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Research goals
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% Ultrafast spectroscopy:
‘ many photons, 1 molecule,
‘ fs to as time scales

Quantum optics:
1 photon, 1 atom, ns to ps time scales

= = “‘M
%

Nano-optics: O
many photons, 1 molecule,

nm length scales
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Quantum photonics — a sketch
=

A photonic qubit
<

matter qubit matter qubit

J.L. O’Brien, A. Furusawa, and J. Vuckovié, Nat. Phot. (2009)
H.J. Kimble, Nature (2008)
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Quantum emitters, e.g. single molecules

R

incoherent coherent

W.E. Moerner, M. Orrit, Phys. Rev. Lett. (1989, 1990)

Eliminate ensemble average.
First quantum optical experiments with solid-state emitters.
Allowed to probe spatial and dynamical heterogeneities at the nanoscale.

© We lack of a robust and flexible light-matter interface.

~  Coherence and fast dynamics are difficult to access at the SM level under
real-world conditions.



We need to control light matter interaction at a
fundamental level

© Enable light-matter interaction and the single-photon-emitter level
© Enable photon-photon interactions at the single-photon level

-]

© Optical resonators have played... and will play... a major role in
this context

© Bandwidth and footprint limitations




A single emitter is optically thick
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Nano-Optics Group, ETH Zurich (2010)

G. Zumofen, N.M. Mojarad, V. Sandoghdar, M. Agio, Phys. Rev. Lett. (2008)
G. Zumofen, N.M. Mojarad, M. Agio, N. Cimento C (2009)



Ultrafast control of a TLS
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Control coherence Drive coherence
of a vibrational between ground and
wavepacket excited state

D. Brinks et al., Nature (2010), A. Curto et al., Nat. Phys. (2011)



Critical parameters
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Critical photon number (Ng) (black curve) and critical atomic number (N,) (red curve) as a function of the

cavity volume. The calculation was performed assuming dephasing times T,=100 fs and T, =2.7 ns at

A=740 nm.



A dipole antenna

0
(T
R
+
+

I,V roor

P=P_ +P

rad stored

1
kr)3

&, stored ~ (

M. Agio, A. AlU, eds. Optical Antennas (Cambridge University Press, 2013)
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From field-enhanced spectroscopy to optical antennas
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M. Moskovits, Surface-enhanced spectroscopy, Rev. Mod. Phys. (1985)
D. Pohl, Near-field optics as an antenna problem, World Sci. Publ. (2000)




Surface plasmon-polariton resonances
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C.F. Bohren, and D.R. Huffman, Absorption and scattering of light by small particles (Wiley, 1983)



Metal nanoparticle as optical antennas

60 nm Au spheres
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B. J. Messinger, et al., Phys. Rev. B (1981)
C. Bohren, Am. J. Phys. (1982)



Optical antennas
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M. Agio, Habilitation Thesis (ETH Zurich 201 1) http://dx.doi.org/10.3929 /ethz-a-007049705




Optical nanocavities /antennas
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M. Agio, Nanoscale (2012)



Progress in optical antennas
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The nanofabrication of antennas and the experimental
technique are ready for optical experiments at the quantum level
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field enhancement
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The spontaneous emission rate
N
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Edgendisische Techniiche Mochschule Zurich
Swiha federal Imtitete of Technology Terkh

Photostable molecules in a thin film

The p-terphenyl film embedding aligned terrylene
molecules is about 20 nm thick

p-terphenyl sample

R. Pfab, J. Zimmermann, C. Hettich, I. Gerhardt, A. Renn, and V. Sandoghdar, Chem. Phys. Lett. 387, 490 (2004).




Edgendisische Techniche Hochschule Zurich
Swis federal Institete of Technology Terkh

Manipulating a single GNP
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diameter: 30-100nm

T. Kalkbrenner, et al., J. Microscopy 202, 72 (2001); Nano Lett. 4, 2309 (2004)




Edgendisische Techniiche Hachschule 2irich
Swihia federal Institete of Technology Zerkh

Interaction between a single molecule and a single GNP
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S. Kihn, U. Hakanson, L. Rogobete, and V. Sandoghdar, Phys. Rev. Lett. 97, 017402 (2006)




Eidgendisische Techniiche Hochschule 2irich
Swihia federal Institete of Technology Zerkh

Ultrahigh resolution with
fluorescence enhancement
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H. Eghlidi, K. G. Lee, X.-W. Chen, S. Gétzinger, and V. Sandoghdar, Nano Lett. (2009).




Fighting against quenching
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distance L. Rogobete, F. Kaminski, M. Agio, V. Sandoghdar, Opt. Lett. (2007)

M. Agio, Nanoscale (2012)
X.-W. Chen, M. Agio, V. Sandoghdar, Phys. Rev. Lett. (201 2)



Enhancing quantum emitters
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L. Rogobete, F. Kaminski, M. Agio, V. Sandoghdar, Opt. Lett. (2007), M. Agio, Nanoscale (2012)



Resonant nanocones
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A. Mohammadi, F. Kaminski, V. Sandoghdar, M. Agio, J. Phys. Chem. C (2010)
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Nanocones - Nanofabrication ol o
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A. Flatae in collaboration with the Nanostructures Department at lIT, Genoa, ltaly
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Directional emission
T

Aim: create a nanoscale 41 optical system
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Redirecting light emission
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Modification of the emitter radiation pattern using metal nano-particles
(L. Rogobete, PhD thesis, ETH Zurich 2006)

...... b‘
b

x = -50nm 25 0 25 5

S. Kihn, G. Mori, M. Agio, V. Sandoghdar, Mol. Phys. (2008)



Antenna arrays
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The optical Yagi-Uda antenna
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QD area 200 nm

Reflector Feed Directors

J. Li, A. Salandrino, and N. Engheta, Phys. Rev. B (2007)
H.F. Hofmann, T. Kosako, and Y. Kadoya, New J. Phys. (2007)
A.G. Curto, G. Volpe, T.H. Taminiau, M.P. Kreuzer, R. Quidant, N.F. van Hulst, Science (2010)



Monolithic directional antennas

nanofocusing
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F. Keilmann, J. Microscopy (1999)
A.J. Babadjanyan, N.L. Margaryan, and Kh.V. Nerkarayan, J. Appl. Phys. (2000)
M.l. Stockman, Phys. Rev. Lett. (2004)
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metal nanowire

D.E. Chang, A.S. Sarensen, P.R. Hemmer, and M.D. Lukin, Phys. Rev. Lett. (2006)



Ag nanowires to SiO,, fibers
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High-throughput SNOM
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X. Chen, V. Sandoghdar, and M. Agio, Nano Lett. (2009)




Nanofabricated optical antennas
I

Courtesy of Prof. E. Di Fabrizio (lIT, Italy)
F. De Angelis, et al., Nano Lett. (2008) e e 2 =
F. De Angelis, et al., Nat. Nanotech. (2009) Gold & silver available



Nearly 100% collection efficiency

G.K. Lee, X.W. Chen, H. Eghlidi, P. Kukura,
R. Lettow. A. Renn, V. Sandoghdar, S.
Gotzinger, Nat. Photonics (2011)

X.-L. Chy, T. J. K. Brenner, X.-W. Chen, Y.
Ghosh, J. A. Hollingsworth, V.
Sandoghdar, S. Gotzinger, Optica (2014)
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Research Article Vol. 4, No. 1/ January 2017 / Optica 71

Experimental realization of an absolute
single-photon source based on a single
nitrogen vacancy center in a nanodiamond

Beatrice Robiek,' Marco Lopez,' HELmutH Horer,! GEILAND PoRROVECCHIO,2 MAREK SwmiD,?
Xino-Liu CHu,>* STEPHAN GOTZINGER,** VAHID SANDOGHDAR,* SARAH LINDNER,’
CHRISTOPH BECHER,® AND STEFAN Kuck'*

'Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany

2Cesky Metrologicky Institut (CMI), Okruzni 31, 63800 Brno, Czech Republic

*Department of Physics & Graduate School in Advanced Optical Technologies (SAOT), Friedrich Alexander University (FAU) Erlangen-Ndimberg,
91052 Erlangen, Germany

“Max Planck Institute for the Science of Light, 91058 Erlangen, Germany

SUniversitét des Saarlandes, Fachrichtung 7.2 (Experimentalphysik), Campus E2.6, 66123 Saarbrticken, Germany

*Corresponding author: stefan.kueck@ptb.de



A planar directional antenna
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S. Checcucci, P.E. Lombardi, S. Rizvi, N. Gruhler, F.B.C. Dieleman, F.S. Cataliotti,
W.H.P. Pernice, M. Agio, C. Toninelli, Light: Science & Applications (2017)



Coupling to surface plasmon polaritons
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S. Checcucci, P.E. Lombardi, S. Rizvi, N. Gruhler, F.B.C. Dieleman, F.S. Cataliotti,

W.H.P. Pernice, M. Agio, C. Toninelli, Light: Science & Applications (2017)
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Quality factor
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Enhancement of spontaneous emission
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Pulsed excitation
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Quantum optics at the nanoscale
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H.T. Dung, L. Knéll, D.-G. Welsch, Phys. Rev. A (2000)



Scattered electric field operator

Nanostructure + Two-level emitter dynamics: macroscopic QED
E(r.w) = \/ /d‘ YV (W) G(r, Y, w)f (Y, w)
TEQ 2

Heisenberg equations of motion (Markovian and rotating wave approx)

E (x,t) = |gi(x)[e 5 (t),) « 6 =|g)e]
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where the complex electric field amplitude
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_ Wi
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Dung H.T.,, Kndll L., Welsch D.-G., Phys. Rev. A 64, 013804 (2000)
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Ultrafast Rabi oscillations
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Coherent effects
I

Beyond: Weak excitation, Rate equations, Classical light
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What is squeezed light?

Quantum electromagnetic field quadrature

E(r,t)=E*(r,t)+ E~(r,t) satistring [E*(f,t),E'(f,t)]=2C

Or more general, as a combination of both parts with a phase

E (7,t)= E*(7,0)e" + E~(7,t)e™

Then a squeezed state of light corresponds to such that: < AEB2 (F,t)> <C

Normal ordering

Or alternatively, since <AE92 (17,1‘)> =(C+ <I AEBZ (7,t) Z> /<E_E_"'E+E+>

<: AE; (7,1) :> <0

Scully, M.O., Zubairy, M.S., Quantum Optics (Cambridge Univ. Press, 1997)



Squeezing in resonance fluorescence

Atom

Laser

Far-field detector

<: AE; (7,1) :> <0

Not verified with a single atom in vacuum
(Small collection efficiency)

D.F. Walls, P. Zoller, Phys. Rev. Lett. (1981)
C.H.H. Schulte, J. Hansom, A.E. Jones, C. Matthiesen, C. Le Gall, M. Atatire, Nature (2015)



Normalised detuning, d

Free space versus nanoparticle
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D. Martin-Cano, H.R. Haakh, K. Murr, M. Agio, Phys. Rev. Lett. (2014)
D. Martin-Cano, H.R. Haakh, M. Agio, J. Opt. (2016)



The role of a nanostructure
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Near field maximum degree of squeezing
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A factor 30 larger for the small nanoshere compared to the
large one, and 10° respect to the far field case
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Why single-photon sources (SPSs)?

Quantum technologies:

Harvard

Quantum key distribution
Quantum cryptography

Quantum computing

Quantum enhanced measurements

Radiometry

SPARROW
QUANTUM

Available solutions:
Attenuated lasers
Heralded SPS
Quantum emitters:

QDs, color centers, molecules



Single-molecule level scheme

s, 42 |
Internal conversion
2 n: r ~ Intersystem crossing
S, I T 3
ku kn kn 0 7-1
VA - NAA AR 4
& FmOfﬁsoenoe Phosphorescence
? 8 s/ n
S, 0
p) I .-
k'l? k21 k23
Fluorescence
Level scheme and Frank-Condon principle P
1) e

M. Agio, Habilitation Thesis (2011) Jablonsky diagram



Optical properties of single molecules

00-ZPL

Emission

§ Vibronic states

Phonon wings

Excitation

Wavelength \V

Zero-phonon lines

Typical SM spectrum

ZPL

A=  Phonon wing

Vo Wavelength

M. Agio, Habilitation Thesis (2011)
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Diamond growth 1 PN

Polycrystalline Discovered about 30 years ago, the use of

hydrogen in plasma-enhanced chemical vapor
deposition (CVD) has enabled the growth and
coating of diamond in film-form on various
substrate materials.

Single crystal

Nano cysfal | B-dped cysfl CVD diamond sample

Focus Issue - MRS Bulletin (2014)




Optical and electronic applications of diamond

7 Properties
" Highest thermal conductivity of any material, up to 2000 W /mK

- Low absorption coefficient allows higher power outputs to be transmitted through the window without
suffering damage or distortion.

~ Widest transmission spectrum from visible to far IR — from 220 nm to >50 dm—x-ray, infrared,
terahertz and microwave

~ Hardest material known to science

- Highly chemically inert

- Wide band-gap semiconductor material

- Electric insulator with high breakdown field strength

 Diamond optics & photonics
~ Lenses and diffractive elements
~ Raman lasers
- Bioimaging
- Diamond junction devices
~ LEDs
- Power electronics
~ Quantum optical technologies
- Magnetometers
- Single-photon sources

Al

R.P. Mildred & J.R. Rabeau (eds), Optical engineering of diamond (Wiley, 201 3)
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Near IR color centers in diamond
e

Diamond is optically transparent and can host hundreds of different point defect centers,
called color centers, that emit light.

(@) (b) ()

- 1500+

1000

[111]/!/;

“
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et
>
|_l
Flucreacence Intensity, Cts

S |, T— :’i‘n =+1
3A T D28GHz,

m=0 650 700 750 800
Wavelength, nm

|| S#’*g NV - interesting for sensing (magnetometer)
; | SiV, NE8 - interesting for single-photon emission

A.M. Zaitsev, Optical properties of diamond (Springer, 2001)

SiV center NE8 center
! |. Aharonovich, et al., Rep. Prog. Phys. (2011)



Photophysics of the SiV color centre 1 PN

[1(001) nanoislands 7_\ R —T T
31 ] 77} randomly oriented NDs 6 e I\,
; 5.
2- — 4 b
£ %% % -
S %%% 3
S é 7 2 b
15 % 7 3
7%
Z ) R
Z? -—200 —100 0 . 100 200 -
0 / ' T 1 1 1 30 E‘l";ﬂi __,‘f..,f_-".":’..“"""‘,_ 5, %&'\‘iﬁ.‘- w"‘?ﬁ&‘
&
0 1 2 3 4 5 6 . : "

Maximum photon rate (Mcps)

A

4
Gesheving Ty = 2/(A+\/A>—4B)
A == k12+k21+k23+k31 . s 1 s 1 s 1 s 1 L 1 L
30 20 10 O 10 20 30
B = kpk kiok ko1k kosk
12k23 + K12K31 + K21K31 + K23K3]1 T (ns)
1 — k3
a -
k31 (m—11)

E. Neu, M. Agio, C. Becher, Opt. Express (2012)




)
Implantation of Si at LABEC, Florence L”j N ol s

At the Tandetron 3MV accellerator facily of the LABEC INFN Florence
we can accelerate a vast veriety of ion species

The deflectors allows to operate from the continuum regime to the
single pulse, whith pulses down to 5 Us long

Possibility to implant ions over a range of fluences (implanted ions/cm?)
spanning over at least 8 orders of magnitude (107 — 10'% ions/cm2)

The 15° line hosts the Electrostatic-Deflector (DefEl) System

B E o B AL 1am™s o o T80 ™ {Vacuum
tH o o [ o N\ > P
- '_v:i:_yéj F l [ 1 '.‘ ‘;v ljJ ‘Q‘:’ :7 1 I [ \:_L‘{ . .'.-'Aw—v '\c 9" 'Chamber
Pre-deflector Pre-deflector

S. Lagomarsino, et. al., in preparation (2017) f.‘”““.-. I



Implantation and annealing " P

Implanted Silicon ions take place predominantly in intestitial position,
with generation of defects (~ 2 vacancies/(nm x ion))

After proper annealing at 1150°C
fransparency recovers

x20 increase of luminescence signal
(738 nm ZPL of SiV, negligible
sidebands)

0
o0 0 J00 0 740 760 %0 00 20

S. Lagomarsino, et. al., in preparation (2017)



Implantation depth g

The implantation depth depends on the ion energy

We modulated the implantation

. : 2
depth varying the energy and el “_T,
L] L3 ] :
interposing a controlled-thickness g

° L] O
metal shield in front of the sample. Ion beam chield 2

n ’ lon trajectories
1= B,< E<E; &
® =
15 3 ,
o S
J : Final ion 3 e
3 positions S —
- » £ls —
“'I.: ’ - :;? g 1 0000
2 -1 0 um 1 2 ’ Y

S. Lagomarsino, et. al., in preparation (2017)




Efficiency independent of depth | T

The implantation depth depends on the ion energy

We implanted ions at depths from O to 2.4 PUm

Luminescence map

1 a.u. -'—'—"- -_-;L.,._-
I ﬁﬁm’gﬁ‘: " & Mev

@

Low transmission &\

NS o ' '24Mm '\,Q‘Ozuﬁj 10 MeV
b s

— . Bt
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'
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1

Fluence = 3.2x10'3 cm-2

The activation efficiency is substantially independent on depth

S. Lagomarsino, et. al., in preparation (2017)



The SiV color center at large T
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Slight increase (4nm) in A__, from RT to 500K

FWHM from 6 to 30 nm

Integrated intensity decreases only 40%

The luminescence intensity is restored coming back at room temperature.

S. Lagomarsino et al., AIP Advances (2015)



The SiV color center at large T

An unshelving state has been proposed to give account of a bounching effect at
long correlation times.

The observed decrease of luminescence with temperature is well reproduced if
the unshelving state lies at about AE = 0.18 eV from the excited one (thermal
de-population of excited state).

Y unshelving

exc _ 5

i e Shelving 1+A eXp( )

' '
v v

grﬁ. —

S. Lagomarsino et al., AIP Advances (2015)



The SiV color center

Intensity (counts)

FWHM = (1.6+0.1) nm
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Work in progress, in collaboration with LABEC-INFN (Florence, Italy)
S. Lagomarsino et al., AIP Advances (2015)
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Diamond nanophotonics 1 PN

) oioooo‘o'oo
'ooooooooooooo

AFM cantilever

B.J.M. Hausmann, et al., Phys. Stat. Sol. A (201 2); I. Aharonovich, E. Neu, Adv. Opt. Mat. (2014)




Outline l' UNIVERSITAT

« Part |
« Nano quantum optics
» Metal nanostructures as optical antennas
« Fluorescence enhancement
 Directional emission

« Quantum optics with optical antennas

« Part Il

e Quantum emitters
Intrinsic optical properties of diamond
Color centres in diamond
Diamond-based nanophotonics
Diamond electronics



Level scheme and physical model | PR

Electrode (A/PLTD ey requires considerations about the emission
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i diamond — ‘ mechanism of electroluminescent devices and

L i diamond . .
Electrode (Au/Pt/Ti) its dependence on the VB and CB populations

n-type diamond

p-type diamond

i diamond
d w LN © siv
p-type diamond ground excited ground
| h'
Electrode (Au/Pt/Ti) lh% B I
.
NV° Siv” Sive
. . . d ited 3 d
N. Mizuoki, et al., Nat. Photonics (2010) gothe EEEE o gmln
e o . ®
ground excited
/MT lhwo
a
J L CC : © ©
excited ground
E\e>£[:_:|e> E\e>:_:£|e>
M i B
e e/ /N> . . .
ik Emission rate (approximate)
Ep— 8> Ep— 18>
E, R ® 1
h pu—
b P 1 1
¢, ettt . — 4+ — F7
o ! Ch C
. n
5 © e pP
@© E ‘ > U
c = & F—le> £o,——lg>
e ® 1| ANA~ @
£ | :
1

. Fedyanin and M. Agio, New J. Phys. (2016)



Emission rate vs current density | PR
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N. Mizuochi et al.
Electrically driven single-photon source at room temperature in diamond, Nat. Photon. (2012)

A.M. Berhane et al.
Electrical excitation of silicon-vacancy centers in single crystal diamond, Appl. Phys. Lett. (2015)

D. Yu. Fedyanin and M. Agio, New J. Phys. (2016)
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