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This paper introduces the current state 

of the development of single photon sources 

that will play a central role in future quan-

tum information systems. By optically pump-

ing a system consisting of a semiconductor 

single quantum dot confined in a monolithic 

microcavity, it is possible to produce a single 

photon pulse stream at the Fourier trans-

form limit with high efficiency and with a 

high repetition speed. It is expected that this 

technique will not only prove to be useful 

for BB84 quantum cryptography using single 

photons, but will also find applications in oth-

er fields such as BBM92 quantum cryptogra-

phy using entangled photon pairs, quantum 

teleportation, quantum repeaters, and linear 

optical quantum computers.
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1. Introduction
Improvements in the protection of pri-

vacy and the ability to analyze complex sys-

tems are important issues to be addressed in 

the fields of information science and physi-

cal science in the 21st century. The former 

is needed to guarantee the security of per-

sonal information in telecommunications and 

computer systems, and the latter is needed 

to realize computer hardware and software 

that can process very large amounts of data 

in fields such as predicting weather patterns, 

analyzing ecological phenomena, controlling 

traffic and estimating stock market fluctua-

tions.

Quantum information research has pro-

gressed rapidly in recent years in the hope of 

addressing these needs. This field of research 

covers many topics, and is developing at an 

unprecedented scale with the involvement of 

researchers from many different leading-edge 

science and technology fields. Although it is 

very hard to predict how things will turn out 

in the future, it seems that as far as a hard-

ware is concerned, important roles will be 

played by photonic qubits for quantum com-

munication, nuclear spin qubits for quantum 

memory, and electron spin qubits for quan-

tum information processing to connect them 

together. This paper introduces the latest re-

search trends relating to the production of 

photonic qubits used for quantum communi-

cation and computation, with particular ref-

erence to the results obtained by the author’s 

group.

In quantum cryptography,1) the security 

of schemes that involve communication using 

an ordinary Poisson light source (such as the 

BB84 protocol which uses a semiconductor 

laser) can be threatened by an eavesdropper’s 

photon splitting attack (i.e., secretly extract-

ing and measuring a single photon when 

there are 2 or more photons in a pulse).2) 

Even in the Ekert91 or BBM92 protocols for 

quantum cryptography using EPR-Bell photon 

pairs produced by parametric downconver-

sion,3) bit errors occur due to the presence of 

two or more photon pairs per pulse.4) Hopes 

are therefore pinned on the development of 

a light source that can generate single pho-

tons or single EPR-Bell photon pairs at defi-

nite time intervals.

Methods have been proposed for imple-

menting optical quantum information pro-

cessing techniques that are more advanced 

than quantum cryptography, such as quan-

tum teleportation,5) quantum repeaters,6) and 

linear optics quantum computers.7) For such 

applications, it is essential to generate large 

numbers of single photons at definite time 

intervals that satisfy the condition of “indis-

tinguishable quantum particles”.

Various methods are currently being in-

vestigated for the production of single pho-

tons at definite time intervals, including 

methods that use single atoms, single ions, 

single molecules or single solid-state lattice 

defects (color centers). However, the results 

of these studies have yet to satisfy various 

conditions such as high efficiency, high speed 

and single-mode operation.

The author’s group has previously pro-

posed and verified a method for producing 

single photons regularly by using the Cou-

lomb blockade effect in a micro-pn junction 

with a quantum well as the active layer.8,9) 

However, the following three problems made 

it difficult to use this turnstile device in practi-

cal systems:

(1) To realize the Coulomb blocking effect for 

a single electron and hole, the device had 

to be operated at the extremely low tem-

perature of 50 mK.

(2) The electron-hole pairs have a long radia-

tive recombination lifetime of 25 ns, mak-

ing it impossible to operate the device at 

high repetition rates.

(3) The photons are radiated in random direc-

tions, resulting in a poor coupling efficien-

cy to an external optical system.

A conceivable way of addressing these 

problems is to generate single photons by 

using excitonic emission from a single InAs/

GaAs quantum dot excited by a pulse of 

light. The following experiments will be dis-

cussed in this paper: generating a stream of 

single photons from a single quantum dot,10) 

using a DBR post microcavity to increase the 
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efficiency of the external coupling efficien-

cy,11) generating a stream of single photons 

whose spectral width and pulse width are at 

the Fourier transform limit,12) experiments in 

which single photons at this Fourier limit are 

regarded as indistinguishable single quantum 

particles (two-photon interference phenom-

enon),13) and BB84 quantum key distribution 

experiments using single photons generated 

in this way.14)

2. Producing single photons
2.1 Photon –photon correlation

The second-order coherence function of 

the optical field that characterizes the differ-

ence between a single photon source and an 

ordinary laser light source is defined by the 

following equation:

〈a+(t)a+(t+ )a(t+ )a(t)〉
〈a+a〉2g (2)( )=τ ττ

where a (a+) is the photon annihilation 

(creation) operator.

Figure 1 shows the results of measure-

ments on an optical pulse stream from a 

mode-locked Ti:sapphire laser. A Hanbury 

Brown and Twiss optical intensity interfer-

ometer (described below) was used to make 

these measurements. The experimental re-

sults shown in Fig. 1 represent the histogram 

of photons detected at other times when 

a single photon was detected at time t=0. 

Since all the peaks including the peak at t=0 

are equal in height, this shows that in the 

pulses from a Ti:sapphire laser, when a single 

photon is detected in the pulse that arrives 

at time t=0, the probability that a second 

photon will be detected in the same pulse is 

equal to the probability that the first photon 

will be detected in a pulse that arrives at an-

other time. This is a unique characteristic of 

optical pulse streams where the photon num-

bers have a Poisson distribution.

In the case of a super-Poisson light source 

where the distribution of photon numbers is 

wider than a Poisson distribution, the prob-

ability that a second photon will be detected 

in the same pulse in which a single photon is 

detected is greater than the probability that 

the first photon will be detected in another 

pulse. This phenomenon is called photon 

bunching, and this characteristic is exhibited 

by light emitted from a source in thermal 

equilibrium. It originates from the stimulated 

emission of bosonic particles. Conversely, in 

the case of a sub-Poisson light source where 

the distribution of photon numbers is nar-

rower than a Poisson distribution, the prob-

ability that a second photon will be detected 

in the same pulse in which a single photon is 

detected is less than the probability that the 

first photon will be detected in another pulse. 

This phenomenon is called photon antibunch-

ing. Since each pulse obtained from a single 

photon source always consists of a single 

photon, g (2)(τ ) is given by the following equa-

tion:

0 ( =0)
g (2)( )=τ τ

1 ( =nT )τ{
where T is the light pulse repetition inter-

val, and n is a non-zero integer.

2.2 Emission spectrum from 
a single quantum dot

Figure 2 shows an AFM image of self-as-

sembled InAs/GaAs quantum dots produced 

by molecular beam epitaxy (MBE). By set-

ting a high deposition temperature, it is pos-

sible to reduce the surface density of quan-

tum dots. By using a combination of electron 

beam lithography and dry etching techniques 

to process this wafer into posts with a diame-

ter of 0.2 µm, it is possible to optically excite 
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Fig. 1: Measurement results for a Poisson light source 
(pulse stream from a Ti:Al2O3 laser)
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Fig. 2: AFM image of self-assembled InAs/GaAs quantum dots made by MBE deposition
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Fig. 4: (a) Emission spectrum 
from an InAs single quantum 
dot excited at energies higher 
than the GaAs band edge. 
(b) Emission spectrum from an 
InAs single quantum dot when 
the second quantization level 
is resonantly excited. 
(c) Variation of emission inten-
sity with CW pump power for 
emission lines 1 (�) and 2 (�).
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Fig. 3: Single quantum dot light emission measurement system

a single quantum dot in isolation. The experi-

mental step is shown in Fig. 3. The temporal 

response to light emission and the spectral 

characteristics were measured with a streak 

camera and a grating spectrometer. The Han-

bury Brown and Twiss interferometer used to 

measure g (2)(τ ) consists of a 50-50% beam 

splitter, an optical band-pass filter, a single 

photon counting Si APD (SPCM), and a delay 

time measuring circuit.

Figure 4(a) shows the emission spectrum 

of the first quantum level (1 e-1 h) in the case 

where optical pumping is performed at a 

higher energy than the GaAs band gap. The 

emission patterns from different quantum 

dots have basically the same pattern except 

for relative shifts in wavelength. Emission 

peaks 1 and 2 correspond to single-exciton 

and biexciton emissions from a neutral quan-

tum dot, respectively. The emission wave-

length difference results from multiple carrier 

interactions, and correspond to the exciton 

molecule binding energy. Emission peaks 3 

and 4 indicate the exciton (trion) emission 

from quantum dots that have trapped a hole 

and an electron respectively and have positive 

and negative charges.

Figure 4(b) shows the emission spec-

trum from the first quantum energy level (1 

e-1 h) when an InAs quantum dot is excited 

by resonant optical pumping to the second 

quantum energy level (2 e-2 h). It is known 

that resonant optical pumping can suppress 

the emission peaks 3 and 4 from the quan-

tum dot. This fact has important significance 

for the realization of a single photon source 

at the Fourier transform limit described be-

low.

Figure 4(c) shows that in the low pump-

ing region the emission peaks 1 and 2 in-

crease in proportion linearly and quadrati-

cally to the pumping intensity. The respective 

emission dependences on the pump power 

support the interpretation of exciton and bi-

exciton emissions. These experimental results 

relate to CW pumping, and when the steady-

state average number of excitons in the 

quantum dot exceeds 1, the probability that 

a single exciton is trapped in the quantum 

dot decreases and the strength of the exciton 

emission peak is reduced.

Figure 5(a)-(d) shows the temporal re-

sponse of the exciton, biexciton and triexci-

ton emission intensities when pumped with 

light pulses of various intensities.15) The dou-

ble lines show the theoretical values based 

on two assumptions: (i) that the number of 

excitons injected into the quantum dot at 

t=0 follows the Poisson distribution of the 

average value µ, and (ii) that each exciton in-

dependently releases a photon with a fixed 

emission lifetime of τ . The experimental re-

sults can be well explained by selecting the 
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two parameters of the average number of 

excitons µ and the photodetection quantum 

efficiency I0. When the number of excitons 

injected into the quantum dot at t=0 is three 

or more, no triexciton emission occurs until 

the number of excitons in the quantum dot 

reaches 3. Also, biexciton emission does not 

occur until the triexciton emission has finished 

and the number of excitons in the quantum 

dot has reached 2. The process leading up to 

the exciton emission is the same. Figure 5(c) 

shows the results of measurements with a 

streak camera indicating this state.

 

2.3 Post filtering
The last photon to be released from a 

quantum dot that initially has multiple exci-

tons has a unique emission wavelength and 

is the only photon with this wavelength. By 

using an optical band-pass filter to extract 

just this last photon, it is possible to gener-

ate a single photon corresponding to each 

pump pulse. Figure 6(a) shows how the post 

filtered exciton emission intensity obtained 

in this way varies with the intensity of the 

pumping light.10) The strongly saturated char-

acteristics show that when one or more exci-

tons are injected into the quantum dot, the 

last photon to be generated is always extract-

ed by the band-pass filter. Figure 6(b) shows 

the results of measuring g (2)(τ ) from a stream 

of single photons generated in this way.10) 

Here, the unique characteristics of a single 

photon source – g (2)(0)≈0, and g (2)(τ=nT)=1 

– are more or less realized. The small residual 

value of g (2)(0) is due to insufficient suppres-

sion of the optical filter’s stop bands. Close to 

t=0, the value of g (2)(τ=nT) becomes greater 

than 1 because the light emission from the 

quantum dot is superimposed on the on-off 

modulation (blinking effect). This results in a 

repeating pattern whereby the quantum dot 

emits light at the wavelength being measured 

at a certain time, after which the light emis-

sion at this wavelength stops, and then re-

starts again. This is thought to be caused by 

a shift in exciton emission wavelength result-

ing from the capture and release of carriers 

into and out from carrier traps in the vicinity 

of the quantum dot. Similar reports relating 

to the generation of single photons using a 

single quantum dot have been reported by 

several research groups.16-19)
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Fig. 8: Resonant modes of a microcavity 
with a post diameter of 6 µm

Fig. 9: Variation of emis-
sion intensity and spon-
taneous emission lifetime 
with emission wavelength 
for microcavities with post 
diameters of (a) 2 µm and 
(b) 0.5 µm.

ing reasons: (i) the height of the post was 

insufficient and part of the DBR underneath 

is remained un-etched when the post was 

formed, resulting in increased diffraction 

losses of reflected light, and (ii) the shape of 

the post has a sharply tapering structure that 

causes transverse radiative losses.

The Purcell factor γ /γ 0 increases as the 

cavity’s Q value increases, as the mode vol-

ume V0 decreases, as the position of the 

quantum dot approaches the position of the 

Fig. 7: GaAs/AlAs DBR micropost cavities 
enclosed in the center of InAs quantum 
dots produced by electron beam lithogra-
phy and (a) Electron Cyclotron Resonance 
(ECR) dry etching, (b) Chemically Assisted 
Ion Beam Etching (CAIBE).

(a) (b)

1   mµ

3. Controlling spontaneous 
emission with a single-mode 
cavity

Figure 7(a) shows an SEM photograph 

of a three-dimensional microcavity produced 

by using electron beam lithography and ECR 

dry etching to process a DBR planar cav-

ity made by MBE into a post shape. An InAs 

quantum dot is embedded in the central opti-

cal cavity layer.

Figure 8 shows the emission spectrum 

of a DBR microcavity with a post diameter of 

6 µm.11) In a post system of this size, large 

numbers of InAs quantum dots having non-

uniform spreading contribute to the emission 

spectrum. Since different transverse modes 

(HE11, HE21, ...) have different longitudinal 

wavenumber, they each have different reso-

nant wavelengths. The arrows show the the-

oretical values of the resonant wavelength 

for each mode, and explain the experimental 

results well.

Figure 9(a) and (b) show the results of 

measuring the wavelength dependence of 

the emission spectrum and emission lifetime 

of the HE11 fundamental mode of DBR mi-

crocavities with post diameters of 2 µm and 

0.5 µm.11) The fact that the emission lifetime 

is shortest at the resonant wavelength of the 

cavity is a unique characteristic of a three-di-

mensional cavity. In general, the spontaneous 

emission rate at the resonant wavelength of 

a three-dimensional cavity normalized by the 

spontaneous emission rate γ0 in free space is 

called the Purcell factor, as expressed by the 

following formula:

+4( – c)2
Q 3 2

2 2n3V00
F ≡ γ

γ = λ
π 2

c∆λ
2
c∆λ

λ λ
E

Emax

Here, λ  is the emission wavelength, λ c is 

the resonant wavelength of the cavity, V0 is 

the cavity’s mode volume, Emax is the maxi-

mum electric field inside the cavity, E is the 

electric field at the position of the atom, and 

∆λ c/λ cQ  is the resonant width of the cav-

ity. The ratio of the rate of spontaneous emis-

sions into the single cavity mode to the over-

all spontaneous emission rate is called the 

spontaneous emission coefficient, which is 

expressed as follows:

β =1–
1
F

To investigate the Q value of an ideally 

formed DBR micropost cavity, its behavior was 

studied by the first principle, i.e., using the 

finite difference time domain method.20,21) A 

post with a diameter of 0.4 µm and a height 

of 5 µm was predicted to achieve a Q value 

of 10000, a mode volume V of 1.5 (λ /n)3, a 

Purcell factor F of 100, and a spontaneous 

emission coefficient β  of 0.99.20) This value 

is at least an order of magnitude better than 

the value measured experimentally. This dis-

crepancy is thought to occur for the follow-
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maximum electric field, and as the exciton 

emission wavelength approaches the cavity 

resonant wavelength. A larger Purcell factor 

results in a greater reduction ratio of the ex-

citon emission lifetime. Achieving a large Pur-

cell factor γ /γ 0 and a spontaneous emission 

coefficient β  close to 1 requires that the mi-

crocavity has a large Q and small V0.

But as shown in Fig. 7(a), the post shape 

produced by conventional ECR dry etching 

has a tapering structure caused by under-

cutting. This causes the radiative losses to 

increase and as a result the magnitude of 

Q is kept down to 300-800 or thereabouts. 

This problem was addressed by switching to 

chemically assisted ion beam etching (CAIBE), 

resulting in the successful fabrication of a 

post structure with little tapering as shown 

in Fig. 7(b). This technique was used to pro-

duce a GaAs/AlAs DBR post microcavity with 

a post diameter of 0.4 µm and a post height 

of 5 µm with suppressed taper-related radia-

tive losses, which was able to exhibit the fol-

lowing characteristics: Q=1300, V0=1.5(λ /n)3, 
γ /γ0=6 and β=0.84 (Fig. 10). It was also possi-

ble to improve the external quantum efficien-

cy of photons extracted as a simple Gaussian 

beam to 38%.22)

4. Generating a single photon 
pulse at the Fourier transform 
limit
4.1 Indistinguishable quantum 
particles

The lifetime of excitonic emissions from 

a quantum dot is normally 0.5-1 ns. On the 

other hand, the decoherence time of exciton 

polarization caused by phonon scattering is 

about 1 ns at a temperature of 4 K.23) That is, 

the natural width of spontaneous emissions 

is of about the same order as the homoge-

neous broadening caused by phonon scatter-

ing. If the lifetime of excitonic emissions from 

a single quantum dot can be reduced using a 

three-dimensional microcavity, then it should 

be possible to reduce the excitonic emission 

linewidth to the natural width limit deter-

mined by the emission lifetime, and to reduce 

the temporal width and spectral width of 

successively radiated single photon pulses to 

the Fourier transform limit. A single photon 

pulse stream of this sort should give rise to 

quantum interference phenomena as indistin-

guishable quantum particles.

Figure 11 shows an example of such 

quantum interference. When two identical 

particles 1 and 2 are known to have one each 

of the two states | rA〉 and | rB〉, the system 

state is expressed as a completely symmetric 

or completely antisymmetric wave function.

[ 1, A; 2, BΨ γ γ
2
1

12 〉 =

±

〉

2, A; 1, Bγ γ 〉 ]

The former applies to bosons, and the 

latter applies to fermions. This is called the 

symmetrization postulate. When two identi-

cal particles are incident on a 50-50% beam 

splitter, bosons both appear simultaneously 

at the same output port, but fermions are 

always output from different ports. This is a 

characteristic phenomenon of quantum parti-

cles that occurs due to quantum interference 

between the direct term and the exchanging 

term (the first and second terms respective-

ly in the above equation) of symmetric and 

antisymmetric wave functions.24) This quan-

tum interference phenomenon is the source 

of the Pauli exclusion principle for fermions 

and phenomena exhibited by bosons such as 

stimulated emission (lasers), Bose condensa-

tion and superconductivity. The scattering 

characteristics of indistinguishable quantum 

particles in a 50-50% beam splitter shown in 

Fig. 11 can also be used for the identification 

of EPR-Bell states and form the basis of quan-

tum teleportation,5) quantum repeaters,6) and 

linear optical quantum computers.7)
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When the wave functions of the two single photons were overlapped at the output 50-50% beam splitter, 
the simultaneous counting probability was found to be lower due to two-photon interference.

Fig. 14: An entanglement based quantum cryptography protocol using two single photons and a 50-50% 
beam splitter
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Fig. 12: Results of using a Michelson interferometer to measure the coherence time of a single photon 
pulse and a streak camera to measure the pulse duration.

4.2 Two-photon interference 
experiments

Figure 12 shows the results of using a 

Michelson interferometer to measure the co-

herence time of a single photon pulse stream 

generated from this single quantum dot micro-

cavity (coherence time τ c: 200 ps) and the re-

sults of using a streak camera to measure the 

pulse duration (amplitude decay time 2τ rad: 

290 ps).13) This only differs from the Fourier 

transform limit 2τ rad=tc by a factor of 1.5.

Figure 13(a) shows the collision experi-

ment for two single photons generated at 

2 ns time intervals. The delay time of the 

Michelson interferometer  was set to 2 ns, 

which is the same as the interval between 

the two single photon pulses. Figure 13(b) 

shows the joint counting probability with 

which the two detectors T1 and T2 detected 

the photons at t=0 and t=τ .13) Peaks 1 and 

5 in the central cluster centered on t=0 cor-

respond to the case where the first photon 

takes a short path and the next photon takes 

a long path. Peaks 2 and 4 correspond to 

the case where the two photons both take 

a short path or both take a long path. The 

central peak 3 corresponds to the case where 

the first photon takes a long path and the 

next photon takes a short path, and only in 

this case are the two single photons incident 

on the output 50-50% beam splitter simulta-

neously. The fact that peak 3 is smaller than 

peaks 2 and 4 shows that quantum interfer-

ence is actually occurring in the identical bo-

son particle collisions shown in Fig. 11. Fig-

ure 13(c) shows that this suppression of the 

simultaneous counting probability reaches a 

maximum when the two pulses overlap com-

pletely, and disappears when the delay time 

exceeds the pulse width 2τ rad: 290 ps. The 

dip in simultaneous computation probabil-

ity caused by two-photon interference shown 

in Fig. 13 is deeper than the value predicted 

from the offset from the Fourier transform 

limit (1.5 times) shown in Fig. 12. This might 

be because the coherence time in Fig. 12 

does not reflect the actual homogeneous 

linewidth but includes the effects of a small 

drift in the emission wavelength due to the 

inflow and outflow of carriers in carrier traps 

near the quantum dot.
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4.3 Conversion into an entangled 
photon pair

Figure 14 shows that it is possible to 

implement an entanglement based quan-

tum cryptography protocol using two such 

single-photon pulses at the Fourier transform 

limit.25) In this protocol, the two indistinguish-

able single photons are simultaneously sent 

to Alice and Bob respectively by a 50-50% 

beam splitter. If Alice and Bob both detect 

the photons individually at time 2, then the 

first photon will have taken a long path and 

the next photon will have taken a short path 

before being detected by both parties. How-

ever, it is impossible to tell if Alice detected 

the first photon 1 ( |1,L〉A) and Bob detected 

the next photon 2 ( |2,S〉B), or vice versa. This 

situation is called a time-energy entangled 

state, and is expressed as follows:

[e 1, L A 2, S B+e 2,

S A 1, L B]

Ψ
2
1

12 〉 = 〉 〉

〉 〉

θi φi

where θ  and φ  are the random phase 

modulations introduced into Alice and Bob’s 

delay lines (0 or π/2). When their two phases 

θ  and φ  are the same, there is a perfect corre-

lation with respect to which detector detect-

ed the photon, and it is possible to make a 

secret key from this result. When their phases 

θ  and φ  are different, there is no correlation 

between their detector results, in which case 

the measurement results are discarded. When 

Alice and Bob’s photon detection times are 

1 on the one hand and 3 on the other, then 

the first photon will have 

taken a short path and 

the next photon wi l l  

have taken a long path, 

in which case there will 

be a perfect correlation 

with respect to the times 

of detection, and a se-

cret key can be derived 

from the result .  This 

sort of quantum cryp-

tography relies on the 

property that two single 

photons form indistin-

guishable identical quan-

tum particles. A slightly 

different version of gen-

erating an entangled photon-pair from two 

indistinguishable single photons has been re-

cently demonstrated.26)

Figure 15 shows an example of a con-

figuration for quantum teleportation using a 

single photon pulse at the Fourier transform 

limit. The single photon pulse is converted in-

to an EPR-Bell state by a 50-50% beam split-

ter.

[ 0 b 1 c+ 1 b 0 c]2
11 b �〉 0 c〉 〉 〉 〉 〉

Here, mode b is obtained by mixing ar-

bitrary incident linear superimposed states 

a0|0〉a+a1|1〉a with a separate 50-50% beam 

splitter, and the output is subjected to Bell 

state analysis. Mode c is controlled based on 

EPR-Bell 
state analysis

Classical information (2 bit)

a0| 0〉c + a1 |1〉c

[ |0〉b | c + |1〉b |0〉c ]

|1〉b |0〉c

a0|0〉a + a1|1〉a

Beam
splitter

Single photon

φ

2
1

Fig. 15: Quantum teleportation using a single photon at the Fourier transform limit
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the results, and the initial state of mode a is 

reproduced in mode c.27) At this time, two 

single photon pulses that are incident simul-

taneously in mode a and mode b must evi-

dently be indistinguishable identical quantum 

particles. This quantum teleportation gate is 

a fundamental building block for linear op-

tics quantum computation7) and has been 

successfully demonstrated in a recent experi-

ment.28)

5. Quantum cryptography 
using single photons

Figure 16 shows a theoretical prediction 

of how the transmission speed of BB84 quan-

tum cryptography using an ordinary semicon-

ductor laser light source and a single photon 
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60 dB in a 0.8 µm band system or increase 

the fiber length to 100 km in a 1.5 µm band 

system. The ultimate secure key creation rate 

was recently calculated for cases where a 

single photon source emits two or more pho-

tons with a finite probability (g(2)(0)≠0) and 

where the external quantum efficiency is less 

than 1 (η<1), and even in these cases it was 

found that the resulting characteristics are 

better than when an ordinary Poisson-distrib-

uted light source is used.29)

Figure 17(a) shows a BB84 quantum 

cryptography test system using the single 

photon source developed here.14) This sys-

tem generates single photons at a repetition 

frequency of 76 MHz using a mode-locked 

Ti:Al2O3 laser. Alice uses random variables 

generated in her computer to modulate the 

polarization state to one of four states – hori-

zontal (H), vertical (V), right-handed circular 

(R) or left-handed circular (L) – and sends it 

to Bob. Bob then splits the received photons 

into two paths with a 50-50% beam split-

ter and detects one path on an H-V basis and 

the other on an R-L basis. Since the photons 

are randomly divided between either of the 

output ports, this demodulation scheme is 

called passive demodulation. After this quan-

tum transmission has taken place, Alice and 

Bob publicly compare the polarization bases 

they used, and store only the data for cases 

where they matched. Figure 17(b) shows a 

histogram of Alice and Bob’s data.14) As this 

figure shows, a strong correlation is formed 

when Alice and Bob use the same polariza-

tion base. After that, classical error correction 

is performed using a block coding technique. 

To increase the level of security so as to sup-

press the leakage of information to eaves-

droppers to a level where it is ultimately neg-

ligible, classical privacy amplification is finally 

employed. Figure 17(c) shows how the re-

peater gain varies with the final key creation 

rate per transmitted pulse in this system. In 

the present system, since the average number 

of photons sent out to the transmission path 

per pulse is 3×10-3, it is inferior to schemes 

using an ordinary semiconductor laser in the 

region of small repeater gain (propagation 

loss), but in the high repeater gain region the 

small value of g (2)(0) makes it advantageous 

to use a single photon source. In the future 

it is expected that the theoretically predicted 

repeater gain of 60 dB will be assured by re-

ducing optical losses inside a transmitter.

source (final key creation rate per pulse after 

error correction and privacy amplification) 

varies with fiber length (1.5 µm band) or re-

peater gain in the case of spatial propagation 

(0.8 µm band). When an ordinary semicon-

ductor laser light source is used, there is a 

possibility of generating two or more pho-

tons per pulse due to the Poisson-distributed 

photon numbers, allowing an eavesdropper 

to use a photon splitting attack. To reduce 

this possibility, it is essential to suppress the 

average number of photons per pulse to a 

value less than 1. As the fiber length or re-

peater gain increases, the average number of 

photons per pulse becomes even smaller, and 

eventually becomes smaller than the aver-

age dark count of the detector. At this stage, 

the bit error rate becomes very large, mak-

ing secure key creation impossible. This limit 

corresponds to a repeater gain of 20 dB for a 

0.8 µm band space propagation system or a 

fiber length of 20 km for a 1.5 µm band fiber 

system. However, if an ideal single photon 

source is used, the probability for 2 or more 

photons per pulse is suppressed to 0, so the 

average number of photons sent out to the 

propagation path can be set to 1. This makes 

it possible to increase the repeater gain to 
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6. Direct generation of 
EPR-Bell photon pairs

Figure 18 shows the two photon emis-

sion process when two electrons and two 

holes are confined at the ground state in 

a single InAs quantum dot. According to 

the anti-symmetrization postulate of quan-

tum mechanics, the two electrons and holes 

should be in respective spin singlet states.

These two electron-hole pairs release 

two photons, but are subject to the so-called 

selection rules whereby an up-spin electron 

(J=+1/2) only recombines with an up-spin 

hole (J=+3/2) to release a right-handed cir-

cular polarized (σ +) photon, and a down-

spin electron (J=-1/2) only recombines with 

a down-spin hole (J=-3/2) to release a left-

handed circular polarized (σ -) photon. The 

first biexcitonic photon to be released has 

equal probabilities (50%-50%) of being σ + 

or σ -, while the second excitonic photon to 

be released should have the opposite polar-

ization. If the time interval between the re-

lease of the first and second photons is much 

shorter than the spin phase relaxation time of 

electrons and holes, and also if the energies 

of spin-up and spin-down excitons in inter-

mediate states become degenerate, then it is 

impossible to tell which route was taken by 

the system and the states of the two photons 

enter the following polarization triplet entan-

gled state:30)

[ + 1 – 2+ – 1 + 2]Ψ σ σ
2
1 σ σ〉 = 〉 〉 〉〉

If the emission time interval between the 

first and second photons becomes longer 

than the spin phase relaxation time, then any 

information about which route was taken by 

the system is lost to the external bath, so the 

states of the two photons form a mixed state 

as follows:

ρ
2
1= [ + 11 +σ σ – 22 –σ σ〉 〈 〉 〈⊗

+ – 11 –σ σ + 22 + ]σ σ〉 〈 〉 〈⊗

Figure 19 shows the results of experi-

ments performed to confirm this fact.31) 

Measurements were made of all the ele-

ments in a 4×4 polarization matrix repre-

senting the polarization states of biexcitonic 

photons and excitonic photons. As a result, 

it was found that the polarization state of 

the two photons is not the expected en-

tangled state but a mixed state consisting 

of |H〉1|H〉2 and |V〉1|V〉2. The reason for this is 

shown in Fig. 20.31) When light emitted from 

the quantum dot is separated into H-po-

larized and V-polarized components which 

are input to a Michelson interferometer and 

the interference fringe is measured, they are 

each found to be exponentially decaying. 

The H-polarized and V-polarized waves have 

different decay constants because the reso-

nant wavelength of the cavity is anisotropic 
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and the exciton emission wavelength is close 

to the resonant wavelength for H-polarized 

waves. If the H-polarized and V-polarized 

waves are introduced into the Michelson in-

terferometer without separating them first, 

then the interference fringe is found to oscil-

late with a period of 200 ps as shown in Fig. 

20(a). The period of this oscillation shows 

that the energy difference between the H-po-

larized and V-polarized photons is 13 µeV. 

That is, the energy of the excitons in the two 

spin states comprising the intermediate state 

are not degenerate. This is thought to be due 

to such effects as residual stress and anisot-

ropy of the quantum dot shape. Thus the sys-

tem ends up in the mixed states |H〉1|H〉2 and 
|V〉1|V〉2 because the information about which 

paths the two photons were released along 

leaks out from the system via the energy of 

the excitonic photon.

If a microcavity can be used to make the 

exciton emission lifetime much shorter than 

200 ps, then the energy difference between 

the H-polarized and V-polarized waves would 

be hidden by natural linewidth. It therefore 

remains possible that polarization entangled 

states can be generated directly.

7. Prospects
The generation of a regular single photon 

stream at the Fourier transform limit is a new 

development in quantum information pro-

cessing using photonic qubits. This technique 

has been used in various quantum informa-

tion systems, including the generation of en-

tangled photon pairs, BBM92 quantum cryp-

tography, quantum teleportation, quantum 

repeaters and linear optical quantum gates.

When considering the future quantum 

information technology, it will be necessary to 

encode information on the photonic qubits in 

quantum communication but store informa-

tion on the nuclear spin qubits in quantum 

memory. Electron spins will no doubt play an 

important role as an interface between the 

two. It is hoped that a great deal of wisdom 

will be developed on how to connect these 

three qubit systems.
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