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 1 Introduction Photons emitted from single semi-
conductor quantum dots show interesting quantum proper-
ties. Recombination of a single exciton (an electron–hole 
pair) emits a single photon. A well controlled excitation 
process emits single photons on demand. This allows to re-
alize a completely new type of experiments, as for example 
single-photon interferometer measurements [1, 2]. Alterna-
tively, two photons emitted successively can be made in-
distinguishable and thus time-bin entangled [3]. The inter-
esting quantum property of two photons emitted in the re-
combination of a biexciton (two excitons) is entanglement 
[4], the major building block for quantum communication 
and quantum computing [5, 6]. 
 By optical pumping [7–9] or electrical injection of car-
riers [4, 10] the system is initially prepared in the biexciton 
state. A biexciton, consisting of two electron–hole pairs 
with opposite spin orientations, decays radiatively through 
two intermediate exciton states (see Fig. 1 for a schematic 
picture). If these are degenerate, the two decay paths differ 
in polarization but are indistinguishable otherwise leading 
to polarization-entangled photons. However, the electron–
hole exchange interaction splits the intermediate exciton 

states by a small amount and encodes a which-path infor-
mation to the photon frequencies, which consecutively re-
duces the entanglement. 
 In this paper we investigate strategies brought up in the 
literature to recover entanglement despite the exciton fine-
structure splitting. First, the states can be brought back to 
degeneracy by means of external magnetic [8, 11, 12] or 
electric fields [13]. Alternatively, post-selection can be 
used to select only those photons whose energy contains no 
which-path information [9] or entangle photons produced 
in different generations of the decay process [14, 15].  
 As we will show, only the first protocol provides a  
viable means for reaching a high degree of entanglement. 
The other two inherently suffer from dephasing processes 
in the solid, which are always significant, and the degree of 
entanglement will consequently remain rather low. This 
paper is organized as follows. We first describe the theo-
retical model in Section 2, and then evaluate analytical  
results for two post-selection schemes with realistic quan-
tum dot parameters in Section 3. Section 4 discusses the 
applicability of different post-selection strategies to ac-
complish a high degree of entanglement. 

We theoretically investigate the production of polarization-

entangled photons through the biexciton cascade decay in a

single semiconductor quantum dot. A biexciton radiatively

decays through two intermediate exciton states, where polari-

zation-entangled photons are emitted if the two decay paths

differ in polarization but are indistinguishable otherwise. This

ideal performance is usually spoiled by the electron–hole ex-

change interaction splitting the intermediate exciton states by

a small amount and consequently attaching a which-path

information to the photon frequencies. We discuss post-

 selection schemes to mask this which-path information to an

outside observer. We show how spectral filtering and time

shifts at a single photon level affect the photon state. Here the

solid state environment plays a crucial role in the effective

measurement of intermediate exciton states. Evaluating our

analytical results with realistic quantum dot parameters we

quantify the applicability of suggested protocols for solid-

state based quantum cryptography. Our results indicate, that a

high degree of entanglement is only reached by spectral

alignment of the exciton states. 
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Figure 1 (online colour at: www.pss-b.com) Schematic of emis-

sion of polarization-entangled photons in biexciton cascade decay. 

The biexciton, consisting of two excitons with different dipole 

moments (indicated as arrows), decays via two paths. Depending 

on the path, the emitted photons have different polarization, hori-

zontal (H) or vertical (V). 

 

 2 Theoretical model: from quantum dot dy-
namics to photon properties We consider the quan-
tum dot level scheme as shown in Fig. 1 with the biexciton 
u, the two differently polarized excitons x and y and the 
ground state g. Emitted photons are polarized horizontally 
(H) or vertically (V). The energy of the biexciton is low-
ered by typically a few meV by the biexciton binding en-
ergy Δ. Therefore the first photon is red shifted allowing 
for a spectral discrimination. The excitons are split in en-
ergy by the fine-structure splitting δ  of typically few tens 
of µeV. 
 The quantum properties of emitted photons are quanti-
fied by the two-photon density matrix 

(2)
ρ  in the basis of 

polarization, H and V, which is obtained in experiments by 
quantum state tomography. We assume that the quantum 
dot is placed into a weakly coupling cavity, allowing for 
emission into well defined polarization states. 

(2)
ρ  is the 

average over the detection time of the photon intensities at 
the two detectors 

(2)

r b
ˆ ˆavg ( ) ( ) ,I t I tρ È ˘= : :Î ˚  (1) 

of the first red photon at time 
r
t  and the second blue photon 

at time 
b
.t  The intensity operator is the interference of two 

electric field amplitude operators ˆ ˆ ˆ( ) ( ) ( )I t E t E t
- +

=  at the 
photon detector. Plus or minus denote the positive or nega-
tive frequency component. Each electric field amplitude 
operator is created by a dipole operator of an excitonic 
transition. For example, 

H r

ˆ ( )E t
-

 is created by the dipole 

r

ˆ ( )
u x

d t
-

Æ
 describing the biexciton decay into x. The propa-

gation of the photon from emission to the detector intro-
duces only a constant time delay, which is equal for all 
photons and omitted in the following.  
 Figure 2 illustrates the construction of 

(2)
.ρ  Since spin 

flips ( )x yÆ  are negligible, only 4 elements of 
(2)

ρ  are 
nonzero. We find 

(2) (2)

HH HH VV VV 1 2ρ ρ
, ,

= = /  which are the 
overall probabilities for one of the biexciton decay paths 
and 

(2) (2)

HH VV VV HH( )*.ρ ρ
, ,

=  The degree of entanglement is then 
conveniently expressed by the concurrence [16]  which in  

 

Figure 2 (online colour at: www.pss-b.com) From quantum dot 

dynamics to photon quantum properties: (a) Photon counting: 
(2)

HH HH.ρ
,

 The biexciton u decays radiatively into the x-polarized 

exciton (red) and successively into the ground state g (blue). The 

dipole operators associated with these transitions, 
u x

d
±

Æ
 and ,

x g
d

±

Æ
 

create the electric field amplitudes 
H
.E

±
 Photo detectors (indicated 

by half circles) measure the intensity 
HH
I  of constructive interfer-

ence of the two electric field amplitudes. 
(2)

HH HHρ
,

 is the correlation 

between the two measurements averaged over the photon detec-

tion times. (b) From coherent quantum dot dynamics to photon 

entanglement: 
(2)

HH VV.ρ
,

 The biexciton decays into a coherent su-

perposition of the x- and y-polarized excitons. The two dipole op-

erators 
u x

d
-

Æ
 and 

u y
d

+

Æ
 create electric field amplitudes, 

H
E

-

 and 

V
,E

+

 with different polarization (indicated by different orientation 

of wiggles). Due to the constant time delay between emission and 

detection, the two dipole operators related to an intensity 
HV
I  act 

at the same time. 

 
 

this case is 
(2) (2)

HH VV HH HH| |/ .C ρ ρ
, ,

=  We find complete entan-
glement for 1C =  and no entanglement for 0.C =  
 To describe the average in (1) we apply the quantum 
regression theorem [17–19] which allows to calculate time 
averages by unraveling the dynamics of the exciton density 
matrix ρ  into two parts: (i) discontinuous quantum jumps 
mediated by the radiative decay as described by the dipole 
operators and (ii) a continuous time evolution in between. 
The relative phase between the dipole operators depends 
on the phases acquired during the continuous time evolu-
tion. These phases are transferred to the electric field am-
plitudes which determine the interference signal at the de-
tector. 
 We find that the phases ϕ  that ijρ  acquires (see Fig. 3) 
are given by three components: (i) the energy difference 
between the two states i  and j , (ii) the radiative relaxation 
rate 

R
γ  of typically 1.6 µeV and (iii) dephasing 

D
γ  due to 

coupling to the solid state environment for i  and j  with 
different exciton numbers. Cross dephasing [20, 12] which 
is not considered here, would also affect states with equal 
exciton numbers. In the rotating frame picture ijϕ  for i j=  
depends only on 

R
.γ  

 The relative phase acquired by the left decay path  
(i.e. )

uu xx gg
ρ ρ ρÆ Æ  is then 

R r R b r
2 ( )t t tϕ γ γ= - - -  

where 
b r
t t-  is the time spent in the intermediate state.  

The decay via two paths, ,
uu xy gg

ρ ρ ρÆ Æ  gives 

R r R b r
2 ( ) ( ).t i t tϕ γ δ γ= - + - - -  Averaging over the detec- 
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Figure 3 (online colour at: www.pss-b.com) Phase acquired 

within the quantum regression theorem. Density matrix elements 

acquire a phase exp ( )iϕτ  between discrete jumps where τ   

denotes the time interval spent in this state. ϕ  itself is per unit 

time and we use 
R D

( ) 2.Γ γ γ= + /  Phases in boxes are acquired 

for diagonal elements (i.e. 
R

2ϕ γ= -  for )
uu

ρ  while phases  

along arrows are acquired for off-diagonal elements of ρ  (i.e. 

R
iϕ δ γ= - -  for )

xy
ρ  where index order is indicated by arrow  

direction. Solid line: phase of superposition of states with equal 

exciton number as relevant for the unfiltered emission. Dotted 

lines: phase for unequal exciton numbers. 

 

tion times 
r
t  and 

b
t  we obtain the degree of entanglement 

1

R
|(1 / ) |C iδ γ -

= + . (2) 

For typical fine-structure splitting of few tens of µeV the 
concurrence is considerably reduced as indicated by solid 
line in Fig. 5(a). Here a which-path information is encoded 
in the photon spectrum, such that an outside observer could 
obtain the path information by a frequency measurement.  
 
 3 Post-selection: filter and time reordering The 
degree of entanglement can be increased by selecting only 
photons with no spectral information. However, perfect en-
tanglement can be only achieved by a filter with a width 
δ 0.ω Æ  To quantify the degree of entanglement for filters 
with a finite width, we reconsider the action of a filter on 

(2)
.ρ  The photon intensity is obtained from 

HV H V 1 1 2 2

0 0

ˆ ˆ ˆ( ) ( ) ( ) d ( ) d ( )

t t

I t E t E t t h t t t h t t
- +

= µ - -Ú Ú  

 
1 2

ˆ ˆ( ) ( ) ,
u x u y

d t d t
- +

Æ Æ
¥  (3) 

with h being the filter function of Lorentzian shape in en-
ergy domain. Equation (3) describes how the photon wave 
packet propagates away from the dot and becomes modu-
lated by the filter (see Fig. 4). Due to the extraction of fre-
quency information from the temporal field evolution, the 
intensity 

HV

ˆ ( )I t  is determined by interference of dipoles 
emitting at different times. For a spectral width large in 
comparison to the excitonic linewidth (Fig. 4(b)), the  
filter function becomes delta-like in time, and one recovers 
the unfiltered case. Contrary, for a narrowband filter 
(Fig. 4(c)) the integrals extend over a considerable time in-
terval of the emission process. 

 

Figure 4 (online colour at: www.pss-b.com) (a) Calculation of 

the two-photon density matrix with a spectral filter. The action of 

the filter for each amplitude is the convolution with the filter 

function over a time interval. The emitting dipole operators can 

act at different times, 
1

( )
u x

d t
-

Æ
 and 

2
( )

u y
d t

+

Æ
 and analogous for the 

second photon. (b) Spectral width of a broadband filter with the 

corresponding narrow time distribution. This filter allows only 

for contribution to 
HV
( )

r
I t  with 

1 2
.t tª  (c) Narrowband filter with 

a wide time distribution. Here also dipoles where 
1 2
t tπ  contribute 

to 
HV
( ).

r
I t  

 
 Cascades contributing to 

(2)
ρ  evolve like (see Fig. 4) 

uu xu xy gy gg
ρ ρ ρ ρ ρÆ Æ Æ Æ  which involves also super-
positions of states with unequal exciton numbers. Then 
phases contributing to 

(2)
ρ  contain also terms depicted by 

dotted lines in Fig. 3. Here the dephasing by the solid state 
environment enters through 

D
.γ  In Fig. 5(a) we present 

numerical results for typical quantum dot parameters. We 
observe two trends: the filter increases the degree of entan-
glement especially for δ .ω δ�  However, solid state 
dephasing considerably reduces the concurrence for realis-
tic phonon dephasing rates of 2–5 µeV. 
 A recent proposal [14, 15] for post-selecting entangled 
photons is based on the fact that in quantum dots with zero 
biexciton binding energy the photons from u xÆ  and 
y gÆ  are emitted at equal energy. The idea is to entangle 
the /u x y gÆ Æ   photon with the  /u y x gÆ Æ   photon, 
and to create an anticorrelated |HV |VHÒ + Ò  Bell state. This 
entanglement over generations of photons requires a time 
delay (

0
t ) of the first photon in order to increase the overlap 

with the second generation photon. 
 The intensity of the red photon is then determined by 

HV r 1 0 2

ˆ ˆˆ ( ) ( ) ( )
u x y g

I t d t t d t
- +

Æ Æ
µ -  and of the blue photon by 

HV b 3 0 4

ˆ ˆˆ ( ) ( ) ( ).
u y x g

I t d t t d t
- +

Æ Æ
µ -  The crucial point here is, 

that the phase relation between the two dipoles building up 
the interference intensity is determined by the time differ-
ence at the creation time of the field amplitude, i.e. 

2 1
.t t-  

This can be much larger than the average arrival time at the 
detector, 

2 0 1
,t t t- -  that can be tuned to zero. In the long 

time interval 
2 1

,t t-  dephasing can be very effective. 
Evaluating this scheme within the above described model 
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Figure 5 (online colour at: www.pss-b.com) (a) Concurrence 

with a spectral filter (δ 1μeV)ω =  as a function of fine-structure 

splitting δ  and parametrized for different dephasing rates 
D
.γ  

Solid line: data calculated without a filter. (b) Concurrence with 

time reordering of generations as a function of time delay 
0
t  for 

different dephasing rates. 

 

we obtain for the degree of entanglement 

R 0 R D 02( )

D R

e e
,

1 2 /

t t

C

γ γ γ

γ γ

- - +

-
=

/ +
 (4) 

which is also numerically evaluated in Fig. 5(b). Ignoring 
solid state effects 

D
( 0),γ =  we obtain a maximal concur-

rence of 1 2/ . Additionally, the solid state environment is 
effective for dephasing already for 

D
γ  of 2–5 µeV.  

 
 4 Conclusions We have presented a quantitative de-
scription of photon entanglement generation in a biexciton 
cascade decay. We used these results to evaluate recent 
schemes for post-selection of entangled photons. Spectral 
filtering on the one hand masks the which-path information 
to an outside observer, but on the other hand introduces a 
strong sensitivity to solid state induced dephasing. An al-
ternative approach of entangling photons from different 
generations does not only suffer in the same way from 
solid state dephasing, but also from dephasing due to a 
large time difference between the creation of interfering 
field amplitudes. 
 In general, we have demonstrated that a spectral filter 
and time reordering significantly modify the quantum in-
formation encoded in the two-photon wave packet. These 
results suggest, that the considered post-selection schemes 

do not seem promising to reach a high degree of entangle- 
ment in practice. The crucial aspect in constructing a post-
selection scheme is the relative phase of the dipoles creat-
ing the field amplitudes that interfere at the photo detector. 
Long time intervals between emission clearly increase 
fluctuations of this phase and consequently the sensitivity 
to dephasing. We conclude that the most promising strat-
egy is to energetically align the two exciton levels and thus 
avoid time jitter of photon amplitude emission. 
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