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Abstract: The advent of quantum information and computation science has placed stringent 

demands on optical sources, namely that produce single or entangled photons. Quantum 

cryptography, quantum radiometry, distributed quantum computing as well as adjacent technologies 

such as biomedical, and astronomical imaging and low power classical communication also rely on 

single photon technologies and their entanglement. This essay briefly recalls the basic concepts of 

quantum optics in explaining the single and entangled photons, surveys some of the important 

applications and reviews current ideas and recent developments towards reliable, rapid and efficient 

sources of single and entangled photons. 
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The concept of the photon, central to Einstein’s explanation of the photoelectric effect, is 

about a century old. Yet, while photons have been detected individually for more than 50 years, 

devices producing individual photons on demand have only appeared in the last few years. The 

pioneering work in this field has been done by R. Hanbury Brown and R. Q. Twiss (1956), who 

for the first time measured intensity correlations in a light beam originating from a thermal 

source, thus stimulating a good deal not only of experimental but also of theoretical progress in 

what is nowadays known as quantum optics. Single emitters usually deliver photons one at a 

time, i.e. antibunching. Photon antibunching was first observed by Kimble, Mandel, and 

Dagenais in their resonance fluorescence experiment with Na in 1977 [1].  

Entangled photon sources also offer revolutionary possibilities. The qubit, which is a unit 

of quantum information in quantum computing, is analogous to the bit in classical information 

theory. A bit can be either of two states, denoted as 1 and 0. However, a qubit can be either of 

the two states or a superposition of the two states. Unlike classical bits, qubits can also become 

entangled [2]. Entanglement is one of the most perplexing and counterintuitive results of 

quantum theory. Two entangled particles share a single wave function that is not separable into 

distinct wave functions for each particle. As a result, measurements conducted on one of the 

particles immediately yields information about the state of the other particle, even if they are 

separated a significant distance in space. This result can be interpreted in a variety of fascinating 

ways, such as that a single particle “teleports” between the two locations or that faster than light 

communication has somehow occurred [3]. Although many of these studies provides a tool to 

probe the limits of quantum mechanics as well as potential applications (like quantum computing 

and quantum cryptography) along with single photons, their experimental realization by efficient 

and reliable sources still remains in its infancy. 

The first successful generation of single photons (Clauser 1974) was based on a cascade 

transition of calcium atoms. The cascade source was instrumental for tests of Bell’s inequalities 

[4]. Until the emergence of quantum optics, the “single photon regime” was attained by strongly 

attenuating a laser beam to ensure that the probability of having more than one photon became 

negligible. However, such attenuated photon sources differ from “true” single photon sources in 

a way that these macroscopic sources give a Poisson distribution of photons and must be strongly 

attenuated to reduce the probability of obtaining two or more photons. The rate of emission of 

single photons is therefore limited. New concepts for single-photon sources, or ‘photon guns’, 

have originated from recent progress in the optical detection, characterization and manipulation 

of single quantum objects. These sources are built around a single emitting nano-object, 

producing photon distributions which are very far from Poissonian. In most cases, for example, 

the probability density of emitting two photons at the same time can be completely neglected, 

whereas it is still high for an attenuated Poisson source with the same brightness. In such cases, 

the emission process is spontaneous and takes place after a rapid excitation of the emitter (fig 2). 

This emission could be due to the fluorescence of organic dye molecules [5]. They work in room 

temperature and have small inhomogeneous broadening but they are non stable due to photo 
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bleaching. Apart from that semiconductor quantum dots in microcavity are used [6] which show 

promising result only in cryogenic conditions. However, lot of research is being carried out in  

the enhancement of the single-emitter fluorescence rate in liquid crystal and organic photonic 

bandgap microcavities [7] .  Other sources include color centers, single atom [8] or single ions. 

Usually a laser beam from confocal microscope is used for excitation of the sample and then 

high power detectors and sophisticated software are used for characterizing by measuring the 

second order correlation function g
(2)

(τ). This function shows the existence of next photon 

coming after a time delay τ which is zero for single photon state (fig 1). However worlds first 

commercial source of individual photon were made by using (NV) color centers in nano-

diamonds [9]. Most recently, a team of scientists have fabricated SPD by a modified p-n junction 

using nano-diamond that is powered only by an electric current at room temperature [10]. 

Entangled states can currently be created in a controlled manner using technologies such 

as ion traps, cavity quantum electrodynamics, and optical processes (SPDC). Spontaneous 

parametric down-conversion (SPDC) has been the main method to generate entangled photons 

during these last years. When a nonlinear crystal with a second-order nonlinear susceptibility of 

χ 
(2)

 is pumped by a laser, with a rather low probability, a pump photon splits into two photons 

(traditionally called signal and idler). This process is subject to energy conservation and 

momentum conservation, which is expressed as 

 

hωp = hω1 + hω2          (1) 

hkp  = hk1 + hk2          (2) 

 

where ω is the frequency, and k is the wave vector of the three photons. The second equation is 

called the phase-matching condition, which determines the spatial and spectral distribution of the 

down-converted photons. The frequencies of the two photons can be very near or faraway and 

the propagation directions of them can be collinear or not. Determined by the polarization of the 

generated photons, the phase-matching is classified into two types, Type I (parallel polarization) 

and Type II (perpendicular polarization). A theoretical description of SPDC was first developed 

by Hong and Mandel in 1985 [11]. Later Rubin et al. studied the specific case for a type-II 

configuration extensively [12]. Different kinds of entanglement, such as momentum, time, 

polarization, orbital angular momentum, multi-photon polarization entanglement and hyper-

entanglement etc. can be generated through the SPDC process [13]. Besides the SPDC light 

source with bulk crystals, there are some other methods to create entangled photons. One of them 

is four-wave mixing in optical fibers [14] utilizing the χ
(3)

 nonlinearity. The main advantage is 

that entangled photons are created inside optical fibers thus their spatial mode is automatically 

adapted to the fiber mode (Not like the case of bulk-crystal-based SPDC source which suffers 

from coupling the created photons into a proper fiber mode). Biexciton decay in a single 

quantum dot is another method to create entangled photons. The first experimental realizations 

were achieved by Stevenson et al. [15] and by Akopian et al. [16] in 2006. Four-wave mixing in 
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atomic ensembles is another alternative for creating entangled photons [17]. Very recently, the 

pair collection efficiency has been further improved [18], indicating the advantage of a potential 

realization of on-demand entangled photons which are rather important for efficient preparation 

of large-scale entangled states [19].  

 Thus, by the fundamental theories of quantum optics and sources of constant and 

predictable stream of triggered single photons, emitted with defined polarization and maximum 

yield, quantum communication can offer excellent security for exchanging information. Schemes 

for quantum cryptography (BB84 protocol) [20] where information at one site can be sent with 

unconditional security to another site by encoding information in the polarization of single 

photons, has already been realized. We are still in quest of that perfect single photon source that 

could turn quantum information processing into a reality. 
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Fig 1: The correlation function can become greater than or equal to one in classical light field (eg thermal or 

coherent light) and can be lower than one in quantum light field (sub-poisson state, number state, etc) [13] 

 

 
 

 

Fig 2 : Simple schematics of single emitter system showing excitation by source and relaxation by 

emission of a photon [5] 

 
 


