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Ê− t Ê t
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A sample is prepared as shown.
Note the individual nanocrystals 
embedded in PMMA. The resist 
bi-layer is coated on the top.

A nanocrystal is located with
a low power laser and the resist
on top of it is burned with a high 
power laser.

The sample after the hole has 
been made; note the profile 
of the hole.

MF-319 solvent, without attacking
PMMA, develops LOR. 
Note the undercut.

Gold is deposited by thermal
evaporation. Note the gold patch
on top of the nanocrystal.

LOR is removed by MF-319; due
to this the PMMA and Au film 
above it are removed too. The
plasmonic single photon emitter
nanoantenna is ready.

CdSe/CdS core/shell
nanocrystal (15–19 nm)
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lor
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280 μm
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25 nm or 45 nm

300 nm or 500 nm

10 nm or 50 nm

Thermal evaporation

Spin-coating

Spin-coating

Spin-coating

To save space, the 10 nm 
adherence layer of Ti/Cr 
between Si (280 μm) and 
Au (200 nm) has not been 
shown here.

(a)

(b)

Undercut



<

P ≥





•
×

•

1

177 nm

0

40

60

80

100

120

140

160

10 μm

500 nm
20

Lateral distance (nm)
0 200 400 600 800 1000 1200

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

20

40

60

80

100

120
Profile 1

(a) (b)

(c)

500 nm



P

Tar Trg TgaTag Tga

GlassResistGlass

Iin IinIout Iout

(a) (b)

Air Air Air Air

‘ ‘

Tg TgTr

I
I

I T T T I



T T T

T T

T T
I
I

.

I ′ T T T T T I ′

T T T

T T T

T
I ′

I ′ T T

I ′ I ′

T T T

A − T
A

Wavelength (nm)
200 300 400 500 600 700 800

A
bs

or
pt

io
n 

(a
.u

.)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1



Wavelength (nm)
300 350 400 450 500 550 600 650 700 750 800

A
bs

or
pt

io
n 

(a
.u

.)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
LOR
Nanocrystals

<



0

1

2

3

4

5

6

7

8

350 550 750 950 1150 1350 1550 1750 1950 2150 2350

Po
we

r (
m

W
/n

m
)

Wavelength (nm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

350 450 550 650 750 850
Wavelength (nm)

N
or

m
al

ize
d 

tra
ns

m
iss

io
n 

(a
.u

.)

(a)

(b)



λ

λ

f

P

P
t

λ λ
f P

P

t

λ

∼ ±

/



Laser 
405 nm

apd1

Beamsplitter 45/55

Pin-hole
150 μm

Bandpass filter
630±46 nm

Piezoelectric stage

Dichroic filter
605 nm

Microscope
objective

apd2

Tube
lens

500 nm

Mirror

tcspc

Sync pulse

ch1 ch2

Hanbury Brown-Twiss

Delay

White laser 
550–605 nm

P1

Sample with 
nanocrystal
and resist

Fluorescence
Flipping
mirror

Antibunching

Confocal
scan



N.A.

×

±

λ

λ



d

Objective

405 nm
laser Laser 

reflection

To camera

Sample

Objective

577 nm
laser Laser 

reflection

To camera

Sample

0 0

(6.39 μm, 7.31 μm) (6.38 μm, 7.35 μm)

(a) (b)

Lateral distance (μm)
-0.5 0 0.5

In
te

ns
ity

 (a
.u

.)
0

0.2

0.4

0.6

0.8

1

0.05 μm

(c)

±

±
±



± .

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

280 μm

200 nm

25 nm or 45 nm

300 nm or 500 nm

10 nm or 50 nm

(b)              (c)

Microscope objective

  

2 zR

φ0
Laser

Lens(a)

Microscope 
objective

f

Nanocrystal

φ



λ zR
f zR << f

≈ zR ≈ π φ

λ
.

≈ . .

≈ . ,



0 0

(a) (b)

x (nm)x (nm)

y 
(n

m
)

y 
(n

m
)

(986, 950)
(640, 1097)

11 min

500 nm 500 nm

∼



Silicon substrate

Gold

pmma

lor

pmma

280 μm

200 nm

45 nm

300 nm

10 nm

Silicon substrate

Gold

pmma

lor

pmma

Undercut length

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

(a) Perfect development (b) Overdevelopment (c)  Case of the white laser



1

(a) 147 nm

0

40

60

80

100

120

1 μm

129 nm

0

40

60

80

100

20 20

(b)

Lateral distance (nm)
0 200 400 600 800 1000 1200

H
ei

gh
t p

ro
fil

e 
(n

m
)

0
20
40
60
80

100
120

Profile 1

Lateral distance (nm)
0 500 1000 1500 2000

H
ei

gh
t p

ro
fil

e 
(n

m
)

0
20
40
60
80

100
120

Profile 1

1 μm

1



500 nm

500 nm

500 nm

(a)

(b)

(c)

815 nm

220 nm

815 nm

290 nm

505 nm

815 nm

5 s development

10 s development

20 s development



(a) (b)

(c) (d)

5 μm

5 μm

5 μm

5 μm

Development

Development



×



×

Silicon substrate

Gold

pmma

lor

pmma

Emitter Residue

Silicon substrate

Gold

pmma

lor

pmma
Gold layer

Gold patch

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

SiO2

Gold patch

(a)

(b)

Au
deposition

Au
deposition

Oxygen
plasma
etching

SiO2 SiO2



φ −



φ −

280 μm

200 nm
10 nm

20 nm
15 nm

CdSe/CdS 
core/shell
nanocrystal

Silicon substrate

Gold
pmma

Silicon substrate

Gold
PMMA

280 μm

200 nm
10 nm

(a) (b) (c)
Silicon substrate

Gold

Gold
pmma

pmma pmma



CdSe/CdS 
core/shell
nanocrystal

Glass

Gold
PMMA

170 μm

20 nm
10 nm

(a)

pmma

170 μm

10 nm
20 nm

Glass

Gold
pmma

Microscope
objective

Fluorescent light

Laser

(b)



280 μm

200 nm
10 nm
15 nm

Silicon substrate

Gold
pmma

280 μm

200 nm
10 nm
35 nm

Silicon substrate

Gold
pmma

280 μm

200 nm
10 nm
58 nm

Silicon substrate

Gold
pmma

280 μm

200 nm
10 nm
21 nm

Silicon substrate

Gold
pmma

Sample 1 Sample 2 Sample 3 Sample 4



Sample 1
0.75% 
pmma

Sample 2
1% 
pmma

Sample 3
1.5% 
pmma

(a) (b)

(c) (d)

(e) (f)

Microscope
objective

Fluorescent light
Lamp

Silicon substrate

Gold
pmma

Silicon substrate

Gold

Gold
pmma

pmma
pmma



Sample
number

pmma
concentration
[m/m]

Film
thickness
(nm)

Visibility
Eye Camera

tacq = 200 ms
Camera
tacq = 2 s

Camera
tacq = 10 s

1       0.75%        15

2       1%         21

3       1.5%        35

4       2%         58

Few
 (26%)

All
 (100%)

Very few
 (16%)

Many
 (58%)

All
 (100%)

t





Gold layer
Gold patch (φ)

Silicon substrate

Gold

pmma

lor

pmma

 θ

d

h

Emitter

h

d . d > .

d > .

d > .



1 μm

Lateral distance (μm)
0 0.5    1   1.5     2   2.5    3

H
ei

gh
t p

ro
fil

e 
(n

m
)

5
10

20

30

40

50

Au patch

Au film



1

500 nm

1 μm

(a) (b)

Lateral distance (nm)
0 200 400 600 800 1000

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

50

100

150

200

250

300

Profile 1
Profile 2

1

2

Lateral distance (μm)
0 0.5  1 1.5 2 2.5 3 3.5

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

50

100

150

200

250

300
Profile 1



10 μm 10 μm

(a) (b)



Fluorescent
single emitter

20 nm

35 nm

10 nm

0.2–2.5 μm

Metal

Metal

pmma

200 nm

1 μm



>>

→ → →
→ →

→
→

→ →



g ∼ . − .

g

>>

I t a e−t/τ a e−t/τ c

τ τ a a c

a τ a τ c

τ /

τ /

τ α

α
a τ
a τ

.

α

→
α >



I t a e−t/τ a e−t/τ a e−t/τ c

τ τ τ a a a c

→

τ →
τ → τ

τ τ

α

F
τ

τ

τ

τ τ



τ

τ

η ≈ F

︸ ︷︷ ︸
≈ η ≈

F

∼

F
( )

F F



× N.A.

F α

F α

�

α ≈ . g ≈ .

g ≈ .

α

F ≈ α ≈ .

F ≈ α ≈ . g ≈
α

F ≈ α ≈ . g ≈ .

α ≈ . α >

g



I(t) = 12500 e-t/0.7 + 10000 e-t/5.4 

   + 4200 e-t/12.6 + 61

Time (ns)
0 10 20 30 40

ln
[In

te
ns

ity
] (

a.u
.)

-10

-8

-6

-4

-2

0

I(t) = 15000 e-t/0.4 + 700 e-t/2.5 + 3

Fluorescence
Fit

Time (ns)
0 5 10 15 20

ln
[In

te
ns

ity
] (

a.u
.)

-8
-7
-6
-5
-4
-3
-2
-1
0

I(t) = 15000 e-t/0.3 + 1000 e-t/1.5 + 13

Time (ns)
0 10 20 30 40

ln
[In

te
ns

ity
] (

a.u
.)

-7

-6

-5

-4

-3

-2

-1

0
Fluorescence
Fit

I(t) = 3700 e-t/1 + 4500 e-t/3 + 17

0 1000 2000 3000

Co
in

cid
en

ce
s

0

10

20

30

40

50

60

0 1000 2000 3000

Co
in

cid
en

ce
s

0

50

100

150

200

250

300

350

Photon arrival time Δt  (ns)

Photon arrival time Δt  (ns)

Photon arrival time Δt  (ns)

Photon arrival time Δt  (ns)

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Antenna 1

Antenna 2

Antenna 3

Antenna 4

0 1000 2000 3000

Co
in

cid
en

ce
s

0

20

40

60

80

100

120

140

0 1000 2000 3000

Co
in

cid
en

ce
s

0

5

10

15

20

25

Fluorescence
Fit

1

+

1
t
0 0000 e+ 10002500 eI(t) 1t 1 0

Time (ns)
0 20 40 60 80 100

ln
[In

te
ns

ity
] (

a.u
.)

-7

-6

-5

-4

-3

-2

-1

0
Fluorescence
Fit

I(t) = 10000 e-t/1 

  + 7000 e-t/9.5 + 50

FP ≈ 12

α ≈ 3.6

FP ≈ 23 

α ≈ 0.3

FP ≈ 14 

α ≈ 0.3

FP ≈ 4 

α ≈ 6.6

∼



α F

α >

α

α

g

α <

∼





4
..
..
..
..
..
..
..
..
..
..
..
..
..
.

T



Electron gun

Beam blanker

Condenser lens

Aperture

Deflector

Electrostatic objective lens

Sample on stage

Beam forming optics

Electron beam



×





×
×

. × .

•
•
•
•
•
•



CdSe/CdS core/shell
nanocrystal

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

Gold layer
Gold disk

Gold layer
Gold disk

Silicon substrate

Gold

pmma

lor

pmma

Microscope
objective

Lamp
and then 
laser

Fluorescent light

�

�

�

�

�

�

A sample is prepared as shown.
Note the individual nanocrystals 
embedded in PMMA. The resist 
bi-layer is coated on the top.

Fluorescing nanocrystals are 
are imaged in an area of
about 90 x 60 μm2 and 
alignment marks are made.

The sample after regions of
PMMA are exposed with e-beam 
and the exposed PMMA is
removed with MIBK.

MF-319 solvent, without attacking
PMMA, develops LOR. 
Note the undercut.

Gold is deposited by thermal
evaporation. Note the gold patch
on top of the nanocrystal.

LOR is removed by MF-319; due
to this the PMMA and Au film 
above it are removed too. The
plasmonic single photon emitter
nanoantenna is ready.

CdSe/CdS core/shell
nanocrystal (15–19 nm)

Silicon substrate

Gold

pmma

lor

pmma

280 μm

200 nm

45 nm

500 nm

50 nm

Thermal evaporation

Spin-coating

Spin-coating

Spin-coating

To save space, the 10 nm 
adherence layer of Ti/Cr 
between Si (280 μm) and 
Au (200 nm) has not been 
shown here.

(a)

(b)

Undercut



×
x

y



φ ≈

×

Lateral distance (μm)
0  5 10 15 20

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

20

40

60

80

100

120

140
Profile 1

1

14.99 μm 

(a) (b)

5 μm

×



. × .

10033 nm

10 μm

φ = 650 nm

10033 nm

(a) (b)

(c)

×
× × ×





2 μm
200 nm

(a) (b)

×



d d

φ φ

φ φ



φ

1 μC/cm2

30 μC/cm2

45 μC/cm2

225 μC/cm2



CdSe/CdS core/shell
nanocrystal (15–19 nm)

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

(a) (b)

280 μm

200 nm

45 nm

500 nm

50 nm

lor

φ , ,

φ
φ

φ φ

φ



Alignment hole Alignment hole

Alignment hole

Etched pmma
(it was exposed
during scanning)

Unintended 
e-beam scan

10 μm

Exposed and
etched holes

× × ×
×



1 μm

1

0

10

20

30

40

50

60

70

80

400 nm

1

0

10

20

30

40

50

60
64 nm

90 nm

Lateral distance (nm)
0 200 400 600 800 1000 1200

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

10

20

30

40

50

60

Profile 1

Lateral distance (nm)
0 500 1000 1500 2000 2500

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

10

20

30

40

50

60

Profile 1

550 nm

800 nm

440 nm

1500 nm

1750 nm

1200 nm

(a) (b)

(c) (d)



φ

10 μm



10 μm





CdSe/CdS
nanocrystal

20 nm

35 nm

10 nm

600, 1000, or 1500 nm

Gold

Gold

pmma

200 nm

φ φ

φ φ



400 nm 0

50

100

150

200

250

300

350

Lateral distance (nm)
0 500 1000 1500

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

50

100

150

200

250

300

350

100

200

300

400

500

Lateral distance (nm)
0 500 1000 1500 2000 2500

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

100

200

300

400

500

600

1 μm

400 nm 600 nm(a) (b)

(c) (d)



500 nm

φ = 800 nm

1 μm

φ = 1800 nm

(a) (b)

±



5 μm

α

N.A. ×

φ φ φ



F α
φ �

φ

�
�

φ

�
�

F ≈ α ≈ . g ≈ .

F ≈ α ≈ .

F ≈ α ≈

F ≈ α ≈ .

F ≈
α ≈ .

F ≈ α ≈
F ≈ α ≈ .

/e

α ≈ .

F ≈



Time (ns)
0 20 40 60

ln
[In

te
ns

ity
] (

a.u
.)

-3

-2.5

-2

-1.5

-1

-0.5

0
Fluorescence
Fit

I(t) = 3400 e-t/2 + 3500 e-t/28 + 120

0 1000 2000 3000

Co
in

cid
en

ce
s

0

5

10

15

20

25

30

35

Photon arrival time Δt  (ns)

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Antenna 1

Antenna 2

Antenna 3

Antenna 4

Photon arrival time Δt  (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

20

40

60

80

100

120

Photon arrival time Δt  (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

200

400

600

800

Photon arrival time Δt  (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

5

10

15

20

Time (ns)
0 20 40 60 80

ln
[In

te
ns

ity
] (

a.u
.)

-6

-5

-4

-3

-2

-1

0
Fluorescence
Fit

I(t) = 10000 e-t/0.7 + 3100 e-t/10 + 73

Time (ns)
0 20 40 60 80

ln
[In

te
ns

ity
] (

a.u
.)

-9
-8
-7
-6
-5
-4
-3
-2
-1
0

Fluorescence
Fit

I(t) = 10000 e-t/0.6 + 3000 e-t/8 + 35

Time (ns)
0 20 40 60 80

ln
[In

te
ns

ity
] (

a.u
.)

-8
-7
-6
-5
-4
-3
-2
-1
0

Fluorescence
Fit

I(t) = 43000 e-t/0.25 + 8200 e-t/2 

  + 600 e-t/12 + 50

I(t) = 30000 e-t/0.6 + 2000 e-t/4.7 + 40I

FP ≈ 1 

α ≈ 14.4

FP ≈ 8 

α ≈ 0.5

FP ≈ 4 

α ≈ 4

FP ≈ 4 

α ≈ 4.4

∼



Photon arrival time Δt  (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

10

20

30

40

50

60(a) (b)

(c) (d)

(e) (f)

(g) (h)

Antenna 1

Antenna 2

Antenna 3

Antenna 4

Photon arrival time Δt  (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

50

100

150

200

250

300

350

Photon arrival time Δt  (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

10

20

30

40

50

Photon arrival time Δt  (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

5

10

15

20

25

30

35

Time (ns)
0 20 40 60 80

ln
[In

te
ns

ity
] (

a.u
.)

-10

-8

-6

-4

-2

0
Fluorescence
Fit

I(t) = 25000 e-t/0.6 + 600 e-t/8 + 11

Time (ns)
0 10 20 30

ln
[In

te
ns

ity
] (

a.u
.)

-7

-6

-5

-4

-3

-2

-1

0
Fluorescence
Fit

I(t) = 69000 e-t/0.4 + 16000 e-t/7 + 65

Time (ns)
0 10 20 30

ln
[In

te
ns

ity
] (

a.u
.)

-3

-2.5

-2

-1.5

-1

-0.5

0
Fluorescence
Fit

I(t) = 9000 e-t/0.7 + 3500 e-t/22 + 23

Time (ns)
0 10 20 30 40 50

ln
[In

te
ns

ity
] (

a.u
.)

-4
-3.5

-3
-2.5

-2
-1.5

-1
-0.5

0
Fluorescence
Fit

I(t) = 2100 e-t/4.2 + 2700 e-t/16.7 + 50

FP ≈ 4 

α ≈ 0.3

FP ≈ 5 

α ≈ 4

FP ≈ 2 

α ≈ 12.2

FP ≈ 2 

α ≈ 5.1



Photon arrival time Δt  (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

200

400

600

800

1000

1200(a) (b)

Time (ns)
0 20 40 60 80

ln
[In

te
ns

ity
] (

a.u
.)

-8
-7
-6
-5
-4
-3
-2
-1
0

Fluorescence
Fit

I(t) = 88000 e-t/0.3 + 15000 e-t/2 

  + 1300 e-t/23.7 + 32

I(t) = 100000 e-t/0.7 + 

   1800 e-t/20 + 30

FP ≈ 2

α ≈ 0.5

φ , ,

φ −



Time (ns)
0 20 40 60 80

ln
[In

te
ns

ity
] (

a.u
.)

-5

-4

-3

-2

-1

0
Fluorescence
Fit

I(t) = 11000 e-t/0.7 + 3200 e-t/24 + 55

(a) (b)

(c) (d)

(e) (f)

Antenna 1

Antenna 2

Antenna 3

Photon arrival time Δt  (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

50

100

150

200

250

300

350

Photon arrival time Δt  (ns)

Co
in

cid
en

ce
s

0

10

20

30

40

50

60

Photon arrival time Δt  (ns)

Co
in

cid
en

ce
s

0

10

20

30

40

50

0 1000 2000 3000

0 1000 2000 3000
Time (ns)

0 20 40 60 80

ln
[In

te
ns

ity
] (

a.u
.)

-4
-3.5

-3
-2.5

-2
-1.5

-1
-0.5

0
Fluorescence
Fit

I(t) = 12000 e-t/0.8 + 3100 e-t/32 + 100

Time (ns)
0 10 20 30 40 50

ln
[In

te
ns

ity
] (

a.u
.)

-7

-6

-5

-4

-3

-2

-1

0
Fluorescence
Fit

I(t) = 10000 e-t/0.6 + 800 e-t/10.5 + 20

FP ≈ 3 

α ≈ 1.4

FP ≈ 1 

α ≈ 10

FP ≈ 1 

α ≈ 10.3







5
..
..
..
..
..
..
..
..
..
..
..
..
..
.

S
l l >

l



Distance (a.u.)
-4 -2 0 2 4

N
or

m
al

ize
d 

in
te

ns
ity

 (a
.u

.)

0

0.2

0.4

0.6

0.8

1

Distance (a.u.)
-4 -2 0 2 4

N
or

m
al

ize
d 

in
te

ns
ity

 (a
.u

.)

0

0.2

0.4

0.6

0.8

1

(a) (b)

z

k

k >> kx ky

kz k

√
− kx ky

k
≈ k −

⎛⎜⎜⎜⎜⎝kx ky
k

⎞⎟⎟⎟⎟⎠
k ‖k‖ kx ky kz k x y z

ρ, ϕ, z Ul,p ρ, ϕ, z

u r,t a r ωt φ r

U r,t a r ejφ r ejωt U r U r,t

U r a r ejφ r u r,t {U r,t } r t

ω a φ



Ul,p ρ, ϕ, z Al,p

⎡⎢⎢⎢⎢⎣ w
w z

⎤⎥⎥⎥⎥⎦
⎛⎜⎜⎜⎜⎝ ρ

w z

⎞⎟⎟⎟⎟⎠
|l |
L
|l |
p

⎛⎜⎜⎜⎜⎝ ρ

w z

⎞⎟⎟⎟⎟⎠ e− ρ

w z e
−j
(
kz k ρ

R z lϕ− p |l | ζ z

)

w z w

√ ( z
zR

)
,

R z z

⎡⎢⎢⎢⎢⎣ ( z
zR

) ⎤⎥⎥⎥⎥⎦,
ζ z

(
z
zR

)
,

w

√
λzR
π

,

L
|l |
p x

x−|l |ex

p

p

xp
(
x|l | pe−x

)
.

w z w R z

zR Al,p L
|l |
p x

x l p

l

p |l | ζ z p |l |
(
z
zR

)
.

l p |l |

L x L x − x L x − x
x

.

lp
l
p

l p

pl

p

l lp p l

l >



LG00 LG10 LG20 LG30

LG01 LG11 LG21 LG31

LG02 LG12 LG22 LG32

LG03 LG13 LG23 LG33

p

p
h
λ

k,

h π λ k

± .



l

l



Solid
  Crystalline  Smectic C Smectic A Nematic    Isotropic

Temperature

Liquid
Liquid crystal mesophases

Tm Tc



CH2CH3 CH2 CH2 CH2 C N(a)

(b)

L ~ 2 nm

φ ~ 0.5 nm

n

n n − n

n

n

n

Optic axis / director

(θ)



δ

δ
π d
λ

(
n θ − n

)
λ d

n n θ

θ

θ n θ π

d
λ(

n θ − n
)

π

Complementary metal-oxide semiconductor
silicon backpane

Aluminium layer (pixels)

Transparent electrode
Cover glass

Spacer

Liquid crystal
layer

Alignment
layer

Printed circuit board



V1

E E

dV2

(a) (b)

.

1 pixel (1 independent electrode)

Dead space

Pixel pitch

Interpixel gap



×

I I

I
I
.

±

0th order ±1st order

I

I

I
I



Lateral distance (mm)
0 1 2 3 4 5 6

In
te

ns
ity

 (a
.u

.)

0

100

200

300

400

500

600

700

800
Profile 1

2 mm

(a) (b)

(c) (d)

(e) (f)

0        2π

(g)



×

π

(a) (b) (c)



f f

f /f

lp

f1 + f2

Lens Lens Optic axis
of slm screen

Polarization direction
of incoming laser light

Laser 
473 nm

f1 f2

pbs λ/2 
plate

D D pbs

slm screen with
LGlp phase mask

D

LGlp mode
1st order 

×



2 mm 2 mm

(a) (b)



Laser 
405 nm

apd1

Beamsplitter 45/55
Flipping 
pin-hole
150 μm

Bandpass filter
630±46 nm

Piezoelectric stage

Dichroic filter
605 nm

Microscope
objective

apd2

Mirror

tcspc

Sync pulse

ch1 ch2

Hanbury Brown-Twiss

Delay

LG mode
473 nm

(1st order)

P1

Sample with 
nanocrystal
and resist

Fluorescence
Flipping
mirror

Antibunching

Confocal
scan

Confocal
scan 1 μm

Flipping
mirror

ccd
camera

Tube
lens



CdSe/CdS core/shell
nanocrystal

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

Silicon substrate

Gold

pmma

lor

pmma

Gold layer
Gold disk

Gold layer
Gold disk

Silicon substrate

Gold

pmma

lor

pmma

Microscope
objective

Fluorescent light

�

�

�

�

�

�

A sample is prepared as shown.
Note the individual nanocrystals 
embedded in PMMA. The resist 
bi-layer is coated on the top.

A nanocrystal is located with
a low power laser and the resist
on top of it is burned with a high 
power laser.

The sample after the hole has 
been made; note the profile 
of the hole.

MF-319 solvent, without attacking
PMMA, develops LOR. 
Note the undercut.

Gold is deposited by thermal
evaporation. Note the gold patch
on top of the nanocrystal.

LOR is removed by MF-319; due
to this the PMMA and Au film 
above it are removed too. The
plasmonic single photon emitter
nanoantenna is ready.

CdSe/CdS core/shell
nanocrystal (15–19 nm)

Silicon substrate

Gold

pmma

lor

pmma

280 μm

200 nm

45 nm

500 nm

50 nm

Thermal evaporation

Spin-coating

Spin-coating

Spin-coating

To save space, the 10 nm 
adherence layer of Ti/Cr 
between Si (280 μm) and 
Au (200 nm) has not been 
shown here.

(a)

(b)

Undercut

LG laser mode



×

×

l ≥

×



1 μm

1

0

50

100

150

200

250

300

350

400

Lateral distance (nm)
0 500 1000 1500 2000 2500

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

50

100

150

200

250

300

350

400

450
Profile 1

440 nm

1 μm

1

600 nm

0

100

150

200

250

300

350

400

450

500

550

50

Lateral distance (nm)
0 1000 2000 3000 4000 5000

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

100

200

300

400

500

600
Profile 1

(a) (b)

(c) (d)



1 μm

600 nm

0

100

200

300

400

500

Lateral distance (nm)
0 2000 4000 6000

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

100

200

300

400

500

1 μm

333 nm

0

Lateral distance (nm)
0 500 1000 1500 2000 2500

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

50

100

150

200

250

300

350

(a) (b)

(c) (d)

patch



1 μm
0

100

200

300

400

500

Lateral distance (nm)
0 2000 4000 6000 8000

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

100

200

300

400

500

1 μm 0

50

100

150

200

250

300

350

Lateral distance (nm)
0 500 1000 1500 2000 2500

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

50

100

150

200

250

390 nm600 nm(a) (b)

(c) (d)

1 μm

200

300

400

500

Lateral distance (nm)
0 500 1000 1500 2000 2500 3000 3500

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

50

100

150

200

250

300

350

400

450

500600 nm

0

(a) (b)



0.0

0.53 μm

y : 3.1 μm

x : 
3.1 μm

1 μm

1
2

0

250

300

350

400

450

500

550

Lateral distance (nm)
0 500 1000 1500 2000 2500 3000

H
ei

gh
t p

ro
fil

e 
(n

m
)

0

100

200

300

400

500

600
Profile 1
Profile 2

(a)

(b)

(c)

600 nm



N.A. ×

g

20 nm

35 nm

10 nm

1–2.5 μm

Gold

Metal

pmma

200 nm

CdSe/CdS
nanocrystal

F α

�
�

�
�
�
�

�



α F ≈ α ≈ .

F ≈ α ≈ .

10 μm

Bright  LG20 antenna

Other  LG20
antennas

Nanocrystals
elsewhere



F ≈ α ≈
F ≈ α ≈ .

F ≈
α ≈

g

F ≈ α ≈ .

α ≈ . g ≈ .

α ≈ .
F ≈

F ≈



Time (ns)
0 20 40 60 80 100 120

ln
[In

te
ns

ity
] (

a.u
.)

-8
-7
-6
-5
-4
-3
-2
-1
0

Fluorescence
Fit

Photon arrival time Δt (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

10

20

30

40

50

Time (ns)
0 100 200 300

ln
[In

te
ns

ity
] (

a.u
.)

-6

-5

-4

-3

-2

-1

0
Fluorescence
Fit

Photon arrival time Δt (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0
10
20
30
40
50
60
70
80

Photon arrival time Δt (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

10

20

30

40

50

Time (ns)
0 100 200 300

ln
[In

te
ns

ity
] (

a.u
.)

-5

-4

-3

-2

-1

0
Fluorescence
Fit

I(t) = 3700 e-t/0.25 + 5050 e-t/27 + 90

Time (ns)
0 10 20 30 40

ln
[In

te
ns

ity
] (

a.u
.)

-7

-6

-5

-4

-3

-2

-1

0
Fluorescence
Fit

I(t) = 30000 e-t/1.1 + 2000 e-t/4 + 65

Co
in

cid
en

ce
s

0
10
20
30
40
50
60
70
80

0 1000 2000 3000
Photon arrival time Δt (ns)

(e) (f)

(g) (h)

Antenna 2

Antenna 3

Antenna 4

(a) (b)

Antenna 1

(c) (d)

I(t) = 2300 e-t/8 + 2800 e-t/26 + 57

I(t) = 18000 e-t/0.8 + 1600 e-t/11 + 22

FP ≈ 9 

α ≈ 0.2

FP ≈ 1 

α ≈ 147.4

FP ≈ 1 

α ≈ 4

FP ≈ 4 

α ≈ 1.2

∼



Time (ns)
0 50 100 150

ln
[In

te
ns

ity
] (

a.u
.)

-6

-5

-4

-3

-2

-1

0
Fluorescence
Fit

Photon arrival time Δt (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0
10
20
30
40
50
60
70
80

Time (ns)
0 50 100 150

ln
[In

te
ns

ity
] (

a.u
.)

-6

-5

-4

-3

-2

-1

0
Fluorescence
Fit

Photon arrival time Δt (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

10

20

30

40

50

60

Photon arrival time Δt (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0
20
40
60
80

100
120
140
160

Time (ns)
0 20 40 60 80

ln
[In

te
ns

ity
] (

a.u
.)

-7

-6

-5

-4

-3

-2

-1

0
Fluorescence
Fit

I(t) = 1700 e-t/1.1 + 1500 e-t/6 + 58

(e) (f)

(g) (h)

Antenna 2

Antenna 3

Antenna 4

(a) (b)

Antenna 1

(c) (d)

I(t) = 1120 e-t/4.5 + 4100 e-t/17.6 + 43

I(t) = 4000 e-t/1.7 + 6200 e-t/18 + 67

FP ≈ 6 

α ≈ 5

FP ≈ 2 

α ≈ 14.3

FP ≈ 2 

α ≈ 16.4

Time (ns)
0 10 20 30

ln
[In

te
ns

ity
] (

a.u
.)

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0
Fluorescence
Fit

I(t) = 6100 e-t/1.1 

  + 9500 e-t/10.2 + 70

FP ≈ 3.5 

α ≈ 14.9

Photon arrival time Δt (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0
10
20
30
40
50
60
70
80
90



Photon arrival time Δt (ns)
0 1000 2000 3000

Co
in

cid
en

ce
s

0

2

4

6

8

10

12

14

Time (ns)
0 10 20 30 40

ln
[In

te
ns

ity
] (

a.u
.)

-6

-5

-4

-3

-2

-1

0
Fluorescence

I(t) = 5450 e-t/1.6 + 4800 e-t/3.3 + 43

I(t) = 9500 e-t/2.7 + 415

(a) (b)

FP ≈ 11 

α ≈ 1.8





6
..
..
..
..
..
..
..
..
..
..
..
..
..
.

S



∼







..
..
..
..
..
..
..
..
..
..
..
..
..
.



Specifications @ 25°C and 5 V overvoltage  
Minimum Typical Maximum Units  

Photon Detection Efficiency  
    @ 400 nm  
    @ 550 nm  
    @ 650 nm  

21 
45  
34  

 
24  
49  
37  

 
 

%  

Single Photon Timing Resolution  
 TTL Counting Output 
 NIM Timing Output (additional internal circuit board required)  

 

35  

 
250  
50  

ps  
(fwhm)  

After -pulsing probability  0.1  3 %  

Dead Time  77   ns  

Supply Voltage  unregulated DC, any value 5V ~ 12V  

TTL Output  

 Pulse rise and fall times  
 Output pulse duration  
 Gating input 
 Supply input connector  

 

< 2  ns on 10 pF load  
20 ns typical  

5 V CMOS control (0 V, detector off)  
Standard 3.5 mm supply socket  
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