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Entangled photons from a single quantum dot

“ W i t h i n ” g e n e r a t i o n “ A c r o s s ” g e n e r a t i o n

R e m o v i n g  b i n d i n g  e n e r g y

A n i s o t r o p i c  e n e r g y  g a p P r o b l e m :  T i m e  o r d e r
R e m o v i n g  a n i s o t r o p i c  g a p R e o r d e r i n g  t i m e

P r o b l e m  :

*  S p e c t r a l  f i l t e r i n g
*  E x t e r n a l  f i e l d s
*  C a v i t y  Q E D

T i m e  d e l a y

M .  E .  R e i m e r  e t  a l . ,  
a r X i v : 0 7 0 6 . 1 0 7 5  ( 0 7 )
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Quantum state of the emitted photon pair

O f f - d i a g o n a l  e l e m e n t  o f  t w o - p h o t o n  d e n s i t y  m a t r i x :

U s i n g  t h e  p o l a r i z a t i o n  s t a t e s  a s  b a s i s  

F o r  w i t h - i n  g e n e r a t i o n

F o r  a c r o s s  g e n e r a t i o n

C o n c u r r e n c e
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Requirements for generating entangled photons

V a n i s h e s  Æ n o  e n t a n g l e m e n t ! ? ?

D i s t i n g u i s h a b l e  p a t h s i n  t i m e

T i m e  r e o r d e r i n g  i s  r e q u i r e d

w i t h i n g e n e r a t i o n

a c r o s s g e n e r a t i o n

C o n c u r r e n c e  O n l y  s i g n i f i c a n t

D e g e n e r a c y  i n  e x c i t o n s i s  r e q u i r e d
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Time reordering

A v r o n e t  a l . ,  P R L  1 0 0 ,  1 2 0 5 0 1  ( 2 0 0 8 )

P a t h a k a n d  H u g h e s ,  P R L  1 0 3 ,  0 4 8 9 0 1  ( 2 0 0 9 )

F o r  t i m e  d e l a y  o f  p h o t o n s :

F o r  t i m e  d e l a y e d  p h o t o n s
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Results for time delayed photons

F o r  q u a n t u m  d o t s  

c o n c u r r e n c e  = 0 . 7 3

c o n c u r r e n c e = 0 . 5

M a n i p u l a t i o n  o f  d e c a y  r a t e s  i s  n e c e s s a r y

P a t h a k &  H u g h e s ,  P R L 1 0 3 ,  0 4 8 9 0 1  ( 2 0 0 9 )  

I f  s o m e h o w  m a n i p u l a t e  
d e c a y  r a t e s  o f  b i e x c i t o n
a n d  e x c i t o n s :
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Cavity-assisted generation of the entangled photons

1 . S p o n t a n e o u s  d e c a y
2 . L e a k  f r o m  c a v i t y  m o d e s

* b i e x c i t o n d e c a y s  s p o n t a n e o u s l y
* e x c i t o n s c o u p l e d  w i t h  c a v i t y

R e l a t e d  c a v i t y - t u n i n g  v i a  A F M - o x i d a t i o n :
s e e   K .  H e n n e s s y  e t  a l . ,  A P L  8 9 ,  0 4 1 1 1 8  ( 2 0 0 6 )
J e l e n a ’ s t a l k  f o r  t e m p  t u n i n g .

J o h n e e t  a l . ,  P R L  1 0 0 ,  2 4 0 4 0 4  ( 2 0 0 8 )
P a t h a k &  H u g h e s ,  P R B  7 9 ,  2 0 5 4 1 6  ( 2 0 0 9 )  
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Two-photon probabilities

O n e  p h o t o n  e m i t t e d  s p o n t a n e o u s l y  f r o m  b i e x c i t o n
a n d  t h e  o t h e r  e m i t t e d  v i a  t h e  c a v i t y f r o m  e x c i t o n

C a v i t y - i n d u c e d  s p l i t t i n g  o f  s p e c t r a

R a d i a t i v e +  n o n r a d i a t i v e b r o a d e n i n g

S p o n t a n e o u s l y  ( v i a  r a d i a t i o n m o d e s )  e m i t t e d  p a i r :
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Two photon spectra
S c h e m e  1 S c h e m e  2

P a r a m e t e r s :
~  n e g l i g i b l e !

Cav Emission Cav Emission 

Rad Emission Rad Emission 

x - p o l

y - p o l

bi-ex
ex
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Two-photon entanglement (Concurrence C=2|J| )

u n f i l t e r e d  +
d e t e r m i n i s t i c

P a r t i a l l y
f i l t e r e d *

* T h e  f i l t e r  f u n c t i o n  c o r r e s p o n d s  t o  t w o  s p e c t r a l  
w i n d o w s  o f  w i d t h  w = 0 . 2 m e V  c e n t e r e d  a t

R e d  c u r v e

B l a c k  c u r v e

C a s e  1

C a s e  2

P a t h a k a n d  H u g h e s ,  P R B  7 9 ,  2 0 5 4 1 6  ( 2 0 0 9 )
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Remarks 

� P r o s

8 W e  h a v e  d e v e l o p e d  a g e n e r a l  t h e o r y  f o r  a  s i n g l e  Q D  
b i e x c i o n - e x c i t o n c a s c a d e  c o u p l e d  w i t h  a  P C - c a v i t y .

8 W e  p r e d i c t d e t e r m i n i s t i c  C o n c u r r e n c e  v a l u e s  l a r g e r  
t h a n  0 . 8 u s i n g  e x p e r i m e n t a l  p a r a m e t e r s .

8 I m p r o v e m e n t s  c a n  b e  m a d e  w i t h  a  s i m p l e  s p e c t r a l  
f i l t e r ,  b u t  w i t h  a  r e d u c e d  p r o b a b i l i t y .

� C o n s

8 T h e  b i e x c i t o n s t a t e  i s  n o t  c o u p l e d  w i t h  c a v i t y  
m o d e s  a n d  h a s  v e r y  l o n g  l i f e  t i m e .

8 T h e  p h o t o n s  e m i t t e d  i n  s p o n t a n e o u s  d e c a y  o f  
b i e x c i t o n h a v e  p o o r  c o l l e c t i o n  e f f i c i e n c y .
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Coupling biexciton to cavity modes*

*  s e e ,  P a t h a k &  H u g h e s ,  a r X i v : 0 9 0 6 . 3 0 3 5  

L a t e r a l  g a t i n g  c a n  t u n e  t h e  b i e x c i t o n i n  r e s o n a n c e  w i t h  t h e  s a m e  
c a v i t y  m o d e s : R e i m e r  e t  a l ,  P R B  7 8 ,  1 9 5 3 0 1  ( 2 0 0 8 ) .

B i e x c i t o n d e c a y  r a t e s

E x c i t o n s d e c a y  r a t e

+  H . C .
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Spectrum of photons emitted from cavity

x - p o l

y - p o l

W e a k  c o u p l i n g s t r o n g  c o u p l i n g
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Time reordering and entanglement

S e e  N .  A k o p i a n e t  a l ,  P R L  9 6 ,  1 3 0 5 0 1  ( 2 0 0 6 ) .

D i s t i l l a t i o n  o f  e n t a n g l e m e n t

O f f - d i a g o n a l  e l e m e n t  o f  d e n s i t y  m a t r i x :

T i m e  d e l a y :
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Across-generated entangled photon pair

W e a k  c o u p l i n g S t r o n g  c o u p l i n g
P a r t i a l l y
F i l t e r e d

U n f i l t e r e d



1 7

Within generation of entangled photon pair

S p e c t r u m  E n t a n g l e m e n t  ( E = 2 | J| )  

S t a t e  o f  p h o t o n s :

P a r t i a l l y
F i l t e r e d

U n f i l t e r e d
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Summary

� D e v e l o p e d  a  g e n e r a l  t h e o r y  t o  d e s c r i b e  Q D  c o u p l i n g  
t o  t h e  q u a s i - d e g e n e r a t e  p h o t o n i c  c r y s t a l  c a v i t y  
m o d e s ,  i n c l u d i n g  c o u p l e d  e x c i t o n s a n d  b i e x c i t o n s .

� M a x i m u m  p o s s i b l e  c o n c u r r e n c e  i n  “ a c r o s s - g e n e r a t i o n ”
b y  m a n i p u l a t i n g  t h e  Q D  d e c a y  r a t e s  i s  0 . 7 3 ,  a n d  
h i g h e r  v a l u e s  o f  e n t a n g l e m e n t  a r e  p o s s i b l e  u s i n g  
s p e c t r a l  f i l t e r i n g  f o l l o w e d  b y  a  t i m e  d e l a y .  

� E f f i c i e n t  “ w i t h i n  g e n e r a t i o n ” o f  e n t a n g l e d  p h o t o n s  
i s  a l s o  p o s s i b l e ,  w i t h  a n d  w i t h o u t  a  r e d u c e d  
b i e x c i t o n b i n d i n g  e n e r g y .

� P l a n a r  p h o t o n i c  c r y s t a l s  s h o w  g r e a t  p r o m i s e  a s  a  
p l a t f o r m  t e c h n o l o g y  f o r  c h i p - b a s e d  q u a n t u m  l i g h t  
s o u r c e s ,  a n d  t h e  f i e l d  i s  s t i l l  v e r y  y o u n g .

T h a n k  Y o u .


