de disminuir el volumen modal. (b) Comparacion del tamaiio del volumen

modal entre la estructura sin optimizar (arriba) y la estructura optimizada (abajo).

Sorprendentemente, el esquema RNP-AG encontré que es suficiente alterar las anchuras de las
corrugaciones de los extremos de la cavidad dejando sin perturbar las centrales. Esta configuracion
proporciona el confinamiento 6ptimo del modo fundamental de la cavidad, reduciendo V,ff con respecto
a la estructura sin optimizar en un factor de 2.8 (ver Figura 4 (b)) y manteniendo el valor de Q dentro del
rango necesario para condicion de alta /. Al mismo tiempo, la alteracién de las corrugaciones externas
genera una secCion de acoplamiento que conecta la cavidad con las guias de entrada y salida del dispositivo
de forma 6ptima aumentando el valor de f. Como resultado la estructura optimizada con un slot de wg =

20 nm garantiza un valor de / de 0.91 manteniendo 8 por encima de 0.75.

75



En conclusion, la aplicacion del modelo tedrico desarrollado permitid establecer una conceptualizacion
inicial de disefio adecuada para la maximizacidn de / con emisores fuertemente disipativos, al mismo
tiempo que funcion6 para la evaluacion del rendimiento de la estructura ayuddndonos a identificar los
parametros criticos del disefio para el proceso de optimizacion. Seguidamente, los datos generados por el
modelo tedrico sirvieron para el entrenamiento de una arquitectura eficiente del esquema RNP-AG, que
llevé a cabo la optimizacion de los grados de libertad necesarios para la mejora del rendimiento de la
estructura. Como resultado, el disefio extraido del proceso de optimizacion garantiza condicion de alta 'y
B con EC fuertemente disipativos relajando los requisitos técnicos a niveles asequibles para las técnicas

establecidas de fabricacion y deposicion de EC.
Clusteres de emisores integrados en cavidades dpticas

En este trabajo se 1levo a cabo el desarrollo de un modelo tedrico puramente cuantico para el calculo del
grado de / en sistemas de EC fuertemente disipativos acoplados por interaccion dipolar integrados en
cavidades Opticas arbitrarias. En primer lugar se consiguid derivar una expresidn analitica de / para un
sistema de dos EC acoplados en una cavidad optica por medio de la resolucion de la ecuacion de Lindblad
del sistema abierto acoplado a varios reservorios, y el célculo explicito de la funcion de correlacion a dos
tiempos del numerador de la expresién de I por medio de técnicas de funciones de Green fuera del
equilibrio. La expresion analitica extraida del modelo relaciona el grado de I con los parametros de los EC
yy v", parametros de la cavidad g y k, y la distancia relativa d entre los dos emisores. A partir del analisis
funcional de esta relacion se puede interpretar el efecto de la separacidn entre los EC en la dinamica del
sistema y su repercusion en los requisitos para los parametros de g y k para condicidn de alta /. Extendiendo
las implicaciones del modelo, se desarrollo una teoria general para la obtencion de expresiones analiticas
de 7 con un nimero arbitrario de sistemas acoplados (i.e. mayor numero de EC/mayor numero de
cavidades). Esta nueva metodologia simplifica sustancialmente la obtencion de formulas analiticas para 7,
ya que no necesita ni de la resolucion de la ecuacion de Lindblad ni el calculo de funciones de Green fuera
del equilibrio. En este marco el valor de 7 se obtiene de forma natural a partir de una reorganizacion de los
coeficientes presentes en la ecuacion de Lindblad, lo que permite extraer conclusiones de su
comportamiento con sistemas de mayor numero sistemas abiertos acoplados sin siquiera escribir la
correspondiente ecuacién de su evolucién temporal. A partir de las conclusiones extraidas de este
desarrollo, se procedio a la simulacién y optimizacidn de un sistema de cinco EC fuertemente disipativos
acoplados por interacCion dipolar integrados en una cavidad optica. Para la optimizacion se empled un
método analogo de Machine Learning al presentado en la anterior subsecCion. A partir de los datos
generados por el modelo tedrico se entrend una arquitectura de RNP que se emple0 para la optimizacion a
partir de un AG de las posiciones relativas entre los EC para garantizar /= 1. El sistema optimizado permite
alcanzar / perfecta con EC fuertemente disipativos para cavidades con Q arbitrariamente bajo, ofreciendo
unas ventajas sin precedentes para la relajacion de los requerimientos técnicos sobre la plataforma para la

cavidad.

Para el modelo de dos EC acoplados consideramos dos sistemas de dos niveles {|f),|e)} con mismos

valores de ¥ y y*acoplados al modo fundamental de una cavidad 6ptica monomodal de estados de Fock
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{10}, ]1)} con parametros g y k. Los EC interaccionan entre si via un acoplamiento dipolar con una fuerza
de acoplo (), inversa al cubo de la distancia relativa. En condiciones de acoplamiento dipolar fuerte (kd >
1) el sistema de dos emisores es equivalente a un unico emisor efectivo con un ratio de decaimiento
espontineo 2y, un acoplamiento a la cavidad de V2g y un detuning () entre su energia de transicion y la
frecuencia de resonancia de la cavidad § = Q;, [116]. A partir de las soluciones de la ecuacion de Lindblad
y la funcion de Green fuera del equilibrio se obtuvieron las siguientes expresiones para la /'y el ratio de

transferencia de energia R entre los EC en el régimen incoherente (g K y + y* + k):

R o 4T [P0 ]+[4g2 (r+ D1 L] 12 404) (10)
ETTEZE [T2+Q,+8g2] [K[2+Q1, +4g2T]
(kd)®

Donde I' =y + y* + k. Estas expresiones analiticas fueron validadas via resolucion numérica de la
ecuacion de Lindblad mostrando una correspondencia perfecta entre el resultado del modelo y los datos de
la simulacién. En este régimen la cavidad se comporta como un emisor efectivo alimentado por el EC
efectivo, y las condiciones de alta 7/ son k <y y R <y. El efecto de la disminucion de la distancia entre
emisores d repercute directamente en una reduccion de R, lo que implica que la condicion de R < y de alta
I'modifica su requerimiento sobre el acoplo g, aumentando el rango de valores de g para los que se obtiene
alta /. Sin embargo, la condicion de k < y no varia con d, por lo que el tnico efecto de la reduccion de d es
la ampliacion del rango de valores adecuados de g. En otras palabras, el efecto de la implementacion de un
segundo EC en la cavidad simplemente posibilita la obtencién de alta I con volUmenes modales mas
reducidos que en el caso de un solo EC, mientras que los requisitos de minimo Q se mantienen sin modificar.
Por lo tanto, el sistema de dos EC acoplados no proporciona ninguna ventaja practica en términos de
reducciOn de requisitos para la cavidad dptica. Sin embargo, la explotacidn del comportamiento cooperativo

de sistemas optimizados de mas emisores de dos emisores puede proporcionar beneficios en términos de /.

Para conjuntos de sistemas cuanticos de dos niveles acoplados entre si en el régimen incoherente la
dinamica del sistema total se reduce a un intercambio de poblaciones entre los subsistemas regulado por
unos ratios de transferencia de energia R. Para el caso de un tinico EC acoplado a una cavidad monomodal
(la cual también representa un sistema de dos niveles {|0), |1)}) la ecuacion de Lindblad para la matriz

densidad del sistema compuesto en el régimen incoherente se reduce a [56]:

<%c) B <_(YR+ R —(KR-I- R)) (%:) (11)

Donde P, es la poblacion del EC, P, la poblacion en la cavidad y el ratio R se relaciona con los parametros
de ambos subsistemas R = 4g2/T. A partir de la teoria general desarrollada en este trabajo, se puede
determinar que el valor de / puede obtenerse a partir de una reorganizacion de los términos de la matriz en
(11), viniendo dada por el siguiente cociente:

_A_ Yhar

[=2=1k (12)

K+2R+y
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Donde A y T son el determinante y la traza de la matriz respectivamente. Esta metodologia ha sido testeada
a partir de la comparacion de las expresiones obtenidas para I con el método de funciones de Green fuera
del equilibrio para sistemas mas complejos: cavidades en cascada [117], parejas de EC acoplados a
cavidades [118]. Los resultados obtenidos demuestran que esta nueva metodologia es equivalente al
formalismo de funciones de Green, con la ventaja afiadida de que no es necesaria la resolucion analitica de
ninguna ecuacion diferencial. Esta interpretaciOn alternativa de I proporciona una orientacion particular
sobre cOmo mantener alta / con valores mayores de k (i.e. reducir los requisitos técnicos en términos de Q).
Para el caso de un solo EC integrado en una cavidad la expresion (12) muestra que el decaimiento del grado
de I con k puede ajustarse a través de la modificacion del ratio R. Si incorporamos subsistemas adicionales
(como mas EC o més cavidades) obtendremos un mayor niimero de ratios R; que apareceran en los términos
no diagonales de la matriz y por lo tanto en el determinante y la traza del calculo de /. Estos términos
adicionales pueden potencialmente proporcionar vias alternativas de ajustar el decaimiento de / con k a
través del ajuste de los nuevos ratios R;. Por lo tanto, afladiendo un mayor numero de subsistemas podemos

modificar los requerimientos en términos de Q para la condicion de alta /.

De acuerdo con estas conclusiones, procedimos a explorar un sistema de cinco EC acoplados por
interacCion dipolar integrados en una cavidad. En este esquema existen diez ratios de transferencia R;; que
pueden ser ajustados a través de las distancias relativas entre los EC. En estas condiciones disponemos de
un conjunto de parametros lo bastante grande como para elaborar una optimizacidn lo suficientemente
compleja. El objetivo de la optimizacion es el de encontrar la disposicion geométrica de los EC que
proporcione el conjunto 6ptimo de ratios R;; para mantener alta / con valores altos de k. Este proceso
envuelve un problema de optimizacién con 10 grados de libertad, y teniendo que para cada evaluacion es
necesario resolver la ecuacion de Lindblad para una matriz de 10x10, el coste computacional puede hacer
inviable su realizacion. Con el objetivo de la reduccion del consumo de recursos computacionales, llevamos
a cabo la aplicacion del mismo sistema de Machine-Learning empleado para el caso de EC integrados en
cavidades descrito en la subseccidn anterior. De tal forma, tras entrenar con éxito a partir de datos generados
por el modelo teodrico la arquitectura adecuada de RNP, procedimos a la optimizacion de las posiciones
relativas de los EC a partir del AG. Repetimos este proceso para diferentes valores de k para comprobar si
el método consigue encontrar configuraciones de EC que proporcionen /=1 para cavidades con Q arbitrario.

Las geometrias extraidas del proceso de optimizaciOn se muestran en la Figura 5:
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Figura 5. Geometrias obtenidas del proceso de optimizacion Machine Learning para las posiciones 6ptimas de los EC que garantizan

alta [ para diferentes valores de k: (a) k = 10y,(b) k = 50y,(c) k = 100y,(d) k = 500y,(¢) k = 1000y.

Las geometrias mostradas en la Figura 5 obtenidas tras el proceso de optimizacidn proporcionan /=1 para
los valores de k = 10y, 50y, 100y, 500y y 1000y. Las minimas distancias entre emisores obtenidas son
del orden de d;;~0.14, valor compatible con la realizacion experimental [119-122]. Cada configuracion da
lugar a los ratios de transferencia R;; entre los EC que mantienen alta / para cada situacion especifica
determinada por el valor de k. En la Figura 5 también se muestran las tolerancias de posicionamiento para
cada EC para la obtencion de 7 > 0.9, representadas por las regiones circulares en torno a cada EC. La
plataforma propuesta permite la realizacion de FFI de alta I con EC fuertemente disipativos sin imponer

restricciones técnicas a las figuras de mérito de la cavidad optica.

En conclusién, el modelo desarrollado permite la obtencion de expresiones analiticas para la estimacion del
valor de I en funcion de los pardmetros del sistema para nlimeros arbitrarios de sistemas de dos niveles
acoplados. Asi mismo, se encontro la arquitectura adecuada para la RNP capaz de entrenarse con la base
de datos creada por el modelo produciendo estimaciones fiables del valor de /. El resultado del proceso de
optimizacion basado en el esquema hibrido RNP-AG determin6 los pardmetros necesarios para la obtencion
de alta I con valores de Q arbitrarios. El método propuesto proporciona una estrategia para la realizacién

de una FFI con [ perfecta con EC fuertemente disipativos.
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Conclusiones

La fotdnica cuantica integrada es un elemento indispensable para para la miniaturizacion,

estabilizacion y escalabilidad de las tecnologias cudnticas. El desarrollo de circuitos fotonicos integrados

para aplicaciOn en tecnologias cuanticas ayudara a traspasar el cuello de botella hacia niveles superiores de

disponibilidad tecnolOgica y comercializacion. La decoherencia cuantica supone uno de los retos técnicos

anivel fundamental con mayor relevancia para la realizacidn de este desarrollo. En este contexto, el objetivo

de este proyecto ha sido el de proporcionar herramientas tedricas para orientar la conceptualizacion y el

disefio de los bloques fundamentales de los circuitos cuanticos integrados con vistas a la reduccién de la

decoherencia cudntica en estos sistemas. Los resultados obtenidos en forma de modelos tedricos, métodos

numéricos de simulacion y esquemas de optimizacion facilitan estas herramientas a través una serie de

nuevos instrumentos matematicos que sirven tanto para la caracterizacion de la decoherencia en diferentes

componentes como para guias de disefio para su reduccion:

Expresiones analiticas que relacionan directamente los parametros de disefio de estructuras
fotdnicas con el grado de decoherencia de la plataforma.

Modelos para la simulacion numérica de emisores cuanticos integrados en estructuras fotdnicas
que conectan la variacion de los parametros del disefio con el impacto en las figuras de mérito que
caracterizan la decoherencia.

Esquemas de optimizacion basados en métodos de Machine Learning para estructuras de fotOnica
cudntica integrada que ofrecen una reduccioOn sin precedentes en términos de consumo de recursos
computacionales.

Interpretaciones fisicas de las soluciones de los modelos desarrollados que contribuyen al avance

del conocimiento del comportamiento de componentes de circuito en diferentes condiciones.

El aparato matematico desarrollado ha sido evaluado a través de su aplicacidn en diferentes casos practicos

validando su fiabilidad y demostrando resultados prometedores:

Obtencion de la diadica de Green para el problema de una fuente puntual en una guia de onda
rectangular 3D con contornos no acotados.

Descripcidn analitica de la relacidn entre el acoplo de un emisor cuantico a una guia de onda y los
parametros gométricos de la guia de onda.

Identificacion de los valores de los parametros de disefio necesarios para la maximizacion de la
indistinguibilidad y la eficiencia de extraccion en emisores cuanticos acoplados a guias de onda
dependiendo de las caracteristicas del emisor, estimando incrementos en la indistinguibilidad de
hasta un 30% para disefios optimizados.

Desarrollo de un método numérico para la estimacién de la indistinguibilidad en emisores

disipativos acoplados a cavidades Opticas.
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e Desarrollo de un esquema de optimizacién basado en métodos Machine Learning para la
maximizacion de la indistinguiblidad de emisores cuanticos acoplados a cavidades dpticas.

e  Optimizacién del disefio de una cavidad optica para integracion en chip de emisores cudnticos que
garantiza valores de indistinguibilidad y eficiencia de extraccidn cercanos a la unidad con emisores
fuertemente disipativos a temperatura ambiente.

e  Desarrollo de un modelo analitico para la estimacion de la indistinguibilidad en sistemas de parejas
de emisores cuanticos acoplados a cavidades Opticas.

e  Obtencidn de una ecuacion general para indistinguibilidad en sistemas de emisores acoplados para
un numero arbitrario de emisores.

e  Desarrollo de un esquema hibrido de redes neuronales y algoritmos genéticos para la estimacion
de la indistinguibilidad en sistemas de clUsteres de emisores acoplados a cavidades Opticas.

e Relajacidn de los requisitos técnicos generales para cavidades Opticas a partir de una nueva
plataforma propuesta basada en la integracion de clUsteres de emisores cuanticos acoplados que
garantiza indistinguibilidad perfecta con emisores fuertemente disipativos a temperatura ambiente

para las configuraciones Optimas.

Esperamos que los resultados obtenidos en esta disertacion contribuyan al avance del conocimiento para el
desarrollo de la fotdnica cuantica integrada y sirvan de hoja de ruta para la realizacién de nuevas
demostraciones experimentales que incrementen su impacto en el estado del arte de las tecnologias

cuanticas.
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Abstract: One of the main steps towards large-scale quantum photonics consists of the
integration of single photon sources (SPS) with photonic integrated circuits (PICs). For that
purpose, the PICs should offer an efficient light coupling and a high preservation of the
indistinguishability of photons. Therefore, optimization of the indistinguishability through
waveguide design is especially relevant. In this work we have developed an analytical model that
uses the Green’s Dyadic of a 3D unbounded rectangular waveguide to calculate the coupling and
the indistinguishability of an ideal point-source quantum emitter coupled to a photonic waveguide
depending on its orientation and position. The model has been numerically evaluated through
finite-difference time-domain (FDTD) simulations showing consistent results. The maximum
coupling is achieved when the emitter is embedded in the center of the waveguide but somewhat
surprisingly the maximum indistinguishability appears when the emitter is placed at the edge of
the waveguide where the electric field is stronger due to the surface discontinuity.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Indistinguishability of single photons generated by point defects is the central topic of quantum
photonic integrated circuits for quantum information applications like quantum simulation [1],
quantum teleportation [2] or quantum networks [3]. Indistinguishable photons are usually
generated by parametric down-conversion [4] or alternatively from a single two-level quantum
emitter in a solid-state environment [5]. Over the last years several on-chip integration of different
SPS material systems have been demonstrated: III-V quantum dots [6], carbon nanotubes
[7], NV [8] or SiV centers in diamond [9] and 2D layered materials [10]. For most of those
solid-state quantum emitters the intrinsic indistinguishability at room temperature is almost
zero because pure dephasing rates are orders of magnitude larger than the population decay rate
[11]. Improvement of the indistinguishability can be achieved by low temperature operation
and by reducing the radiative lifetime of the SPS using an optical cavity that takes advantage
of the Purcell effect [12]. The balance between dephasing and population decay rates varies
significantly depending on the material system. Whereas for specific single self-assembled GaAs
quantum dots the emission at low temperature can be radiative lifetime limited [13], defects in 2D
materials can exhibit several orders of magnitude of difference between radiative decay and pure
dephasing rates [14]. Purcell enhancement using photonic resonators permits on-chip control
of light—matter interaction to enhance collection efficiency and generation of indistinguishable
photons [15] that can be used for on-chip processing of quantum information [16—18]. Therefore,
it is important to explore the coupling of SPS to PICs and its effect on the indistinguishability.
In this work we use an analytical treatment of light radiation from a point source placed at
an arbitrary location and with arbitrary orientation on a waveguide. The refractive indexes of
the waveguide correspond to materials commonly used in silicon photonics (SiO3, Si3Ny, Si)
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besides other high-index materials like WeS; or WO3 [19]. It is worth to note that other specially
designed nanomaterials with ultra high refractive index can be designed [20]. We explore how
the position of the source and its orientation affects the coupling to the waveguide modes and
the indistinguishability of the photons. We also explore how the dimensions of the waveguide
impact the indistinguishability. We perform FDTD simulations to validate the analytical model
and to calculate the Purcell effect. The results show remarkable differences depending on the
orientation of the SPS and provide maximum indistinguishability when the source is placed at
the edge of the waveguide, in contrast to the maximum coupling efficiency position at the center
of the waveguide. The indistinguishability is expressed in terms of the pure dephasing value
of the emitter, so that the effects of the waveguide can be compared between strong and weak
dissipative emitters. Depending on the waveguide geometry and the position of the source the
indistinguishability can either increase or decrease, showing non-negligible enhancements for
weak dissipative emitters placed at optimum positions.

Several works deal with the radiation of a point source embedded in bounded dielectric slabs
and square waveguides through Green’s function methods [21-26]. Also, the problem of the
unbounded dielectric slab is treated in [27] from a classical perspective and in [28] from a
quantum perspective. However, in those cases the description of the source comes from the
macroscopic expression of the dipole moment, without computing the Green’s Dyadic. The
Green’s function of the unbounded 2D dielectric slab is covered in [29] and the same for the 3D
cylindrical fiber in [30-32] through the development of a transform theory. As far as we know,
the Green’s Dyadic of a 3D unbounded rectangular waveguide has not been treated until this
work. Here we develop a generalization of the transform theory from the 2D case [29] to obtain
the solution of the 3D version of the problem for an unbounded rectangular waveguide. The
obtention of the Green’s Dyadic allows us to directly connect the value of the indistinguishability
with the geometrical parameters of the waveguide, which also has not been covered neither in the
previously mentioned works.

2. Methods, results and discussion
2.1. Indistinguishability for different SPS

In an isolated two-level system, the emission rate can be fully described by its population
decay rate I'g. However, a solid-state quantum emitter has an interaction with the mesoscopic
environment. The two-level system is affected by random fluctuations of its energy that can be
described by a stationary stochastic process characterized by a dephasing rate I'* [33]. In this
situation the indistinguishability (1) is reduced to [34]:

T T+

ey

In general, for any practical implementation in quantum information processing I > 0.5 [33].
The pure dephasing rates at room temperature of solid-state quantum emitters like color centers,
quantum dots or organic molecules are about 3 to 6 orders of magnitude larger than their radiative
decay rates [34]. Improvement of this efficiency can be achieved by working at cryogenic
temperatures. For example, for excitons weakly confined in GaAs quantum dots the dot ground-
state transition at low temperature is near radiative life-time limited [13] which would provide
a balance of about I'*/Ty=1 and I ~ 0.5. There are recent reports of even better performance
with strain free GaAs/AlGaAs quantum dots without the need of Purcell enhancement [35].
For those highly efficient emitters the ratio I'*/’p»—0 and the intrinsic indistinguishability tends
to the unity. As an example of an intermediate situation, InAs quantum dots have decay and
pure dephasing rates I'*/T’g =2.6 [36,37] and the indistinguishability is only /~0.19. On the
opposite side, strain-induced defects in 2D materials have typical radiative lifetimes in the order
of nanoseconds with dephasing lifetimes in the order of picoseconds [14]. For those emitters the
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/T balance reaches 10 with almost zero indistinguishability. However, recent works related
to defects created in transition metal dichalcogenides (like MoS;) by local helium ion irradiation
[38] show radiative lifetimes < 150 ps. Also, a lifetime < 100 ps has been observed recently
in regular strain induced defects in WSe, layers deposited on metallic surfaces [39, 40]. More
examples of quantum emission demonstrations in 2D materials can be found in [41]. Therefore,
emitters with a certain I'*/T"y ratio may enhance significantly their indistinguishability when
properly integrated inside photonic waveguides due to the change in their radiative decay rate.
We will show that for certain geometries and emitter positions / can be greatly reduced whereas
optimal configurations can maintain or even enhance / significantly, especially for emitters with
a certain I'*/T"y ratio.

2.2. Analytic model for pure dephasing

We can assume that for a two-level emitter coupled to a waveguide the coupling (g) and the
cavity decay rate (k) are in the incoherent limit (2g <« T'o+I"+«) and “bad cavity” regime («x
> [o+I™) [34]. In that limit the cavity can be adiabatically eliminated so the dynamics of the
coupled system are described by an effective quantum emitter with decay rate (I"+R) where R is
the population transfer between the emitter and the cavity [34]:

 To+R) . 4g?

= i R= —————— 2
To+R)+T* Ip+T™* +« @

R is related to the Purcell enhancement (Py) by R =I'g - Py [42]. Substituting in Eq. (2) we obtain:

(1 + Pf)

= 3
(1+Pp)+ E—O

here the Purcell enhancement is defined as I'/Ty where I is the population decay rate in the

inhomogeneous environment. This ratio is related to the power emitted by the source [43]:

r_r 4
Io Po

with P and P, the power emitted in the inhomogeneous and homogeneous environment, respec-
tively. The radiative decay rate enhancement can be obtained by FDTD simulations integrating
the power emitted by the source inside the waveguide (P) and normalizing it with respect to the
power in a homogeneous surrounding (Pg). In order to extract the maximum amount of physical
information from the interaction between the quantum emitter and the photonic waveguide, we
develop an analytic model of the system. We use the relation between I" and the Green dyadic
of the equation governing the interaction between the source and the waveguide. From Eq. (4)
one can obtain the dependence of the decay rate with the imaginary part of the Green dyadic
evaluated at the position of the source [43]:

I= ﬂj;;;o [[l -Im {8(r0,r0)} /_i] , 5)

where w is the frequency of emission of the source, &9 is the vacuum dielectric constant, ¢ the
speed of light in vacuum, % the reduced Planck constant, and u the dipole moment of the source.
Figure 1 shows a layout of a section of the waveguide used for our model. The waveguide (infinite
in the z-axis) has a rectangular section filled with a linear homogeneous medium with refractive
index nj. The surrounding environment has a refractive index ny = 1.

The calculation of the Green’s Dyadic is based on the development of a 3D transform theory
applied to the unbounded Helmholtz equation. Details of the calculation and the explicit
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dependence with the waveguide width and the position/orientation of the source (for each
contributing guided mode) can be found in the Supplement 1. Using the Green’s dyadic we can
obtain the Purcell enhancement as a function of the waveguide width for a point dipolar source
that can be oriented parallel to the x-axis (s) or to the y-axis (p). The source is placed initially at
the center of the waveguide cross-section (xg =0, yg =0). Initially, the waveguide thickness is
arbitrarily fixed at » =200 nm and we will change the width (a) and the refractive index of the
waveguide (n1) using n; = 1.44, 2 and 3.4 corresponding to SiO,, SiN and Si respectively. This
will provide some initial hints on how the system actually behaves.

| S

a

Fig. 1. Layout of the homogeneous infinite waveguide used for the analytical model.

Figure 2 shows the value of the Purcell enhancement, I'/T, as a function of the normalized
waveguide width, a/A, for the mentioned values of n; (1.44, 2, 3.4). Solid lines show the
calculation of I'/Ty using Eq. (5) and open dots show the values obtained through FDTD
simulations. Details of the FDTD simulations can be found in the Supplement 1. Figure 2(a)
shows the Purcell enhancement for the s-source. In general, it almost vanishes before the width
reaches the cut-off of the TE 9 mode, which happens for a/1=0.13, 0.1 and 0.05 for n; =3.4,
2 and 1.44, respectively. Since the cut-off increases with nj, the vanishing threshold also
increases with n;. After the cut-off, for increasing a/A, The Purcell enhancement increases as
the propagation constant decreases (with 1/a) and the mode gets more confined. The maximum
values for I'/Ty are 0.83, 1 and 1 when a/1=0.23, 0.42 and 0.64 respectively and the light
confinement is maximum. If the waveguide becomes wider the modes spread out with lower
intensity at the position of the source producing a decrease in I'/Ty that scales with 1/a, until the
cut-off with the second order mode is reached at a/1=0.43, 0.8 and 1.2 for the same values of n;.
At this point, the same mechanism takes place showing the second maxima and second decay.
The process is repeated for each contributing mode. We note that there is no contribution from
the lowest TMyp mode because the components of the Green dyadic vanish at the position of the
source for this orientation. This is expected since the x-components of the fundamental modes
are antisymmetric with respect to the source when it is placed at the center. For the p-source
[Fig. 2(a)] the situation is somewhat opposite and the components do not vanish at the position
of the source for the lowest order TM. Since b =200 nm, in the case of n; =2 and n; = 1.44 the
cut-off condition is already reached at a/A = 0. For n; = 3.4 the cut-off is reached at a/1 =0.05.
The Purcell enhancement for the s-source shows maximum values of I'/Ty=1.2, 0.51 and 0.6
when a/1=0.13, 0.27 and 1 for the same values of n; than before. For both s and p orientations
the Purcell enhancement decays asymptotically with the width, although in a different trend due
to the different (m, n) values for each contributing mode. The maxima located at a/A1=0 are
accidentally generated by the model due to the unphysical divergence of the Green function at the
origin. The maximum values of I'/T for the s-source are about 40% higher than for the p-source
with n; =2 and n; = 1.44. The reason is the transverse electric field component of the TE,
which is higher than the TMyj at the position of the source (xo =0, yo = 0) [44]. Nevertheless, for
n1 = 3.4 the maximum I'/T is about 40% higher for the p-source. This happens because when
n1 =2 and n; = 1.44 the TE ¢y mode is well confined for »)=200 nm, but when n; = 3.4 the TE o
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mode is not optimally confined and the source has a better overlap with the TMgg. Therefore,
high modal confinement and good spatial overlapping to waveguide modes are key ingredients
for Purcell enhancement, as one could intuitively expect. The indistinguishability should show
its maximum value when the Purcell enhancement is maximum, according to Eq. (3). We note
that a deviation in the optimal width of about 20 nm can decrease the Purcell enhancement, and
therefore the indistinguishability, about 10%.
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Fig. 2. Purcell enhancement of the radiative decay rate as a function of the wavelength-
normalized waveguide width obtained from analytical calculations (lines) and FDTD
simulations (open dots). n;=3.4 (black), n; =2 (blue), n; =1.44 (red). (a) Source
orientation parallel to x-axis (s); (b) Parallel to y-axis (p).

Since the position of the emitter is very relevant, we explore now its effect keeping fixed the
waveguide widths in a/1=0.23, 0.42 and 0.64 (respectively to the n; values as before) and for
the s orientation. We change the position of the source along the x-axis, from the center of the
waveguide (xo/a=0) to far away from the edge (xo/a>=1).

First we focus on the region inside the waveguide core (xo/a<+1). Figure 3(a) shows the
Purcell enhancement depending on the position of the s-source. As the s-source is separated from
the center the overlapping to symmetric modes decreases and the enhancement decreases. The
maximum enhancement happens at the center of the waveguide. A deviation from that optimal
position of about xo/a=+0.5 leads to a decrease of the Purcell enhancement of about 20%. The
opposite behavior is obtained for a p-source [Fig. 3(b)]. In this case the minimum overlapping is
obtained at the center of the waveguide and the maximum enhancement is for about xo/a==0.75,
where the overlap with the antisymmetric modes is maximum. FDTD simulations provide a
maximum value for the enhancement of 1.42 matching the analytical calculations within an error
of 0.2% for the Purcell enhancement and 0.3% for xg.

The variation of the coupling efficiency with the position of the source inside the waveguide
follows a similar trend than the Purcell enhancement. Details of coupling definition and its
calculation can be found in the Supplement 1. Figure 4 shows the coupling efficiency depending
on the position of the source for both s and p orientations. At the center of the waveguide, the
s-source achieves a maximum coupling of P./Py=0.88, 0.6 and 0.25 for n; =3.4, 2 and 1.44
respectively, where P, is the emitted power coupled to guided modes. As expected, the coupling
decreases with decreasing n;. When the s-source is separated from the center, the coupling to
symmetric modes decreases. Again, the opposite behavior is obtained for the p-source, which
shows minimum coupling at the center of the waveguide. Some discrepancies between analytic
and FDTD results arise from the discretization of space in the FDTD simulations. Also, the
slight asymmetries shown in the xp/a dependence in Fig. 4(b) are due to small misalignments
between the simulation cells and the dielectric waveguide.

Since there are recent experimental works that use heterogeneous integration of SPS and
waveguides [45,46] it is worth to explore the dependence of the enhancement with the position of
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Fig. 3. Enhancement of the radiative decay rate as a function of the position of the point
source (normalized with respect to the waveguide width, (a) obtained from the analytical
model (lines) and from FDTD simulations (open dots). The origin in the x-axis corresponds
to the center of the waveguide and the edges to xg/a=+1. n; = 3.4 (black), n| =2 (blue),
ny =1.44 (red). (a) s-source (b); p-source.
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Fig. 4. Coupling efficiency versus normalized position of the source with respect to
waveguide width a. The origin in the x-axis corresponds to the center of the waveguide. The
edges of the waveguide correspond to xg/a==+1. Figure shows results from analytical model
(lines) and from FDTD simulations (open dots). n = 3.4 (black), n| =2 (blue), n; =1.44
(red). (a) s-source; (b) p-source.

the source in the region outside the waveguide but close to its edge (xo/a>=1). Due to the index
contrast between air and waveguide the electric field shows a strong discontinuity at the interface
with an amount comparable to the square of the index ratio at the interface [47]. This effect
can lead to a dramatic alteration of the mode profile in the vicinity of the edge that drastically
increments the Purcell enhancement. This effect has been used, for example, to achieve ultrasmall
cavity mode volumes of the order of 7 x 10713 that enable ultra-strong Kerr nonlinearities at
the single-photon level [48]. When the source is placed at the edge the enhancement is I'/Ty=4.2,
2.6 and 1.9 for the s-source, and I'/Ty=4.6, 1.2 and 0.87 for the p-source. The cost of the increase
in the Purcell enhancement is a decrease in the coupling efficiency, which for the position at the
edge is about P./Py=0.5, 0.37 and 0.15 for the s-source and about P./Py=0.5, 0.3 and 0.12
for the p-source. Details about this calculation can be seen in the Supplement 1. At the points
xo/a==1 (i.e., the edges of the waveguide) the mode field shows its highest contrast according to
Ecjag = (n1/ }12)2ECOre where E.. is the field inside the waveguide and Ej,q is the field outside
the waveguide. For that reason, the maximum value of the Purcell enhancement lies in the edges
of the waveguide, especially for high n;. Since the Purcell enhancement is strictly dependent
on the field value at the position of the source, its maximum value is achieved at the edge of
the waveguide. On the other hand, the coupling is proportional to the guided-mode field value
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divided by the non-guided modes field value. Despite the guided-mode field value is maximum
at the edge, the value of non-guided modes is also maximum at the edge. In consequence, the
coupling at the edge is weaker than in the center of the core (where the coupling to non-guided
modes is smaller).

Now that we have a better understanding of the physical meaning of the model we can explore
simultaneously both degrees of freedom (i.e., a and b) in order to find the optimal configurations
in terms of the figures of merit. The source is placed initially at the center of the waveguide
cross-section (xo =0, yp = 0) in horizontal orientation (i.e., parallel to x-axis) but this time both a
and b are varied from 0 to 0.7 A. The results are obtained for four different values of the refractive
index of the waveguide n) = 1.44, 2, 3.4, and 4.

Figure 5 shows the value of I'/T as a function of the normalized waveguide width, a/A, and
normalized thickness, b/ A, calculated for the four different refractive indexes. The blue areas in
the plots correspond to values of a and b below the first cut-off. The subsequent maxima and
minima correspond to the activation of the TE,;, and TMy,, modes. For low refractive indexes
(i.e., n; = 1.44, 2) the two first modes appear. As the refractive index increases the source starts
to overlap effectively with the rest of higher order modes. The absolute maxima of I'/Ty increases
with the refractive index, since the area of the spatial distribution of the modes decreases with nj,
so the field intensity gets higher at the position of the source. We obtain maximum values of
I''Ty=1, 1.1, 1.6 and 1.9 for n; = 1.44, 2, 3.4 and 4, respectively. Due to the symmetry of the
system the plots for the vertical source show the same rotated 90 degrees (see Supplement 1).

1 0.7
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0 0.2 0.4 0.6 02 0.4 06
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Fig. 5. Purcell enhancement as a function of the normalized width, a/A, and thickness, b/ 4,
when the s-source is placed at the center of the waveguide calculated with the analytical
model. (a) n] =1.44; (b) n; =2; (c) ny =3.4; (d) n; =4.

Next, we place the source outside the waveguide, 10 nm away from the edge and oriented
horizontally (i.e., parallel to x-axis). Figure 6 shows the value of I'/Ty as a function of the
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normalized waveguide width, a/A, and normalized thickness, b/ A, for different n;. As we saw
before, the field discontinuity generates a dramatic enhancement when the source is placed near
the evanescent region of the mode. We observe that in all of the cases the maxima are located
in the bottom left region, where both a and b have reached the cut-off but the first mode has
not reached the maximum confinement. For that geometry, the mode is not optimally confined
inside the core and the field gets accumulated at the edges of the waveguide so the overlap is
more efficient. We obtain maximum values of I'/Ty =2, 3.5, 8 and 10 forny =1.44, 2, 3.4 and 4
respectively. At this time the orientation of the source matters, since we can arrange two different
configurations: (a) Parallel to the larger side of the waveguide (i.e., parallel to the x-axis if the
source is placed on top of the core, or parallel to the y-axis if the source is placed on one side
of the core); (b) Perpendicular to the larger side of the waveguide (i.e., parallel to the y-axis if
the source is placed on top of the core, or parallel to the x-axis if the source is placed on one
side of the core). The plots in Fig. 6 correspond to the second case. When the source is parallel
we obtain lower values for the maximum enhancements: I'/I(=0.9, 1.5, 6.8 and 7.1 for the
different values of n;. For emitters with orientations other than s or p one should decompose the
projection of the orientation on the x-axis and the y-axis and treat the emitter as two separated
emitters with corresponding s and p contributions. The total enhancement is given by the addition
of those two contributions.
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Fig. 6. Purcell enhancement as a function of a/A and b/ when the s-source is placed

outside the core calculated with the analytical model. (a) n; =1.44, (b) ng

(d)n; =4

=2, (c)ny =34,

The maximum enhancements obtained for the source at the edge can be used in Eq. (3)
to obtain the maximum values for the indistinguishability. Figure 7 shows I for an s-emitter
placed at the edge of the waveguide versus the intrinsic emitter normalized dephasing ratio,
I'*/Ty. Results for the p-source show an analogous behavior. From Fig. 7 we see that for low
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dissipative emitters with I'*/Ty ~ 1 (like weakly confined GaAs dots of Ref. [13]) the expected
indistinguishability can reach a value up to 0.8 when n; =4, which makes an enhancement of I of
about 30% with respect to the same dots without coupling to a waveguide. For InAs quantum dots
with ['*/Ty = 2.6 [36,37] we obtain /~0.6, an enhancement of 40%. As the pure dephasing rate
increases the indistinguishability decays asymptotically reaching 0.2 when /Ty = 50. Therefore
for strong dissipative systems with I'*/Tp>50 (like quantum emitters in 2D materials) the effect of
the waveguide in the indistinguishability is very small. For emitters with lower dephasing ratio,
I'*/Ty<1, and high intrinsic indistinguishability (I >> 0.5) the effect of the waveguide becomes
again negligible since /—1 when I'*/Ty — 0. As n; increases the maximum I'*/T for 7 >> 0.5
also increases reaching values up to 12 for n; =4.
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Fig. 7. Indistinguishability of an s-source quantum emitter placed at the edge of the
waveguide versus its F—O value. Green- n| =4, Black— n| =3.4, Blue- n; =2, Red- n; =1.44.
(a) Perpendicular-source. (b) Parallel-source.

Despite a SPS can achieve much stronger Purcell enhancements inside optical cavities [49],
it is often required small mode volumes or high quality factors, or both. Small mode volumes
difficult the deposition of the emitter at the field maxima [50], and on the other hand, high quality
factors reduce the extraction efficiency [34]. In the case of waveguide integration, deposition at
the field maxima (i.e., edge of the waveguide) becomes trivial, and as it has been shown, high
extraction efficiency can be achieved. However, our results also reveal that for strong dissipative
SPS integrated in a waveguide the indistinguishability does not reach the standard requirements
for quantum information applications. For those cases the use of an optical cavity is mandatory.

From a practical perspective, the heterogeneous integration of the emitter with a waveguide may
be performed by placing the emitter inside a material with non-unity refractive index (i.e., np# 1)
[45], it is worth to explore how the Purcell enhancement is affected by different index contrasts.
As we mentioned above, the field discontinuity at the edge of the waveguide is proportional to
(n1/n2)?, so we can expect a significant reduction of the enhancement depending on ;.

Figure 8(a) shows the dependence of the Purcell enhancement with n; for an s-source placed
at the edge of the waveguide with optimal (a,b) geometry. Since the Purcell enhancement in the
edge depends on the index contrast n; /ny, it decreases asymptotically with ;. In the limit where
ny~1 the Purcell value approaches to that shown in Fig. 6, and when ny~ n; we obtain the emitter
decay rate corresponding to a homogeneous material (i.e., Py = 1). For cladding materials like
SiO; (ny = 1.44) the Purcell enhancement is reduced about 50% with respect to the value with
np= 1. On the other hand, Fig. 8(b) shows the reduction in the indistinguishability due to this
lower Purcell enhancement for an emitter with I /T9=10. Similarly to what happened to the
Purcell enhancement, when n,~1 the indistinguishability approaches to that shown in Fig. 7, and
when ny~ n; we obtain the value corresponding to the specific I'*/T ratio in a homogeneous
material (i.e., I =0.1). Again, for ny = nsjop the indistinguishability is reduced about 15% with
respect to n,~1. Regarding the optimization sweep for finding the optimal waveguide height and
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width for the case of n; in the range (1-1.6) the results are almost equivalent to that shown in
Fig. 6 (case of n; = 1.44). Therefore Fig. 6 can be used as a guide for waveguide design when n,
is inside that range.
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Fig. 8. (a) Purcell enhancement of an s-source at the edge of the waveguide as a function of
ny. (b) Indistinguishability of an s-source at the edge of the waveguide as a function of n,.

It is important to highlight that the positions for maximum indistinguishability differ from those
of maximum coupling efficiency. Indistinguishability depends strongly on Purcell enhancement,
which for the case of a waveguide achieves its maximum value at the edge, where the field is
strongest. On the other side, the coupling efficiency on the edge is not as high as in the center,
but still may have a value useful for some experiments or even some applications An interesting
figure of merit for the geometrical optimization of the waveguide is the / -8 product (with 8 the
coupling efficiency) that can be explored as a function of a and b. In the same way we did for
the optimization of the Purcell enhancement, a and b change from O to 0.7 A, and the emitter is
placed at the edge of the waveguide. We set np = 1.44 this time and we vary n; =2, 3.4, 4 and 4.4.
For the estimation of the indistinguishability we set ['*/Tp=10 as before.

Figure 9 shows the I 8 value as a function of the normalized waveguide width, a/4, and
normalized thickness, b/4, calculated for ny =2, 3.4, 4 and 4.4. As expected, for the four refractive
indexes the highest 7 8 happens for the geometry that maximizes the Purcell enhancement.
Maximum / 8 =0.35 is found for the highest waveguide index (n; =4.5) and minimum / §=0.15
for n; =2. Also, in the four cases the I 8 product is significantly higher than the obtained when
the source is at the center of the waveguide (0.06 for n; =2, 0.09 n; =3.4, and 0.13 for n; =4).

2.3.  Analytic model for spectral diffusion

We have explored so far the effect of pure dephasing in the indistinguishability. In addition,
the effect of spectral diffusion needs to be treated separately. Whereas the dynamics of pure
dephasing evolve at shorter time scales than the emitter decay rate I'y, spectral diffusion is related
to processes with significantly larger time scales [51] so it is characterized by a statistical average
over the different center frequencies associated with the emitter [52]. In this context, the spectral
broadening of the emission is given by I, = TI'p + I, where I'” represents the FWHM of the
distribution associated with spectral diffusion. The indistinguishability reads I = Ty/T, [51].
Being Aw the intrinsic width of each center frequency, and Ad the extrinsic width due to the
entanglement with the extrinsic environment, for a Lorentzian distribution the ratio 8 = A§/Aw
is equal to 2"’ /Ty [52]. The indistinguishability can be written in terms of 6 as:

/T,

= —, (6)
I/To+ 4
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Fig. 9. I 8 value as a function of the normalized width, a/A, and thickness, b/, when the
s-source is placed at the edge of the waveguide with n) = 1.44 calculated with the analytical
model. (a) n; =2, (b) ny =3.4,(c) n; =4, (d) n; =4.5.

with I" the enhanced decay rate due to Purcell effect. As we did in the previous section, we can
use the maximum enhancements obtained for the source at the edge in Eq. (6) to obtain the
maximum values for the indistinguishability.

Figure 10 shows [ for s- and p-emitters placed at the edge of the waveguide versus the
normalized ratio . From Fig. 1 we see that for emitters with with 8~1 [13] the expected
indistinguishability is above 0.9 for the four refractive indexes. As the extrinsic width of the
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Fig. 10. Indistinguishability of an s-source quantum emitter placed at the edge of the
waveguide versus its 6 < value. Green- n; =4, Black—n| =3.4, Blue- n; =2, Red- n| = 1.44.
(a) Parallel-source. (b) Perpendicular-source.
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emitter increases respect to the intrinsic width the indistinguishability decays asymptotically
reaching 0.3 when 6 = 50 for n; =4 and 6 = 10 for n; = 1.44. Therefore, for emitters with extrinsic
width much larger than intrinsic width the effect of the waveguide in the indistinguishability is
negligible. As n; increases the maximum 6 for  >> (.5 also increases reaching values up to 21
for n; =4. We can say that in general we observe a similar behavior to pure dephasing although
with a slower asymptotic decay of /.

3. Conclusions

We have calculated the indistinguishability of a point-source quantum emitter coupled to a
waveguide because its technological implications in future quantum photonic integrated circuits.
The emitter has arbitrary orientation and location with respect to the waveguide. We have
obtained the results for different index of refraction of the waveguide (SiO;, Si3N4, Si, and other
high index materials like WeS, or WO3). The analytical model used permits a fast computing
of the indistinguishability from a set of simple expressions derived from the same solution of
the dyadic Helmholtz equation. The model has been numerically evaluated through 3D-FDTD
simulations with excellent agreement. Maximum indistinguishability for an optimal waveguide
width is found for a source placed outside the core, at the edge of the waveguide, in contrast to
maximum coupling efficiency position at the center of the waveguide. For strong dissipative
emitters with I'*/I>50 (like transition metal dichalcogenides) the effects of the waveguide in
the indistinguishability are negligible but for low dissipative emitters with I'*/Ty ~ 1 (like GaAs
quantum dots) the indistinguishability can be enhanced up to a 30% and reach values around / =
0.8 when dots are coupled to a waveguide. We hope this work can help for an optimized design
of PIC waveguides in quantum photonic circuits.
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ABSTRACT: Room-temperature (RT), on-chip deterministic
generation of indistinguishable photons coupled to photonic
integrated circuits is key for quantum photonic applications.
Nevertheless, high indistinguishability (I) at RT is difficult to
obtain due to the intrinsic dephasing of most deterministic single-
photon sources (SPS). Here, we present a numerical demon-
stration of the design and optimization of a hybrid slot-Bragg
nanophotonic cavity that achieves a theoretical near-unity I and a
high coupling efficiency () at RT for a variety of single-photon
emitters. Our numerical simulations predict modal volumes in the
order of 1073(1/2n)? allowing for strong coupling of quantum
photonic emitters that can be heterogeneously integrated. We show
that high I and f should be possible by fine-tuning the quality
factor (Q) depending on the intrinsic properties of the single-photon emitter. Furthermore, we perform a machine learning
optimization based on the combination of a deep neural network and a genetic algorithm (GA) to further decrease the modal
volume by almost 3 times while relaxing the tight dimensions of the slot width required for strong coupling. The optimized device
has a slot width of 20 nm. The design requires fabrication resolution in the limit of the current state-of-the-art technology. Also, the
condition for high I and f requires a positioning accuracy of the quantum emitter at the nanometer level. Although the proposal is
not a scalable technology, it can be suitable for experimental demonstration of single-photon operation.

KEYWORDS: single-photon, neural network, genetic algorithm, nanophotonics, nanocavity

B INTRODUCTION metallic bowties with CdSe/ZnS quantum dots'' produce
the highest g value up to 200 meV'' and the lowest quality
factors (Q ~ 10).” There are different proposals to improve Q
and f in these systems, some of them involving dielectric-core/

Indistinguishable single photons are the leading candidates for
quantum communication and quantum information processing
technologies. They play a central role in a range of proposed

schemes, including quantum simulation," quantum walks,” metal-shell schemes for Q'”'* or hybrid FP-nanoantenna
boson sampling,3 quantum teleportation,4 and quantum cavities for ﬂ.13’14 However, using plasmonic cavities faces two
networks.” However, the complex mesoscopic environment obstacles:" (i) the placement of the emitter in the point with
of solid-state sources entails fundamental barriers that restrict the strongest cavity field can be challenging and (ii) ohmic and
the operation to cryogenic temperature (T).° Trying to quenching losses can be very high. The use of dielectric cavities
overcome the thermal restrictions of quantum devices remains can avoid the latter limitation, and strong coupling can happen
a challenge for the development of on-chip, on-demand single- using strategies to decrease the modal volume, like slotted
photon sources (SPS). A feasible approach for achieving photonic crystals. Discrete slotted nanobeams'®"” lead to
efficient indistinguishable photon emission from a solid-state volumes in the order of 107(1/2n)* while keeping high Q.

emitter consists of maximizing the emitter—field coupling (g)
through the effective confinement of light in an ultrasmall
cavity-mode volume (V) and reaching the strong coupling
regime.7 In this regime, the transfer rate between the emitter
and the cavity field exceeds the dephasing rate of the emitter,
and the emitted photons are able to leave the cavity before
being affected by decoherence.” Plasmonic cavities with
subnanometer gaps between dimers like Au spheres,8 Ag
nanowires,” and surface plasmon-polariton systems'’ or

However, because introducing a finite slot causes a large
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Figure 1. (a) IEI* field profile in the y—z plane. (b) Variation of the ratio (g/y), with T for I > 0.9 and different SPS: GaAs (red), S.molecules
(green), two-dimensional (2D) materials (blue), InAs (yellow). (c) IEP field profile of the cavity mode in the x—y plane. (d) Layout of the
proposed structure, where @, is the width of each waveguide, @ is the slot width, L is the cavity length, and A is the grating period. (e) Color map
of I as a function of g/y and k/y for photons emitted by a high dissipative QE with y* = 10%. (f) SEM image of the center of the cavity. (g)
Contour map of regions with I > 0.9 for different dephasing values (y* = 20y, 50y, 80y, 10%, 2 X 10%, 4 X 10%, 8 X 10%, 10%, 5 X 10%, and
10*). (h) Transmission spectrum of the structure for a different number of periods, the full width at half maximum (FWHM) of the resonance

scales exponentially with #p. (i) Q versus number of periods.

perturbation to the optical mode, B values remain low.
Continuous-slot designs improve B and Q,'® and more
recently, slot—antislot concatenations in 1D-PC'** have
shown record Q/V ratios with PC cavities. Also, designs
based on cascaded cavities schemes have shown promising
results with dielectric structures.”' According to those works, a
slotted dielectric cavity can provide a sufficient small modal
volume for strong coupling, thus a high I, avoiding at the same
time the losses inherent to plasmonic cavities. However, for
highly dissipative emitters, the dependence of I with g at RT is
highly nontrivial.” With high g, there is a high population

1927

transfer rate between the emitter and the cavity field, so the
emitted photons must leave the cavity before getting dephased
by the emitter. This can be accomplished by setting the right
Q. As we will show, this trade-off between different rates (i.e.,
dephasing rate, g, and Q) translates into a complex dependence
of I with the cavity figures of merit.

In this work, we show that achieving a high I at RT requires
tuning of Q together with a small modal volume. That does not
translate to a high Q but a specific Q threshold depending on
the emitter’s intrinsic properties and the modal volume. From
our calculations, none of the previously mentioned dielectric

https://doi.org/10.1021/acsphotonics.1c01651
ACS Photonics 2022, 9, 1926—1935
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cavities can provide a high I for strong dissipative emitters
despite achieving small modal volumes. Furthermore, the
implementation of machine learning algorithms for the
geometrical optimization of the cavity modal volume and Q
has shown promising results in recent works.>>™*° Here, we
present a numerical demonstration of a design strategy for high
indistinguishable SPS at RT strongly coupled to a hybrid slot-
Bragg waveguide cavity. We vary the geometrical parameters of
the waveguide cavity (i.e., the waveguide width, slot width,
number of periods), and we obtain a theoretical estimation of
the cavity performance for I, 3, and the Purcell enhancement.
We ex;)lore different types of promising SPS (InGaAs™® and
GaAs® quantum dots, single molecules, % localized excitons in
transition metal dichalcogenides transition-metal dichalcoge-
nide (TMDC) monolayers,” and diamond color centers™"),
and we obtain theoretical near-unity I and high j
simultaneously by parameter optimization. Finally, we develop
a hybrid deep neural network-genetic algorithm (GA) scheme
that further reduces the modal volume for achieving near-unity
I with a slot width of 20 nm. The optimized device presents
strong challenges for current fabrication and quantum emitter
(QE) positioning techniques. In this regard, we have
developed a comparison of the design requirements with the
state-of-the-art demonstrations.

B METHODS

We can compute the value of I for a QE with radiative decay
rate y and pure dephasing rate y* coupled to a photonic cavity
(with decay rate k and electromagnetic coupling constant g)
from the Lindblad equation and applying the quantum
nonregression theorem. For each (g, , 7, y*), we have:’

//Ooodtdrl <ad'(t+0)a@) > 1P
B S dedr < a(0a(e) > <a'(e + D)t + 0)>

(1)
where a' and a are the creation and annihilation operators of
the cavity mode, respectively. Details of the calculation can be
found in the Supporting Information. The values of g and « are
linked to Q and Vg by k ~ 1/Q and g ~ 1/\/Veff.

Figure le shows the value of I for photons emitted by a high
dissipative QE with y* = 10* y as a function of g and «
normalized to y in the coherent strong-coupling regime (i.e., g
> y* + 7). In this regime, the rate of photon transfer from the
emitter to the cavity is R = 4¢%/k,” which exceeds the pure
dephasing rate (R > y*) for certain values of k. For a high I, the
photon must escape out of the cavity before the emitter
dephases it. In other words, k > y*, which means that a small Q
is needed. Specifically, for a QE with y* = 10%, one needs a
value of k/y above 2 X 10* for I > 0.9. The region of high I in
Figure le has a shape and area that depend on T through y*.
For a QE at RT, y*~ 10* y” and the minimum value of g/y to
achieve I > 0.9 is (g/7)min ~ 10*% As y*/y decreases, the area of
high I grows and (g/y)m, decreases.

Figure 1g shows the contour maps of the region with a high I
(I > 0.9) as y* changes. For moderate dissipative emitters (y*
~ 10 y), the minimum g/ necessary for I > 0.9 is (g/¥)min = 1
0°. As y* increases (g/7)min grows monotonously, reaching 10*
for y* ~ 10* y. Similarly, the minimum (k/y)y;, increases from
10° for y* ~ 10% to 2 X 10* for y* ~ 10* y. We can use this
color map to plot the cavities mentioned before, according to
its performance for I. Plasmonic cavities® '* can achieve I >
0.9 even for high dissipative emitters with y* ~ 10* y. On the
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other hand, slotted dielectric cavities'®™"® can achieve I > 0.9

for emitters with y* between ~10* to ~2 X 10 y and slot—
antislot concatenations in 1D-PC'? for emitters with y* ~ 2 X
10% y to y* ~ 4 X 10” y. The cavity shown in ref 20 is the only
one, in the group of dielectric structures, that can reach I > 0.9
when y* > 2 X 10® y. According to our calculations, those
dielectric cavities can potentially achieve the region with I >
0.9 for high dissipative emitters (i.e, QE at RT) just by
increasing its cavity decay rate k (i.e., deteriorating its quality
factor Q). Figure 1b shows the dependence of the value (g/
¥)min With T for I > 0.9, calculated for %uantum dots of GaAs™"
and InAs, organic molecules,>*** and defects in 2D
materials.”> The evolution of (g/7)mn with T shows a
proportional increase with a different trend that depends on
7*. We can obtain the (g/¥) i, needed for I > 0.9 for a QE at a
specific T from Figure 1g. It is interesting to observe that for
the technologically relevant T of liquid nitrogen (77 K), the
same value (g/¥)min = 490 works for InAs and GaAs QDs and
2D materials.

Therefore, our goal is to keep the x/g ratio inside the region
with a high I by increasing g and adjusting Q. Moreover, we
look for an on-chip cavity that can be CMOS-compatible with
photonic integrated circuits (PICs) used in silicon photonics.
Slotted one-dimensional dielectric photonic crystal cav-
ities'®"*” have been shown to fulfill most of our requirements
in terms of compatibility and small modal volume. Never-
theless, to efficiently control Q, we choose a hybrid slot-Bragg
cavity, where Q changes by the number of periods of the Bragg
reflector section. Figure 1d shows a layout of our hybrid slot-
Bragg photonic cavity aiming to achieve a near-unity I and a
high f simultaneously; wy, is the width of each waveguide, w; is
the slot width, and #p is the number of periods. While this
structure has been explored for sensing applications,**™*" it has
never been proposed for SPS operation, as far as we know, nor
its performance is calculated in terms of the figures of merit (I,
B). It consists of a phase-shifted corrugated Bragg grating
situated at the sides of a SizN, (n, = 2) deposited on top of a
SiO, substrate (n, = 1.4). The cavity length L corresponds to
the central section between the two periodic regions and
matches the wavelength of the zero-order Fabry—Perot mode
for the target wavelength A. The Si;N, thickness () is set for
optimum field enhancement at the slot for the target A. Each of
the periodic regions behaves like a mirror with an effective
reflectivity that depends on the number of periods (#p),
creating a Fabry—Perot structure. The grating period A
matches the central frequency of the photonic bandgap at
the target A. To get information about the physical behavior of
the device, we will set first 4 = 801 nm to perform a general
evaluation of the performance. After that, for each type of
emitter, the geometrical parameters of the device (i, t, L, and
A) are set to match the specific emission wavelength A: (4, t, L,
A) = (915, 900, 263, 263 nm) for InGaAs,*® (916, 900, 263,
263 nm) for GaAs,”” (728, 710, 210, 210 nm) for TMDC,*
(785, 770, 225, 225 nm) for S.molecules,” and (685, 680, 195,
195 nm) for diamond color centers.* Figure 1a shows how the
slotted cross section of the cavity enhances the field of the
zero-order TE mode in the gap showing an evanescent tail in
the top of the waveguide. This field distribution provides
advantages related to the coupling of the source when it is
heterogeneously integrated on top. The cavity provides strong
coupling if the slot width is sufficiently small, and it also
provides advantages in extraction efficiency (f3) since (i) cavity
and output waveguide share the same cross section, so the
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Figure 2. (a) Outline of the computation algorithm for the calculation of I. (b) Parametrization of the Bragg corrugations for machine learning
optimization. Each w; represents the width of the corresponding Bragg corrugation. (c) Routine for the hybrid NN-GA optimization of the Bragg

corrugations.

modes are perfectly matched; (ii) the integration of the QE
(for example colloidal QDs) can be done by direct deposition
on top of the cavity, which avoids interferences by total
internal reflection and enhances f3; and (iii) the slot mode has
the field maxima at the edges of the slot, which matches well
with the region of maximum probability of having SPS in 2D
materials deposited on top of waveguides.” Finally, the cavity
modal volumes are in the order of 107°(4/2n)* along with the
whole slot, increasing the probability of having one or several
QE strongly coupled to the cavity mode. As a proof of concept,
we have fabricated a specific design valid for diamond color
center requirements. We selected (@, #p) = (38 nm, 50) and
added vertical grating couplers to the structure to collect the
input and output light beams. Figure 1f shows an SEM image
of the cavity fabricated by e-beam lithography (EBL) and
reactive-ion etching on a layer of 130 nm thick Si;N, deposited
on top of a SiO, layer (1 pm thick) by plasma-enhanced
chemical vapor deposition (PECVD). The obtained slot width
is w, = 54 nm, and the grating period is 204 nm, with less than
5% of the error to the initial design for the grating period and
30% for w, According to our simulations, the wider slot
translates into a modal volume increase, Vs ~ 6 X 107%(1/
2n)?, which slightly reduces the indistinguishability to I = 0.81.
This issue can be solved by further optimization by machine
learning, as we will show later. We can obtain the transmission
spectrum T(4) shown in Figure 1h and the field profile (Figure
1c) of the cavity mode for a set (w, @, #p) using a fully
vectorial, bidirectional, frequency-domain model for solving
Maxwell’s equation (3D-FD).*” We obtain Q from T(4) by
Q= f
the model appear in the Supporting Information. There is a
different effective index for each set (@, @y, #p), so the values

of A and L are changed to keep the cavity resonance at 801
nm. The volume of the cavity-mode Vg is*

_ Fe(F)EF)IPEF
" max[e[E (F)P)

and the cavity decay rate from k = @/2Q. Details of

Vgt

€]

)
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The value of g, when the QE is placed at the maximum

cavity field and perfectly matches the polarization, is**

_ Meg ho . _ 3h62f

7 h 2eVige & 2@ (3)
where f, is the electric dipole moment of the excitonic
transition, @ is the frequency of the transition, e is the electron
charge, &) is the dielectric constant in the source region, 7 is
the reduced Planck constant, m is the exciton effective mass,
and f is the oscillator strength. Once we have g and k, we
obtain I according to the procedure outlined in Figure 2a. For
the computation of the Purcell enhancement (T',) and the
coupling efficiency B, we perform three-dimensional-finite
difference time domain (3D-FDTD) simulations*’ by placing a
dipole point source emitting at 801 nm with position xg, y, at
the center of the slot and z, 4 nm above the top of the
waveguides. We obtain I', by integrating the power P emitted
by the source and normalizing it to the power inside a
homogeneous environment Py,* Finally, we calculate 8 by
measuring the fraction of light coupled to guided modes at the
output waveguide. Details of the simulations appear in the
Supporting Information.

Our design strategy can be further enhanced using machine
learning techniques, especially to keep critical fabrication
parameters, like the slot width w,, experimentally accessible
and far from too narrow and unrealistic values. Recently, the
optimization of nanophotonic structures by deep learning
techniques has been reported.”””*> The two main advantages
are: (i) further improved performance beyond the time-
consuming method of sweeping the (w, @y, #p) parameters
and (ii) we can introduce a vast number of new parameters for
the optimization, such as the width of each of the Bragg
corrugations, as shown in Figure 2b.

For that purpose, we can use a vector @ = (wl, w;, 0)3,...,(1)”),
where each entry w; with i = 1,..,20 represents the width of
each Bragg corrugation. For each configuration @, we obtain I
using the two-step method described in Figure 2c. We use a
GA to create a random vector @ and the fitness function
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Figure 3. (a) Cavity-induced I when y/y* = 10* versus waveguide width (wj,) and slot width () for #p = 10. (b) Purcell enhancement (Fp) versus
waveguide width (@}) and slot width (@;). (c) Coupling efficiency () versus waveguide widt; (w},) and slot width (w,) for #p = 10. (d) I versus
number of grating periods (#p) for (w, @) = (S nm, 140 nm). (e) [, versus @, for three w (green, @, = 15 nm; blue, @, = 20 nm; yellow, o, = 25

nm). (f) T versus source position y, along the y-axis.

obtains I from the 3D-FD simulation (Figure 2a). Through the
iteration of crossover and mutation, the GA should find the
optimal configuration for maximizing I after a certain number
of generations. Details of the code appear in the Supporting
Information. However, this procedure faces a critical issue.
Typically, in a GA optimization, one needs to generate about
10° pairs (@, I) and the generation of each pair (@, I) involves
a 3D-FD simulation that may take several minutes, making the
whole optimization process unfeasible in terms of time and
computational resources. To solve this issue, we take a
different approach: (i) we generate 5000 pairs (@, I) through
3D-FD simulations; (ii) with these data, we train a deep neural
network (NN) which learns to estimate the outcome of I for
any possible @. Now we can use the NN to calculate I for the
fitness function of the GA optimization. In this way, the
calculation of the fitness function for each @ takes just a few
seconds; (iii) We perform the GA optimization by calculating
the fitness function for each individual of the population
through the NN. With this scheme, we reduce by 2 orders of
magnitude the number of actual numerical simulations for the
dataset from 10° to 10° with the aid of the NN.

B RESULTS AND DISCUSSION

We first assess the performance of the cavity by sweeping the
main geometrical parameters and setting a target A = 801 nm;
t, L, and A are set to (t, L, A) = (800, 230, 230 nm),
respectively. Figure 3 shows how I changes with (@, ;) and
#p when y* = 10* y (a typical ratio for many QE at RT as we
have seen before). Figure 3a shows I versus )}, and @, for #p =
10 with @, varying between 10—50 nm and @, between 150—
220 nm (required for single-mode operation). With #p fixed, Q
remains constant (Q = 50), while the field profile of the cavity
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mode varies for each (@, ®,). Therefore, the variation of I
follows the variation of g with @y, and w,. As @, increase, the
cavity mode spreads out from the slot and gets confined at
each waveguide core separately. That results in an exponential
decay of the field intensity in the slot region,44 increasing Vg
exponentially with @,. Since g ~ 1/ \/ Vg g decreases, driving
the system to the weak coupling regime (i.e., going downward
in Figure la) and inducing an exponential decay of I. For a
small enough @, (<20 nm), the system remains in the strong-
coupling regime and I becomes independent of g.” Therefore,
we can observe that for @, < 20 nm, I shows a weak variation
with @,. When @, > 20 nm, the cavity starts to perform away
from the strong coupling regime and I shows an evident
change with @y, which we will further analyze later. A slot
width @; <10 nm produces a maximum value of I = 0.96,
decaying with w; at a rate of 5 X 107> nm™". Figure 3d shows
the dependence of I with #p, with #p in the range of 10—100
and fixed @, = 140 nm and @, = 15 nm so we keep the strong
coupling regime. As #p increases, the effective reflectivity also
increases and the Q factor grows exponentially (see Figure 1i).
Consequently, x decreases exponentially with #p. Therefore,
the time that the photon stays in the cavity increases
exponentially with #p, and when x < y* the photon is
dephased by the emitter (i.e, going in the left direction in
Figure 1a). The result is that I decreases with #p giving I = 0.4
for #p = 100. Figure 3b shows I, versus (w,, @;) when #p =
10, w, in the range 10—100 nm, and @, between 110 and 600
nm. Since I', ~ 1/ Vg I, changes with @, in a similar way to I.
As the slot mode spreads over the waveguide cores, the field’s
intensity at the source’s position decreases and I', shows an
exponential decay. The change with w, displays a more
complex structure, shown more clearly in Figure 3e. For o, =
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15 nm and @, = 80, I', increases monotonically as the zero-
order cosine/even slot mode gets more efficiently confined in
the waveguide. I', is maximum (T, = 11) when @;, = 125 nm,
and the strongest light confinement in the waveguide happens.
For a higher w,, the mode spreads over the structure
producing a decay of the overlapping with the source that
scales with 1/wy,. The decay interrupts abruptly when the zero-
order sin-type/odd mode cutoff is reached at @, = 155 nm.
From there, the same pattern reproduces until the activation of
the subsequent mode, and so on. The same behavior happens
for @,. However, as @, increase the dependence of I', with
shifts to lower values of wy,. This is because the @y, cutoff value
of the zero-order sine mode/odd decreases monotonically with
w,* Therefore, the activation of the second mode shifts to
lower values of @y, as @, increases.

Figure 3c shows f versus @, and @y, for the same values of
#p, @, and @y, used in Figure 3b. While I, is a measure of the
field enhancement due to the overlapping of all available
modes, f accounts just for the overlapping with guided modes.
Therefore, we expect a similar dependence and, in fact,
shows an exponential decay with w; similarly to I and I',. The
dependence with @, shows the same “mode jumps” found for
[, giving a maximum f = 75% at @, = 128 nm. In this case,
the regions of high f become bigger for higher values of wy, as
the number of available modes increases with @y,.

The position of the QE inside the cavity plays a relevant
role.*® To explore the effect of the position of the QE in [, we
have performed 3D-FDTD simulations changing the position
(yo) of the QE along the cavity cross section (y-axis) at z, = 4
nm above the top of the cavity. Figure 3f shows I', versus y,
varying from —225 to +225 nm when @, = 200 nm, @, = 30
nm, and #p = 10. Since [, is proportional to the field of the
available modes for each spatial position, the plot reproduces
the field profile of the zero-order mode of the slot waveguide.
The maximum I” b happens in the region inside the slot, with
maxima at the edges of the waveguides. The enhancement falls
abruptly inside the waveguide, with values reduced by 1 order
of magnitude. For a QE located away from the outer edges of
the waveguide cores, the evanescent coupling increases the
enhancement slightly. In summary, even for a strong dissipative
emitter with y* = 10%, we can achieve I > 0.9 by adjusting the
number of periods and reducing the slot width @, below 10
nm. At the same time, a high Purcell enhancement (FP = 45)
and a good extraction efficiency (ff = 0.7) can be obtained for
the same @, On the other hand, we need an accurate
positioning of the emitter inside the slot region.

We further explore the performance of the device and the
design requirements for different types of QE with different
dephasing rates. For each type of emitter, the geometrical
parameters of the device (i.e., t, L, and A) are set to match the
specific emission wavelength 4. Table 1 shows the values of the
pairs (@, #p) needed for I > 0.9 for five different y*/y values

Table 1. Maximum (@, (nm), #p) for I > 0.9 Using InGaAs
QD, GaAs QD, TMDCs, and Single Molecules as QE

7t =10% r* =10% r* = 10%
InGaAs (43,100) (36,50) (15,10)
GaAs (41,100) (30,50) (9,10)
TMDC (36,120) (25,60) (5,12)
S.molecules (40,120) (28,60) (8,12)
Diamond (45,100) (38,50) (15,10)
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corresponding to each emitter. The values of the oscillation
strengths are extracted from InGaAs,"” GaAs,*® TMDC,*°
single molecules,”" and diamond.”> We observe that as y*
increases (i.e., T increases), the cavity demands smaller w, (i.e.,
narrower slot). For the highest oscillator strength (~S in
InGaAs QD and diamond color centers), (g/7)mn is easily
reached when @, < 44 nm and y* = 10%. A TMDC QE with
oscillator strength ~ 0.1 demands w, < 38 nm on the opposite
side. In an intermediate situation, the oscillation strength of the
GaAs QD (~1) gives w, < 42 nm. From this, we can find the
optimal design for each emitter at a high T. InGaAs at 300 K
has a pure dephasing of 600y, so (w,, #p) = (36 nm, 50) are
needed for I > 0.9. GaAs at 300 K has 14507°* and needs the
same values (@, #p) = (36, 50). High dissipative emitters with
dephasing of ~10% at 300 K, like TMDC>® and single
molecules, demand narrower slot widths (w,, #p) = (5 nm,
10). For color centers in diamond, with y* = 10% at room T,

the optimal configuration is (w,, #p) = (38 nm, S0).

As we have shown, for high dissipative emitters with y*
10, the width of the cavity slot must be w, < 10 nm for I >
0.9. Similarly, @, < 10 nm is needed for > 0.7. At the same
time, the emitter’s position plays a critical role, giving very low
coupling when the emitter is outside the slot region. These
requirements make complex both the fabrication and the
emitter integration. Achieving slot widths below 10 nm is
beyond the state of the art of almost any fabrication
technology, and deterministic deposition of a QD with that
accuracy can be complicated. To reduce those limitations, we
need to optimize the geometry of the cavity further. We have
performed a hybrid GA-NN optimization of the Bragg
corrugation geometry. The GA-NN optimization must deal
with the trade-off between reducing the cavity modal volume
(to increase g) and maintaining the appropriate Q to achieve I
> 0.9 with y* = 10%y. With this aim, we set @, = 20 nm and the
number of periods to #p 20. The structure without
optimization has a modal volume of about 107(4/2n)?
which gives I = 0.82 with y* = 10%. Figure 4a shows the GA-
NN optimized geometry. Somehow surprisingly to us, the GA-
NN found that it is enough to change the widths of the most
external Bragg corrugations, leaving the others unperturbed.
This geometry provides the best confinement of the cavity
mode in the center of the structure, significantly reducing the
modal volume while maintaining the correct Q.

Figure 4b—d shows the cavity-mode profile and the
transmission spectrum for the structure with and without
optimization. It is easy to appreciate how the cavity mode is
significantly more confined in the central region of the
optimized cavity. The modification of the widths of the
external Bragg corrugations creates a tapered section that
connects the cavity with the input/output slot waveguides and
increases the confinement of the cavity mode. The modal
volume is reduced from 7 X 1073(1/2n)3 to 2.5 X 1073(1/2n)?,
a factor of 2.8. At the same time, FWHM has been increased to
Q = 50, keeping the system in the region of high I. The
reduction in the modal volume and the Q adjustment improve
the indistinguishability from I = 0.82 to 0.91. In conclusion, we
obtain that for the optimized structure, we can achieve I > 0.9
for y* = 10% with a slot width of @, = 20 nm, relaxing the tight
requirements for the fabrication of the slot to more realistic
values. The resulting transmission spectra of the optimized
device reveal that there is a 7 nm shift of the resonance
wavelength. This results from the discontinuous alteration of
the periodicity of the Bragg reflectors. The A-Bragg condition
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for total reflection changes along the corrugations, giving rise
to a small modification of the spectra. This resonance
displacement could be reduced through a second optimization
process involving the maximization of I together with the
minimization of the A-shift, which will be covered in future
works.

Although simulation results show a promising device
performance, potential difficulties related to fabrication have
to be considered according to CMOS-compatible processes.
Realization of vertical slot widths below 80 nm can be difficult
with standard lithography techniques. For emitters with y* =
10?%, slots between 36 and 45 nm are needed (see Table 1).
Despite that achieving these widths can be challenging, there
are many experimental demonstrations reporting the fabrica-
tion of sub-100 nm slots (between 30 and 80 nm) using e-
beam lithography (EBL).”’”®* On the other hand, strong
dissipative emitters with y* = 10* require slot widths between
S and 15 nm. Defining sub-10 nm structures with EBL is a
great challenge, requiring simultaneous control of several
factors like resist contrast, beam diameter, resist development
mechanics, and limitations in metrology.65 A novel fabrication
procedure with EBL was reported,”® which allows us to achieve
slot widths down to 8 nm in Si substrates. Also, recent works®®
experimentally demonstrate a different fabrication approach
achieving slots with 10 nm width in Si waveguides. In this
context, the relaxation up to 20 nm width achieved through the
ML optimization is especially relevant since it reduces the
fabrication requirements from the limit of the technology (S

1932

nm) to a more accessible value (20 nm). Still, we must
emphasize that achieving such ultranarrow slots presents a
significant challenge, which requires top-state-of-the-art
resolution technology.

Another key aspect to consider for the experimental
realization is the nanoscale positioning approach for the
deposition of the QE in the 20 nm slot region of the cavity.
Recently, several nanoscale positioning techniques compatible
with nanofabrication processes have shown promising results,
achieving positioning accuracy at the nanometer level.”’
Atomic force microscopy-based positioning approaches with
30 nm positioning accuracy have been reported with GaAs
QDs strongly coupled to a nanocavity.”® Confocal micro-
photoluminescence techniques also showed 10 nm positioning
accuracy with GaAs QDs inside a photonic structure.”
Bichromatic photoluminescence approaches with S nm
position accuracy were recently achieved through a novel
image analysis software implementation in the positioning
setup.”’ Also, in situ lithographic techniques, where the QD
position extraction and the nanostructure definition are
developed in the same setup, have improved position accuracy
down to 30 nm.”" Pick-and-place techniques, which are the
most suitable approach for our specific structure, have also
shown significant progress.”* Recently, Si vacancy centers were
transferred to AIN waveguides achieving 98% coupling
efficiency,”” the placement mean error was about 38 nm.
According to this, for a pick-and-place deposition, assuming a
normal distribution, we would have a standard deviation of 38
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nm with a target of 20 nm, which leads to 34% probability of
successful deposition. Therefore, the positioning accuracy
required for our structure lies close to the limit of the
technology depending on the positioning approach. An
experimental realization of a QE coupling requires fabricating
many devices and looking for good candidates one by one.
This approach allows the experimental demonstration of
certain quantum effects for quantum information applications,
but is still far from a scalable technology.

B CONCLUSIONS

We explored a hybrid slot-Bragg nanophotonic cavity for the
generation of indistinguishable photons at RT from various
quantum emitters through a combination of numerical
methods. We obtain the values of the theoretical indistinguish-
ability, efficiency, and Purcell enhancement for each config-
uration (i.e., waveguide width, slot width, number of periods).
We obtained theoretical near-unity indistinguishability and
high efficiency simultaneously by parameter sweep optimiza-
tion. To relax the fabrication requirements (slot width) for
near-unity indistinguishability, we have developed a machine
learning algorithm that provides the optimal geometry of the
cavity. According to our simulations, the optimized structure
shows high indistinguishability (I > 0.9) with slot widths of
about 20 nm. The geometrical features of the optimized design
present significant challenges from the perspective of
fabrication process. Although the device may be far from a
real scalable technology, it can be suitable for experimental
demonstration of single-photon operation. Also, the developed
ML approach may provide insights for the optimization of
different photonic structures for quantum information
applications.
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Abstract: Single photon sources (SPS) based on semiconductor quantum dot (QD) platforms are
restricted to low temperature (T) operation due to the presence of strong dephasing processes.
Although the integration of QD in optical cavities provides an enhancement of its emission properties,
the technical requirements for maintaining high indistinguishability (I) at high T are still beyond the
state of the art. Recently, new theoretical approaches have shown promising results by implementing
two-dipole-coupled-emitter systems. Here, we propose a platform based on an optimized five-
dipole-coupled-emitter system coupled to a cavity which enables perfect I at high T. Within our
scheme the realization of perfect I single photon emission with dissipative QDs is possible using well
established photonic platforms. For the optimization procedure we have developed a novel machine-
learning approach which provides a significant computational-time reduction for high demanding
optimization algorithms. Our strategy opens up interesting possibilities for the optimization of
different photonic structures for quantum information applications, such as the reduction of quantum
decoherence in clusters of coupled two-level quantum systems.

Keywords: single-photon; quantum optics; photonic integrated circuits; quantum decoherence

1. Introduction

Over the last decade, milestones achieved in integrated quantum photonics (IQP) have
led to promising results. While other quantum technologies (QT) such as ion trapping or
superconducting systems were used to demonstrate their first logical operations in the
1990s [1,2], the first functioning IQP gate was only developed in 2008 [3]. Yet, despite its
immaturity, IQP has become established in a wide range of proposed schemes: (Quantum
Communications) Si-based chip to chip quantum key distribution (QKD) over 43 km dark
fiber was demonstrated in 2018 [4]; network operation for distributed quantum computa-
tion (i.e., quantum internet) was reported in 2021 [5]; (Quantum Computation) Gaussian
boson sampling scheme with 50 photons for specific quantum computing demonstrated
quantum advantage for the first time in 2020 [6]; (Quantum simulation) A IQP based varia-
tional eigensolver for calculation of the ground state energy of H, molecules was developed
in 2013 [7]; (Quantum Metrology) A IQP platform based on defects in diamond was used
for extremely efficient detectors of magnetic fields with unprecedent sensitivity [8]. In
contrast to other QT platforms, IQP leverage commercially available systems from the
integrated photonics industry, which provide reliable devices for on-chip integration [9]
and metamaterial systems for broadband operation [10,11]. In this context, IQP shows a
new leading candidate for the future g-bit in QT: the indistinguishable single photon.

Integrated photonics offer different approaches for the modulation of photon emis-
sion [12,13]. Suitable platforms for indistinguishable SPS are epitaxially grown semicon-
ductor QDs. QDs enable site control during growth [14] and the possibility of monolithic
integration into photonic nanocavities [15,16], providing enhanced quantum emission. As

Nanomaterials 2022, 12, 2800. https:/ /doi.org/10.3390/nan012162800 https:/ /www.mdpi.com/journal /nanomaterials


https://doi.org/10.3390/nano12162800
https://doi.org/10.3390/nano12162800
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0002-4443-6135
https://orcid.org/0000-0002-6155-6462
https://orcid.org/0000-0002-4672-2020
https://doi.org/10.3390/nano12162800
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano12162800?type=check_update&version=1
mailto:pabloaitor.postigo@imn.cnm.csic.es
mailto:j.guimbao@csic.es

Nanomaterials 2022, 12, 2800

2 of 14

a result, many recent experimental demonstrations have reported record I with cavity-
integrated QDs at cryogenic T: g?(0) =7 x 1072 and I = 0.96 was reported with InAs/GaAs
QDs embedded in a micropillar cavity at 4.3 K [17]; g?(0) = 1.2 x 1072 and I = 0.97 with
InAs/GaAs QDs integrated in a DBR microcavity at 4.2 K [18]; g@(0) = 2.8 x 1073 and
I =0.99 with InGaAs/GaAs QDs inside DBR micropillars at 4 K [19]. However, for T above
the cryogenic regime, QDs are subject to pure dephasing mechanisms which reduce the
coherence of the emission [20-22]: g(z) (0) = 0.47 with InGaAs/GaAs QDs at 120 K [23];
g?(0) = 0.34 with InAs/InP QDs at 80 K [24]; g®(0) = 0.48 with GaAs/GaAsP QDs at
160 K [25]. For T > 200 K the best reported value is g(z)(O) =0.34 [26]. As a consequence, [ is
reduced to non-practical values for quantum information tasks: I > 0.79 for most quantum
information processing schemes and I > 0.5 for QKD protocols [27]. In this regard, QDs for
SPS operation are restricted to low T. In an attempt to overcome this limitation, a variety of
cavity-engineering approaches have been conducted [28,29]. However, several theoretical
works [30-32] indicate that cavity quality factors (Q) above 4 x 107 are required for QDs to
function at room T, while, to date, the highest reported Q coupled to a quantum emitter
is about Q = 55,000 [33]. In this regard, the theoretical exploration over new strategies for
enhancing I in the presence of dephasing processes is especially relevant.

Recently, theoretical studies [34-38] have shown that the enhancement and tunability
of single photon emission are possible through interfaces based on two-emitter systems
coupled to a cavity mode. In their scheme, tunable bandwidth and Purcell enhancement
are achieved by dynamical control of the collective states of the two emitters coupled by
dipolar interaction. The results open up interesting possibilities for application in single
photon generation for quantum information processing. At the same time, deterministic
positioning required for dipole—dipole coupling between emitters has been experimentally
demonstrated on several SPS platforms: organic molecules [39], color centers in h-BN [40]
and diamond [41], terylene molecules [42] and QDs [43—46]. The potential applications of
these cluster systems for the enhancement of I have not been studied neither theoretically
nor experimentally. As we will show, the cooperative dynamics of these cluster systems can
be exploited to maintain high I with arbitrary low Q cavities by tuning the energy transfer
rates between the emitters.

In this work, we present a theory for estimating I in a two-emitter system with strong
dephasing coupled to a single-mode cavity. We derived an analytical expression of I as a
function of the distance between the emitters, cavity decay rate, and pure dephasing rate.
The results show how the requirements of the cavity for high I change with the strength of
the dipolar interaction. Taking the model further, we propose a new interpretation of the I
value, which allows us to estimate its behavior with larger systems (i.e., systems with more
than two emitters). We performed numerical simulations of a system of five dipole-coupled
emitters to find the optimal configuration for maximum I. For the optimization process, we
developed a novel machine-learning (ML) scheme based on a hybrid neural network (NN)-
genetic algorithm (GA) to find the position of each emitter to maximize I. The optimization
procedure provides perfect I (i.e., I = 1) in arbitrary low Q cavities, offering unprecedent
advantages for relaxing the cavity requirements and favoring the use of QDs as SPS at
room T.

2. Materials and Methods
2.1. Dipole-Dipole Coupling Model

After rotating the wave approximation, the Hamiltonian for the two-QE system shown
in Figure 1a coupled to the single-mode cavity reads [35]:

H= 012( f02+010§> +ig( (1 + ) —a(a{r—ka;)), (1)

where 0; /0] are the lowering /rising operators of the QEs and a/a' the annihilation/creation
operators of the cavity field. The terms associated with v, y* and « are described under



Nanomaterials 2022, 12, 2800

3of 14

Born-Markov approximation, so the evolution of the density matrix follows the Lindblad
equation [34]:

% — —i[H,p] + L(DwpDy" — 1(Ds*Dyp + pDs* Dy))
n

@
+27 ;(mpﬂf -3 (t@*mp + p(ff@))(
17]
where the D;, denotes the collapse operators: \/xa, and /7*0; ;. We have assumed kd < 1
so the modified radiative decay rate is 2 y and ()1, = 45{—;)3
the QEs there is no coherent coupling between any state but the { [gg), |+)} set, so the
Hamiltonian and Lindblad equation can be written as:

H= Qu|+)(+| +iv2g(atoy — aai)ﬂ(
Dy)

. Without detuning between

®)

(5]

Tf = _i[pr] +Zn(DnPDn+ - %(Dn+DnP + oy

where 0 = %\/{2 and now the D,, denotes the collapse operators: (/Eﬁ, V2yo4 and

Vr*ol oy [34]. The equations in (14) corresponds to the evolution of a system with a single
effective QF with decay rate 2y coupled to a single-mode cavity field with v/2g. The degree
of I is defined as [30]:

I fJo> dtdt a®(t+7)a(t)

ffo7 dtdT(at (t)a(t))(at(t + T)a(t + 7)) @

Which can be computed numerically via the quantum regression theorem (QRT).
Alternatively, to derivate an explicit formula for I we start from the following expressions
of the master equation:

9Pee

aat = 1g(0ec — Pce) — VPee
SEC = 1g(0ce — Pec) — KPcc )

a ec :
St = ig(0ee — Pcc) — (% + 4(%)3)(7@

In the incoherent regime we can apply adiabatic elimination of the coherences by set-
ting agf =0 [30]. Substituting in (5) we obtain the rate Equation (14) with the corresponding
transfer rate R shown in (13). We can now obtain the numerator of (8) by calculating the

ne-G of the system from the equations of motion:

- - ~ R ~ R r
i26R(7) = is()f + [H—iz (o)} R(r), ¥ = (f+%) o ©)
ot 0 x/2
where GR(7) is the retarded GR(7) and f;R the retarded self-energy. Following a similar
procedure as in [30], the numerator in (4) can be substituted by:

7T(K+4g2F/(F2+%))

<a+(t+r)a(t)> = P2(t)e 7)

Solving Equation (14) for Pc we can analytically solve (4), which gives the expression
shown in (13).
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2.2. Larger Systems
2.2. Largenystige obtain the characteristic polynomial of (14): P(A) = A%+ (k +2R +1)A +
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6 in the decay rate units (A units), we draw the tangent line to P(A) at A = 0 (red line in

K/"{ 107

Figure 2b) and take the cut with the x-axis, which gives (( )) With this definition 6 reads:
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ation process. (c) Indistinguishability Versus normalized k, for g, = (green), 2y (red) and 3y (yel-

low). (d) Bloghdphetenofthalive-QEwystasedith phipidati() bie ftansianci fibetwedueadh subo is
systgximum when «, R << 1, and therefore from (8) we have that 6,,,y = x + R. Then the

normalized speed of divergence 6 is given by:
2.3. Machine Learning Scheme

kR
The Hamiltonian for the 5- Qﬁs—s;@temfom%g%sﬁﬂgle—mode cavity field can be (9)

e arr ws indicat C secutive values o

written as: e
which matches the &xpression for I [30]; If w Ly the same def1n+t10n ‘Pf 0 for the cascaded
cavity system’%EEl orVZ {8)fine YSiatn T(P (01 +0j) = alo; i) (11)
1 / 2 _‘_L KzR')

with i,j = (1,...,5). The modified radiatwedee%&@ﬁ@s #;,I and the dipolar interaction(10)
strengths Q;; can be obtained from the Erean dPeiisdfaf the system leading to [38]:

which pgaﬂHfmmUedltblﬁc@gpresal(mitde Bk affer-applykey; kdahhe approximations.

In the same way, for the two-emitter system 6 matches the I value shown in (13)12yote

Qyj —th{wﬁ@%@fféﬁl”ﬁlﬁiej ﬁ%l’é(ﬁﬁdh% jv\)her%oaq‘édhh}/ &éter}mnant and Tt is the trace of
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the rate equations matrix. Therefore, with this method we are able to obtain the analytic
expression of I for any system from trivial operations in the rate equations, without the
need of calculating the ne-G.

2.3. Machine Learning Scheme

The Hamiltonian for the 5-QEs system coupled to a single-mode cavity field can be

written as: L ZQU((( o )+zg2<ﬂ<’ﬁ( Ca(ajJra]T))( (11)

with7,j = (1, ..., 5). The modified radiative decay rates 7;; and the dipolar interaction
strengths ();; can be obtained from the Green's tensor of the system leading to [38]:

’)/1] = 2 {sm(kd,]) kdl]) (COS (kdlj) /kdljz) —sin (kdlj) /kdljz
=1 { — COSs (kdl] /(kdl]> (Sil’l (kdl]) /kdl]z) — COS (kdl]) /(kdljz

The evolution of the density\matrix follows the Lindblad Equation\(2) substituting -y
by 7;; and adding the corresponding /7* 0;to; operators. For each iteration the value of
is calculated by solving (2) numerically and computing (8) by QRT. As in each iteration a
12 x 12 matrix is diagonalized, the total time of each function evaluation can take several
minutes. At the same time, a GA optimization may require 10° evaluations of the fitness
function. If we directly use QRT for each evaluation, the optimization would require
excessive computational times. Instead, in our approach we first generate a data set (w, I)
with the results obtained from 2000 iterations. With these data, we train a deep NN which

(12)

learns to estimate the outcome of I for any possible set of random positions . Now, each
time the GA creates a random vector w, the evaluation of the fitness function obtains I from
the estimation of the NN. This way, each evaluation takes just a few seconds. Through the
iteration of cross-over and mutation, the GA finds the optimal configuration for maximizing
I after a certain number of generations. Therefore, with our NN-GA scheme we reduce the
number of actual numerical simulations for the dataset by two orders of magnitude.

The NN consists of a sequential layer model implemented in Keras module with the
corresponding settings: number of layers = 4; neurons per layer = 200; input-dimension = 10;
output dimension = 1; loss = mean square error; Epochs = 200; learning rate = 0.001; Batch
size = 100; Number of samples = 2000. After the training with 2000 samples both loss
and validation-loss converged to 1073, giving enough accuracy for the estimation of I and
the optimization model. The genetic algorithm uses decimal representation for the genes,
one-point crossover and uniform mutation. The total initial population was set to 5000,
the number of parents mattings = 2500, number of weights = 1000. Using these values, we
needed over 216 generations to find each optimal geometry.

3. Results
3.1. Indistinguishability of Dipole Coupled Emitters

We consider a system of two quantum emitters (QE) coupled to a single-mode cavity
field. Each QE is described by a two-level-system {|g), |e) } with a decay rate oy and a pure
dephasing rate v*. The QEs interact with each other by direct dipole-dipole coupling

with a strength ()1, = where k is the wave vector of the emission and d is the

3
S
distance between the QEs [34]. The cavity field in the Fock basis {|0),|1)} has a decay
rate x and is coupled to the QEs with a coupling constant g. Assuming kd < 1 and no
detuning between the QEs this system is equivalent to a single effective QE {|gg), |+)}
(e-QE) with a decay rate 2y [34]. Figure 1a shows a layout of the proposed system where
Figure 1a (top) shows the two interacting QEs with -y coupled to the cavity field with g, and
Figure 1a (bottom) shows the equivalent single effective QE system coupled to the same

cavity. Here |+) represents the superradiant state |+) = L\é‘g@. The e-QE is coupled to
the cavity field with v/2¢ and a cavity detuning § = Q5 [35]. In Figure 1b,c we report the
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numerical calculation of I for the e-QE as a function of the cavity parameters (g and «) for
fixed d, v and 7* = 10%. Figure 1b shows the region of high I in the incoherent regime
(i.e., g < x4+ v+ 7") while Figure 1c corresponds to the region in the coherent regime
(g§> x4+ 7+ 7"). The plots shows a color map with the indistinguishability of the effective
QE versus the normalized parameters of the cavity x and g.

Within the incoherent regime the dynamics can be approximated to a population
transfer between the e-QE and the cavity field with an effective transfer rate R [30]. From
the non-equilibrium Green'’s function (ne-G) of the system we obtain (see methods):

47T [P+ O] + [48%(r +1) + 01 P+ [T% + Oy ( (13)

2 + (1;2)6 T [1—'2 + Oqp 4-\8g2] . [ 2 + 1y + 4g21"]

where I' = v 4+ 7v* + «. In this regime the cavity behaves as an effective emitter pumped by
the e-QE, and the conditions for high I are x < o and R < 7 [30], as shown in Figure 1b.
As the distance between the QEs decreases the R of the e-QE reduces, so I remains high
for higher g values. This effect is easily visualized in Figure 1d, where we plot the iso-
contours of I = 0.9 versus the normalized parameters of the cavity x and g for different
values of d. Each color region in Figure 1d shows the I > 0.9 area for a specific value
of d, which ranges from d = 6.9 x 1072A to d = 8.5 x 1072 \. Whereas the maximum g
for I > 0.9 is about g = 10 v when d = 8.5 x 1072}, this value increases to ¢ = 20 ¥ when
d =6.9 x 1072 A. In other words, the requirement for Q (i.e., ¥ < 7) remains unchanged
and the R-reduction effect just enables high I for higher ¢ values, which is not particularly
interesting. Therefore, the implementation of the two-QE system does not provide any
practical advantages (in terms of Q and g) with respect to the single-QE. For the three
distances, Figure 1f confirms the excellent agreement for I values obtained from Equation
(1) and from numerical simulations of the two-QE system (see methods).

In the coherent regime the conclusions are roughly similar. Within the range where
g is close to the strong coupling condition, the (e-QE)-cavity system is equivalent to an
effective emitter [30] with decay rate 27y + R. Here the condition for high I is R > 7* [30], as
shown in Figure 1c. Same as before, reducing d decreases R, requiring higher g for high
I. Figure 1le shows the same iso-contours as Figure 1d in the coherent regime. The I > 0.9
region narrows upwards as d decreases due to the same R reduction effect. Thus, in the
coherent regime the two-QE system impose stronger restrictions than the single QE, since
it demands higher g values for obtaining high I. Therefore, the two-QE interface does not
provide any advantage for high I in terms of cavity requirements, in the incoherent or
coherent regimes. However, an extended exploration over systems with larger number
of coupled emitters can be relevant. As we will show next, exploiting the cooperative
behavior of optimized systems with more than 2 emitters can provide benefits in terms of I.

3.2. Larger Systems

We showed before that for a set of interacting two-level quantum systems in the inco-
herent regime the dynamics are described by a population transfer between the subsystems
with effective transfer rates R. As an example, for a single QE coupled to a single-mode
cavity field the evolution of the system reduces to the following rate equations [30]:

D0 A

where Pgp is the population of the QE, P¢ is the population of the cavity and R = %.
As it is described in the Methods section, I is obtained from the solution of (14) via the
QRT. Since QRT computation is an iterative process, it may be useful to study the dynamic
stability of the characteristic equation of (14) to find any kind of relation with I. For this
purpose, we have defined the degree of stability (6) by measuring the speed of divergence
of the characteristic equation of (14) (see Methods). After some algebra, we have found
a direct relationship between 6 and I (see Equations (9) and (10) in the Methods section).



Nanomaterials 2022, 12, 2800

8 of 14

This means that we can derive analytic expressions of I for arbitrary large system without
having to compute the ne-G. Instead, we obtain I from the determinant A and the trace T of
(14), which significantly simplifies the problem, especially for more complicated systems
(such as the ones with more than two emitters). This finding can be expressed as:

A _ v+ KK+RR
T Kk+2R+7

0=1= (15)

where A is the normalized determinant (see Methods). In the same way as I, if x increases,
0 decays at different rates depending on R. The alternative interpretation of I shown in
Equation (15) provides some hints to find a way of keeping high I with higher x values (i.e.,
to reduce the Q of the cavity). For the case of a single QE-cavity system the decay of 6 with
x can be tuned by changing R. If we include more QEs (or, in general, more subsystems)
we have additional transfer rates that may help even more to reduce the cavity Q. The
additional transfer rates will show up in the off-diagonal terms of the rate equations, giving
additional terms in A which can lead to new paths to improve the reduction of 6 with
. This approach can be illustrated with the cascaded-cavities scheme [31]. This system
considers a single QE coupled to a cavity which at the same time is coupled to a second
cavity. In the incoherent regime the dynamics follows the rate equations [31]:

QE —(v+Rq) Ry 0 Por
1 Rq —(x1+R1 + Ryp) Ry Pt (16)

- < 0 R, — (k2 4+ Ry) <§2 (
where P is the population of the first cavity, P, is the population of the second cavity, x;
is the decay rate of the first cavity, «; is the decay rate of the second cavity, R; is the transfer
rate between the QE and the first cavity and Rj. is the transfer rate between the first and
second cavity. In this case we have one more degree of freedom (R;) than in the single
QE-cavity system. Therefore, by adjusting Ry and R, we can tune the decay of the stability
with x in a more efficient way. Figure 2c shows a quantitative example of this improvement.
The plot shows the indistinguishability versus the normalized second-cavity parameter xp
for three different values of normalized first-cavity parameter g, = (green), 2 (red) and
37 (yellow). While with the single QE-cavity system I decreases below 0.5 for k¥ = 7, the
cascaded-cavities scheme can maintain I > 0.5 up to x; = 100y when setting the right Ry
and R; values (i.e., setting the cavity mode volume, V¢, and Q).

Therefore, adding more subsystems (emitters and/or cavities) provides additional
paths to maintain the stability and, therefore, relax the cavity requirements for high I.
Accordingly, we study now the case of a cluster of five QEs coupled to a single-mode cavity
field. With this scheme, we have 10 transfer rates (R;;) that can be tuned by setting the
relative distances between the QEs, so we have enough parameters to perform a sufficiently
complex optimization. Figure 2d shows a layout of the system where each Bloch-sphere
represents the time evolution of each QE;, and each arrow represents the specific transfer
rate between the QE; and QE;. Our aim now is to find the geometrical configuration of the
QEs that provides the optimal set of R;; that keep high I for high « values. This goal involves
an optimization task with 10 degrees of freedom, which is a highly non-trivial problem and
computationally very time-consuming. Nevertheless, similar optimization problems have
been recently solved using machine-learning methods [28,47-50]. Employing a similar
approach, we developed a machine-learning scheme based on a hybrid NN-GA algorithm
which is able to solve the optimization problem in very short computational times providing
the best geometrical configuration for the emitters.

3.3. Machine Learning Optimization

We consider five QEs with o* randomly positioned in a 2D-grid. All of them are
coupled to a single-mode cavity field with the same coupling constant g and cavity decay
rate x. Each relative distance dij (I,j=1,...,5) between QEs leads to a dipolar interaction
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strength ();; and modified decay rate 7;;. Since this scheme requires solving a system of
144 coupled differential equations, we are not able to derive an analytic expression for I such
as in the two-QE case. Instead, we numerically solve the Lindblad equation of the system
and compute I via QRT. At each iteration we generate a vector w with five random positions
Nanomaterials 2022, 12, x FOR PEER RE\ﬂﬁWhe QEs and we calculate I via QRT fora f1xed g and K. The data set (w I ) is theid wéeld to
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Figure 3. (a) Optimal configuration of the 5-QEs system in a 2D plane for (a) x = 10, (b) x = 50,

(c) x =100, (d) x = 500y and (e) x = 1000 y. The circles around each QE position corresponds to
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thepasiti phivgdtatetanaea fiorlaving I > 0.9. (f) Indistinguishability versus normalized x and g for
the optimized system shown in (a). (g) Field profile |E|?of the hexagonal PC-cavity-mode with a
point source placed at the antinode.

Within our scheme the realization of perfect I SPS with strong dissipative QEs is pos-
sible using well established photonic platforms. To verify this claim we performed 3D-
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Within our scheme the realization of perfect I SPS with strong dissipative QEs is possi-
ble using well established photonic platforms. To verify this claim we performed 3D-FDTD
simulations [51] of a point source placed at the antinode of a cavity-mode in a standard
2D-hexagonal SiN photonic crystal cavity (PCc). The V5 and Q were obtained from the
field profile (see Figure 3g) and frequency analysis of the resonance. For a QE with (7, 7%,
w) = (160 MHz, 400 GHz and 400 THz) such as color centers in diamond [52] we obtained
(g, x) = (1, 100). The radius and distances between the holes of the PCc were set to 120 nm
and 50 nm, respectively, which is compatible with most fabrication techniques [53-55]. To
highlight the benefits of our strategy we have contrasted the obtained performance with
standard single-emitter-cavity systems [30] for different QEs at high T. Diamond color cen-
ters, InGaAs QDs, GaAs QDs and single molecules at 300 K has a pure dephasing of 1000 v,
600 v, 1450 « and 10% vy, respectively [20,21,52,56]. Considering the same standard PCc
with (g, x) =~ (1, 100), a single-emitter-cavity system leads to [~0.01 for all these emitters,
whereas the five-QEs optimized platform provides I = 1. For these emitters, obtaining I = 1
with a single-emitter-cavity at room T would require at least a cavity with Q above 4 x 107,
which is beyond the state of the art for most current fabrication technologies.

4. Discussion

A key point to evaluate for the experimental realization of our scheme is the nanoscale
positioning approach for the deposition of the cluster of QDs. Novel positioning tech-
nologies have recently shown positioning accuracy at the nanometer level [57]. A 30 nm
positioning accuracy with GaAs QDs has been reported using atomic force microscopy [16].
Confocal micro-photoluminescence can provide 10 nm positioning accuracy also with GaAs
QDs as it has been shown in [58]. A 5 nm position accuracy has been achieved recently
with Bi-chromatic photoluminescence through a new image analysis software implemen-
tation [59]. In situ lithography approaches have also shown promising results improving
its position accuracy down to 30 nm [60]. Pick-and-place approaches have shown 38 nm
positioning accuracy for Si vacancy centers transference to aluminum nitride waveguides,
achieving 98% coupling efficiency [61,62]. Therefore, according to tolerances shown in
Figure 3b, for the case of point defects in diamond, using pick-and-place positioning we
would have a standard deviation of 38 nm with a target of about 30 nm. This leads to 81%
probability of successful deposition for a single QD. Successful deposition of the five QDs
in place would have a probability of 32%. An experimental realization should require the
fabrication of a large number of devices and checking for suitable candidates one by one.
According to this, although our scheme could enable the experimental demonstration of
certain quantum phenomena, it is still far from a high-scalable technology.

So far, we have explored the theoretical performance of our scheme considering
identical QDs without detuning A between the emitters. However, a more realistic analysis
involves the evaluation of the effect of mismatching between the emission frequencies
of the QDs. With this aim, we have incorporated a statistical detuning distribution to
the system of five QDs in the configuration shown in Figure 3b. We consider a normal
distribution setting the mean equal to 0 and standard deviation 0, = n+, as shown in
Figure 4a. The A of each QD is set randomly according to the normal distribution. We start
with the distribution o = -, we set five random A for the QDs and compute I. Then we
reset the random A according to the same distribution and compute again I, repeating this
process 200 times and computing the average of all obtained values of I. We obtained the
average value of I for the 20 different probability distributions ¢, = ny withn =1...20,
as shown in Figure 4b.
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