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Research goals
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TLS

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

Ultrafast spectroscopy: 
many photons, 1 molecule, 
fs to as time scales

Nano-optics: 
many photons, 1 molecule, 
nm length scales

 

  



• Quantum nano optics 

• Nanospectroscopy 

• Nanosensing

Research areas
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Quantum photonics – a sketch
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matter qubitmatter qubit

photonic qubit

J.L. O’Brien, A. Furusawa, and J. Vučković, Nat. Phot. (2009) 
H.J. Kimble, Nature (2008)
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• Diamond electronics

Outline
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Quantum emitters, e.g. single molecules
7

! 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.

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

incoherent coherent



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
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A single emitter is optically thick
9

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

At room temperature a solid-state quantum 
emitter is barely detectable in extinction (10-5)

TLS

€ 

Aeff =
3λ2

4π
=
σTLS

2

Nano-Optics Group, ETH Zurich (2010)

T=1.4 K

weak laser detector



Ultrafast control of a TLS
10

Δt, ϕ

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

Control coherence 
of a vibrational 
wavepacket

Drive coherence 
between ground and 
excited state



Critical photon number (NS) (black curve) and critical atomic number (NA) (red curve) as a function of the 
cavity volume. The calculation was performed assuming dephasing times T2=100 fs and T1 =2.7 ns at 
λ=740 nm. 

NA

NS

Critical parameters

NS=γ1γ2/4g2 

NA=γ1k/2g2
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(g,k,γ)=(34,2,1.25) MHz 

(g,k,γ)=(97,48,-) GHz 

… ?



A dipole antenna
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I, V
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1
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≈100 nm
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P = Prad + Pstored

Pstored ≈
1
kr( )3 € 

Pstored

€ 

Prad

M. Agio, A. Alù, eds. Optical Antennas (Cambridge University Press, 2013)
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From field-enhanced spectroscopy to optical antennas

14

€ 

Ks =
σ
A

<<1scattering ratio:

€ 

A ≥ λ2

€ 

σ <<
3λ2

2π
and

M. Moskovits, Surface-enhanced spectroscopy, Rev. Mod. Phys. (1985) 
D. Pohl, Near-field optics as an antenna problem, World Sci. Publ. (2000)

RAMAN spectroscopy: 
σ=10-30 cm2 – A=10-10cm2: Ks=10-20

Source ICFO



Surface plasmon-polariton resonances

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

Lycurgus cup, Roman period, IV b.C.

€ 

α ω( ) = 4πa3
ε ω( ) −εb
ε ω( ) + 2εb

Dipolar polarizability:

15



Metal nanoparticle as optical antennas

B. J. Messinger, et al., Phys. Rev. B (1981) 
C. Bohren, Am. J. Phys. (1982)
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Optical antennas

I, V

Optical properties

Au Ag
Electrical 
Engineering

Physical 
Chemistry 

Quantum 
Optics

Materials 
Science
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ω

Spontaneous emission

€ 

∂D
∂t

Optics and 
Photonics

M. Agio, Habilitation Thesis (ETH Zurich 2011) http://dx.doi.org/10.3929/ethz-a-007049705



Optical nanocavities/antennas
18

M. Agio, Nanoscale (2012)



Progress in optical antennas

100nm

19

The nanofabrication of antennas and the experimental 
technique are ready for optical experiments at the quantum level
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100 nm gold NP

Single-molecule fluorescence

€ 

η =
γ r
γ t

=
ηo
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γ r
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€ 

S∝ηE 2

field enhancement

decay rates antenna efficiency

quantum efficiency 
(radiation efficiency)

€ 

E 2

Eo
2 ≈

γ r
γ o

Fluorescence spectroscopy: 
σ=10-15 cm2 – A=10-10cm2: Ks=10-5
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The spontaneous emission rate
22

ω
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Photostable molecules in a thin film 

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

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

23



Manipulating a single GNP

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

diameter: 30-100nm

100nm
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Interaction between a single molecule and a single GNP

S. Kühn, U. Håkanson, L. Rogobete, and V. Sandoghdar, Phys. Rev. Lett. 97, 017402 (2006)
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Ultrahigh resolution with  
fluorescence enhancement 

H. Eghlidi, K. G. Lee, X.-W. Chen, S. Götzinger, and V. Sandoghdar, Nano Lett. (2009). 
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Fighting against quenching
27

distance

80 nm

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. (2012)

Improve the quantum yield of molecules 
Photophysics under unusual regimes



Enhancing quantum emitters
28

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

60 nm

€ 

ηa =
Prad

Prad + Pabs
≈1

Strong enhancement with a high antenna efficiency

Optical antenna

TLS

excitation decay



Resonant nanocones
29

TLS

A. Mohammadi, F. Kaminski, V. Sandoghdar, M. Agio, J. Phys. Chem. C (2010) 
A. Flatae in collaboration with the Nanostructures Department at IIT, Genoa, Italy



30

Nanocones - Nanofabrication

Only two types of substrate are used (i.e. silicon nitride substrate or quartz substrate). Before 
gold deposition the nano-cones looks as shown below  

   

Dimensions:  The fabricated gold nano-cones have a base ranges from 110 nm - 130 nm and a 
height ranges from 115 nm-210 nm. Here some of the SEM pictures of the nano-cones with its 
dimensions are shown. 

  

Before gold deposition

  

Spectroscopy: Dark field:  

  

One can collect more than 73% pure scattering signal (as compared to the background). The 
resonance spectrum I is calculated using the relation 

After gold deposition

 

A. Flatae in collaboration with the Nanostructures Department at IIT, Genoa, Italy
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Directional emission
32

€ 

D(θ,ϕ) =
4π
Prad

P(θ,ϕ)Antenna directivity

€ 

G(θ,ϕ) =
4π
P
max P(θ,ϕ){ } =ηamax D(θ,ϕ){ }Antenna gain

Aim: create a nanoscale 4π optical system



Redirecting light emission

Modification of the emitter radiation pattern using metal nano-particles 
(L. Rogobete, PhD thesis, ETH Zurich 2006)

33

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



Antenna arrays
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The optical Yagi-Uda antenna
35

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)

2a

2b



Monolithic directional antennas

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

nanofocusing

photons

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

metal nanowire

36



Ag nanowires to SiO2 fibers

X. Chen, V. Sandoghdar, and M. Agio, Nano Lett. (2009)

rMW=164 nm 
rDF=342 nm

37



High-throughput SNOM

λ=730 nm λ=780 nm

Illumination Collection

38

X. Chen, V. Sandoghdar, and M. Agio, Nano Lett. (2009)

α

FWHM 
≈ 10 nm



Nanofabricated optical antennas
39

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



Nearly 100% collection efficiency
40

G.K. Lee, X.W. Chen, H. Eghlidi, P. Kukura, 
R. Lettow. A. Renn, V. Sandoghdar, S. 
Götzinger, Nat. Photonics (2011) 
X.-L. Chu, T. J. K. Brenner, X.-W. Chen, Y. 
Ghosh, J. A. Hollingsworth, V. 
Sandoghdar, S. Götzinger, Optica (2014)
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We report on the experimental realization of an absolute single-photon source based on a single nitrogen vacancy (NV)
center in a nanodiamond at room temperature and on the calculation of its absolute spectral photon flux from
experimental data. The single-photon source was calibrated with respect to its photon flux and its spectral photon
rate density. The photon flux was measured with a low-noise silicon photodiode traceable to the primary standard for
optical flux, taking into account the absolute spectral power distribution using a calibrated spectroradiometer. The
optical radiant flux is adjustable from 55 fW, which is almost the lowest detection limit for the silicon photodiode, and
75 fW, which is the saturation power of the NV center. These fluxes correspond to total photon flux rates between
190,000 photons per second and 260,000 photons per second, respectively. The single-photon emission purity is
indicated by a g !2"!0" value, which is between 0.10 and 0.23, depending on the excitation power. To our knowledge,
this is the first single-photon source absolutely calibrated with respect to its absolute optical radiant flux and spectral
power distribution, traceable to the corresponding national standards via an unbroken traceability chain. The
prospects for its application, e.g., for the detection efficiency calibration of single-photon detectors as well as for
use as a standard photon source in the low photon flux regime, are promising. © 2017 Optical Society of America

OCIS codes: (120.3940) Metrology; (120.5630) Radiometry; (230.6080) Sources; (270.5290) Photon statistics.

https://doi.org/10.1364/OPTICA.4.000071

1. INTRODUCTION

Single-photon sources have the potential to be used in a wide field
of applications [1,2]. Well known and widely discussed is their
use in quantum key distribution, quantum computing, and
quantum-enhanced optical measurements [3]. In this paper,
we deal with another important application of single-photon
sources, i.e., their use in radiometry [4]. In principle, single-
photon sources have the potential to become a new type of stan-
dard photon source [5] as there are—in the classical regime—the
blackbody radiator and the synchrotron radiation source. The
output power Φ of an ideal single-photon source, which emits
only one photon per excitation pulse, is simply given by the for-
mula Φ ! f hc∕λ, where f is the repetition rate of the excitation
laser, h is the Planck constant, c is the speed of light, and λ is the
wavelength of the emitted radiation. However, the conditions for
such a standard source are difficult to realize in practice, because a
source with a quantum efficiency of 100%, a perfect purity of the

single-photon emission, i.e., g "2#"0# ! 0, and a collection effi-
ciency of 100% is required. In any case, single-photon sources
are ideal sources for the calibration of single-photon detectors,
because the influence of photon statistics on the calibration results
is omitted [6,7]. In this paper, we present a single-photon source
absolutely calibrated by a classical standard detector and a cali-
brated spectroradiometer and hence traceable to a national stan-
dard for optical radiant flux via an unbroken traceability chain.
This is considered to be the first step toward the realization of
a deterministic absolute single-photon source. Furthermore,
the model for the calculation of the absolute spectral photon flux
from experimental data is presented in detail.

2. THE EXPERIMENTAL SETUP

The developed single-photon source is based on a nitrogen
vacancy (NV) center [8] -doped nanodiamond (GAF 0.15 from
Microdiamond AG) with an approximate median size of 75 nm in

2334-2536/17/010071-06 Journal © 2017 Optical Society of America

Research Article Vol. 4, No. 1 / January 2017 / Optica 71

that the terrylene molecules are oriented perpendicular to the plane
of the p-terphenyl film. Our calculations show that an ultrathin film
within the middle layer does not influence the theoretical predic-
tions (Fig. 1a), so the emitters can be treated as dopants directly
placed in the second medium, as suggested by Fig. 1b. The sche-
matics of the final device are shown in Fig. 1d. We first report
on studies of a sample made from two PVA layers sandwiching a
p-terphenyl film on top of a sapphire cover glass with parameters
t¼ 350+20 nm and h¼ 200+20 nm. Next we show results for
the case of t¼ 600+20 nm. The sapphire substrate was index-
matched on the other side by an immersion oil suitable for a
microscope objective with a numerical aperture of 1.65 (Olympus
Apo ×100). Details of sample fabrication as well as the excitation
and detection of single-molecule fluorescence are provided in
the Methods.

To quantify the collection efficiency of our antenna structure, we
define the parameter h¼ Sco/Sem as the ratio of the collected power
that enters the microscope objective (Sco) to the total power emitted
by a single molecule (Sem), both in units of photons per second. The
latter is given by the product N2k21, where N2 is the population of
the excited state (2) and k21 is the rate of its radiative decay to the
ground state (1). As outlined in the energy level scheme in the
inset of Fig. 2a, the triplet state (3) also affects the absorption and
emission processes. The time trace in the inset of Fig. 2b displays
an example of the resulting intermittent on- and off-times. A com-
plete knowledge of all rates and populations requires thorough
investigation23; however, as we show below, Sem can also be evalu-
ated in a less tedious fashion.

The spontaneous emission rate k21 is given by the inverse of the
rise time t of the autocorrelation function g(2) in the weak excitation
limit. At finite excitation powers, t is reduced according to
t21¼ k12þ k21 where k12 is the intensity-dependent excitation
rate. Figure 2a shows an example of a Hanbury–Brown and Twiss
measurement. The red curve is a fit to the experimental data,
taking into account the finite time resolution of the avalanche
photodiodes and allowing a residual fluorescence background.
Figure 2b plots the fluorescence signal as a function of the excitation
power. By measuring g(2) and examining t for a variety of excitation
powers, we determined k21¼ 1.26× 108 s21 and k12 for each
experiment (see Supplementary Information). Note that the
quantum efficiency of terrylene in p-terphenyl is near unity, so
the measured excited-state decay rate is solely of a radiative nature24.

Published studies23 and work in our own laboratory reveal that
k23
21 and k31

21 are orders of magnitude longer than t (see also on–
off-times in the inset of Fig. 2b). Consequently, the molecule can
be considered as a two-level system during its on-time, allowing
us to write Non

2 = k12/(k12 + k21) at steady state (dN2/dt = 0).
Hence, the photon emission rate during the on-time can be obtained
according to Sem

on ¼N2
onk21. Now, to compute the long-term total

emission rate (Sem
tot), one has to account for the fraction of time

the molecule is dark, arriving at Sem
tot ¼N2

onk21(12 off-time). We
determined the off-times at different excitation powers directly
from recorded time traces (see Supplementary Information). At
the highest excitation power of 7 mW in our experiment (Fig. 2b)
we found the off-time to be 5% and N2

on¼ 0.82, so that the emitted
power amounted to 0.82× (1.26× 108 s21)× (0.95)¼ 9.8× 107

photons per second.
To deduce Sco from the detected count rate (Sde), we quantified

the transmission loss of the optical path and the quantum efficiency
of the charge coupled device (CCD) and found an overall detection
efficiency of 51.8% for registering a count per collected photon.
Furthermore, we assessed the background level at each excitation
power by evaluating the CCD image away from the image spot of
the terrylene molecule for each excitation power that was used in
the correlation measurements. At the maximum excitation power of
7 mW, we found Sco¼ 9.4× 107. Finally, we determined the collection
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Figure 1 | Emission properties of a vertically oriented dipole close to a
dielectric planar antenna. a, Emitted power density as a function of the
collection angle. Black curve: dipole at a distance of 5 nm from the interface
of two media with a refractive index ratio of 1.78 (air–sapphire). Red and
green: dipoles in a structure as described in b with middle layer
thickness, t¼ 350 nm and 600 nm, respectively; the emitter was placed at
h¼ 200 nm in both cases. Insets: the same data in polar coordinates. The
upper part of each figure is magnified by a factor of ten for better visibility.
b, Sketch of the layered dielectric antenna. c, Contour plot of the fraction of
emitted power that enters the lower substrate within a numerical aperture of
1.65 as a function of t and h. d, Schematics of the experimental arrangement.
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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)
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Coupling to surface plasmon polaritons

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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Mode volume
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Pulsed excitation
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Quantum optics at the nanoscale
48
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Heisenberg equations of motion (Markovian and rotating wave approx)

where the complex electric field amplitude

Nanostructure + Two-level emitter dynamics: macroscopic QED

∝ eg=σ̂
QE coherence

Green’s tensor

Scattered electric field operator

Dung H.T., Knöll L., Welsch D.-G., Phys. Rev. A 64, 013804 (2000)
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Ultrafast Rabi oscillations
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Coherent effects
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Beyond: Weak excitation, Rate equations, Classical light

X.-W. Chen, V. Sandoghdar, M. Agio, Phys. Rev. Lett. (2013)



What is squeezed light?

Quantum electromagnetic field quadrature

Then a squeezed state of light corresponds to such that: 
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Scully, M.O., Zubairy, M.S., Quantum Optics (Cambridge Univ. Press, 1997) 



Squeezing in resonance fluorescence

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

Far-field detector

Laser

Atom

0:),(: 2 <Δ trEθ

D.F. Walls, P. Zoller, Phys. Rev. Lett. (1981) 
C.H.H. Schulte, J. Hansom, A.E. Jones, C. Matthiesen, C. Le Gall, M. Atatüre, Nature (2015) 
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Absence of nanosphere
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2

The role of a nanostructure

A nanostructure may assist the creation squeezed light in emitters, 
which do not generate squeezing in free space

R=60 nm
s
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A factor 30 larger for the small nanoshere compared to the  
large one, and 109 respect to the far field case

R=200nm R=60nm

Near field maximum degree of squeezing
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Why single-photon sources (SPSs)?
58

Quantum technologies: 
Quantum key distribution 
Quantum cryptography 
Quantum computing 
Quantum enhanced measurements 
Radiometry 

Available solutions: 
Attenuated lasers 
Heralded SPS 
Quantum emitters: 

QDs, color centers, molecules

CNRS

Harvard



Single-molecule level scheme
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M. Agio, Habilitation Thesis (2011) Jablonsky diagram

Level scheme and Frank-Condon principle



Optical properties of single molecules
60

M. Agio, Habilitation Thesis (2011)

Typical SM spectrum
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Diamond growth

Focus Issue - MRS Bulletin (2014)

 CVD DIAMOND—RESEARCH, APPLICATIONS, AND CHALLENGES    

491 MRS BULLETIN     •     VOLUME 39     •     JUNE 2014     •     www.mrs.org/bulletin 

and impurities can be incorporated into diamond fi lms during 
CVD growth, leading to tunable changes in the optical and 
electronic properties. Diamond fi lm surfaces are chemically 
inert in most chemical environments. Hydrogen-terminated 
diamond surfaces exhibit a negative electron affi nity (NEA), 
which is manifested by the conduction band minimum being 
at  ∼ 1.1 eV above the vacuum level.  8 – 10   Diamond surfaces can 
also exhibit hole surface conductivity that has been ascribed to 
electrochemical charge transfer from molecular adsorbates.  11 , 12     

 CVD diamond deposition or alchemy? 
 Early researchers tried to understand the key attributes to 
growing diamond fi lms. The growth of diamond is complicated 
by the multiple bonding confi gurations for carbon with fourfold 
 sp   3   bonding (diamond) and threefold  sp   2   bonding (graphite). 
Highly crystalline fi lms are grown on crystalline diamond 
substrates by employing a carbon source (typically methane) 
in a predominantly hydrogen plasma.  13   Atomic hydrogen 
generated in the plasma is considered crucial for growth for a 
number of reasons. It preferentially etches graphitic  sp  2 -bonded 
carbon over  sp  3 -bonded carbon in the diamond lattice. The 
atomic hydrogen terminates the fi lm surface during growth, 
thus maintaining the  sp   3   bonding and resisting the formation 
of  sp  2 -bonded surface reconstructions. In addition, gas phase 
atomic hydrogen abstracts hydrogen bonded to the surface to 
produce sites where methyl components can adsorb onto the 

crystalline diamond surface, thereby sustaining 
the fi lm growth. 

 Recognizing the limitation of growing 
diamond fi lms on small expensive diamond 
substrates, growth of CVD diamond has been 
concentrated on non-diamond substrates. 
Silicon is probably the most used substrate 
for diamond fi lms, at least partially because 
of the similar thermal expansion characteris-
tics of the two materials that limit strain effects. 
One of the most signifi cant challenges is nucle-
ation of the diamond layer, and a number of 
approaches have been developed. Most com-
mon is abrading the substrate surface with 
diamond grit; alternately, the surface is covered 
with a thin layer of diamond nanocrystals, and 
others have employed  in situ- biased plasma 
steps. Nucleation densities of the most success-
ful approaches are typically  ∼ 1 × 10 11  cm –2 . 
In general, polycrystalline grains develop on 
the surface, which then grow larger as the fi lm 
grows thicker. It is often possible to tune the 
reactor conditions such that one face (e.g., 
{100} or {111} facets) appears preferentially 
at the surface.  14   In these cases, the diamond 
grains at the interface with the substrate have 
nanometer-scale dimensions, and those at the 
surface can have a size of tens of micrometers. 

 Nanocrystalline and ultrananocrystalline 
CVD diamond fi lms have advantages of smooth surfaces, 
lower strain, and improved fracture resistance. The fi lms are 
characterized by diamond domains that are 10 nm or less in size 
with thin  sp   2  -bonded boundaries. The growth scheme is often 
to deposit in a reduced hydrogen gas phase that enhances 
re-nucleation and reduces etching of the small grains. The 
continuous re-nucleation leads to a grain size that is maintained 
throughout the fi lm and also contributes to reduced surface 
roughness compared to polycrystalline fi lms.   

 Finding the diamond in CVD fi lms 
 Early CVD diamond growth studies were typically guided by 
two characterization techniques: scanning electron microscopy 
(SEM) and Raman spectroscopy.  15 , 16   SEM was employed to 
observe and determine the grain size and morphology, and 
Raman spectroscopy could give insights into the relative 
 sp  2 / sp   3   bonding confi gurations, the residual strain, and the 
crystalline quality. Raman spectroscopy is particularly sensi-
tive to  sp   2   bonding confi gurations and also to diamond domain 
sizes. Consequently, growth studies often adjusted deposition 
parameters to minimize the intensity of  sp  2 -related spectral 
features while maximizing the intensity of the diamond phonon 
peak.  17   The width and position of the diamond peak were 
related to the strain and crystalline domain sizes. These 
approaches continue to be used to characterize nanocrystalline 
diamond (NCD) fi lms. 

  

 Figure 1.      An image of microwave plasma-enhanced chemical vapor deposition diamond fi lm 
growth (center)  36   and scanning electron micrographs of (a) homoepitaxial diamond surface 
( ∼ 150 × 150 µm 2 ),  37   (b) polycrystalline diamond surface ( ∼ 40 × 40 µm 2 ),  38   (c) ultrananocrystalline 
diamond surface ( ∼ 2.5 × 2.5 µm 2 ),  39   and (d) B-doped diamond microparticles ( ∼ 70 × 70 µm 2 ).  40      

Single crystal Polycrystalline

Nano crystal B-doped crystal

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.

CVD diamond sample



Optical and electronic applications of diamond
63

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 µm—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 
...

R.P. Mildred & J.R. Rabeau (eds), Optical engineering of diamond (Wiley, 2013)
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Near IR color centers in diamond
65

A.M. Zaitsev, Optical properties of diamond (Springer, 2001) 
I. Aharonovich, et al., Rep. Prog. Phys. (2011)

SiV center

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

As a stable single photon source, at both low and room
temperatures [5], with optically detected magnetic reson-
ance, the NV center is very attractive for applications [6] in
magnetometry [7, 8] and quantum information science and
technology [9, 10] and in particular for the realization of
scalable quantum networks [11, 12]. These and other
applications, however, depend crucially on the efficiency
with which information can be exchanged between the NV
center’s electron spin (a ‘‘stationary’’ qubit in the context

of quantum computation) and a photon (a ‘‘flying’’ qubit).
Therefore, there has been great interest in increasing the
photon–NV center interaction using diamond-based optical
nanostructures. While quantum science and technology
has been the main driving force behind recent interest in
diamond nanophotonics, such platform would have many
applications that go well beyond the quantum realm. For
example, diamond’s transparency over a wide wavelength
range and large third-order nonlinearity are of great interest
for the implementation of frequency combs. Furthermore,
diamond’s wide bandgap (5.5 eV), very large phonon energy
(165meV compared to 65meV in Si), and excellent thermal
properties are suitable for integrated, high-power Raman
lasers [13, 14].

1.1 Challenges in diamond fabrication and
material synthesis Due to difficulties associated with
the fabrication of nanoscale optical devices in diamond,
early approaches to enhance the NV center–photon inter-
action had mostly relied on hybrid platforms that combine
diamond nanocrystals [15] and external optical devices
fabricated in non-diamond materials [16, 17]. However, the
optical and spin properties of single NV centers found in
nanocrystals tend to be inferior to those in bulk diamond and
device fabrication lacks scalability. In particular, severe
spectral diffusion of theZPL and its broad linewidths, even at
low temperature [18], have limited the applications of
diamond nanocrystals.

An enticing approach is to fabricate optical devices
directly in diamond and embed individual color centers
inside them. However, the realization of such a monolithic
system is met with a set of material challenges, namely the
difficulty of growing high-quality single crystal diamond
films on sacrificial or low index substrates, and the physical
and chemical resilience of the material. Ion slicing [19]
has been used to realize thin diamond slabs, but damage
introduced into the diamond during the process has
prevented applications in quantum science. However, recent
techniques based on the regrowth of single crystalline
material on sliced membranes [20, 21] showed promising
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Figure 1 (online color at:www.pss-a.com) (a) Schematic of anNVcenter in the diamond carbon lattice. (b) Electronic level schemeof the
negatively charged NV center, and (c) spectra of the NV center emission both at room and low temperature. (a and c) adapted from [1, 2],
respectively, with courtesy of Balasubramanian and Jelezko.
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NV - interesting for sensing (magnetometer) 
SiV, NE8 - interesting for single-photon emission

Rep. Prog. Phys. 74 (2011) 076501 I Aharonovich et al

Figure 5. The NE8 center. (a) Crystallographic model of the NE8 center in diamond, consisting of one nickel atom (purple) bonding to four
nitrogen atoms (yellow) in a [1 1 0] plane. (b) Room-temperature PL spectrum showing a ZPL at 793 nm.

Figure 6. The SiV center. (a) Crystallographic model of the SiV center in diamond, consisting of one silicon atom neighboring two
vacancies. (b) Room-temperature PL spectrum showing a ZPL at 738 nm with a visible phonon sideband. The fine structure of the ZPL can
be resolved only at cryogenic temperatures [78, 81].

Single SiV centers were engineered by Wang et al [30]
in a monolithic crystal diamond using the ion implantation
technique. The observed single SiV exhibited extremely low
count rates due to fast non-radiative decay channels and low
QE. Incorporating single silicon emitters into nanodiamonds
is technically challenging. If diamonds are grown on silicon or
silica substrate, silicon atoms diffuse simultaneously into the
growing crystals, forming large clusters of SiV centers which
cannot be isolated [85, 86]. This approach is therefore not
suitable for preparing isolated single SiV centers.

Despite these apparent shortcomings, new results have
emerged to show that single SiV emitters embedded in
nanodiamonds grown on iridium substrate exhibited ultra-
bright single-photon emission [87]. The reported count rate
of ∼5 × 106 counts s−1 is more than three orders of magnitude
higher than that reported in single crystal diamond. Neu et al
showed that the ZPL of the SiV can be shifted by more than
5 nm with a DW factor of ∼0.8. The SiV emitter is fully
polarized in both absorption and emission channels and shows
strong bunching, characteristic of a three-level system.

It is as yet unclear whether the size of the nanodiamonds
or the growth on iridium modifies the emission. The authors
speculate that the iridium substrate is partially responsible for
enhancement of the collection efficiency from the SiV color
centers [87]. The demonstration of MHz polarized emission
is sure to renew interest in this color center.

2.4. Chromium-related color centers

Chromium-related emitters are the latest addition to the pool of
diamond-based single-photon emitters. The emitters were first
discovered by growing nanodiamond crystals on a sapphire
substrate [88]. Chromium is a common impurity in sapphire,
which can be incorporated into a diamond crystal during the
CVD growth [89]. The new class of chromium emitters show
remarkable properties: narrow luminescence in the NIR region,
ultra-bright single-photon emission with the brightest emitter
reaching rates of 3.2 × 106 counts s−1, short excited state
lifetime ∼1–4 ns and fully polarized excitation and emission
behavior [33]. Moreover, some of the emitters are well
described by a two-level model, accounting for the ultra-bright
emission.

The emitters found in nanodiamond crystals can be
divided into two families: three-level emitters, which possess a
FWHM ∼ 4 nm and two-level emitters with FWHM ∼ 11 nm.
Enhanced photophysical studies of these emitters reveal that
the QE of the three-level systems is four times lower than the
QE of the two-level emitters. This indicates that the three-level
systems are losing 75% of the photons through non-radiative
processes. Figure 7 shows PL spectra and corresponding
g(2)(τ ) functions for two typical chromium-related emitters.

The involvement of chromium in the new centers was
unambiguously confirmed by the implantation of chromium
into a monolithic single crystal diamond [90]. Subsequent

7

NE8 center

Rep. Prog. Phys. 74 (2011) 076501 I Aharonovich et al

Figure 5. The NE8 center. (a) Crystallographic model of the NE8 center in diamond, consisting of one nickel atom (purple) bonding to four
nitrogen atoms (yellow) in a [1 1 0] plane. (b) Room-temperature PL spectrum showing a ZPL at 793 nm.

Figure 6. The SiV center. (a) Crystallographic model of the SiV center in diamond, consisting of one silicon atom neighboring two
vacancies. (b) Room-temperature PL spectrum showing a ZPL at 738 nm with a visible phonon sideband. The fine structure of the ZPL can
be resolved only at cryogenic temperatures [78, 81].

Single SiV centers were engineered by Wang et al [30]
in a monolithic crystal diamond using the ion implantation
technique. The observed single SiV exhibited extremely low
count rates due to fast non-radiative decay channels and low
QE. Incorporating single silicon emitters into nanodiamonds
is technically challenging. If diamonds are grown on silicon or
silica substrate, silicon atoms diffuse simultaneously into the
growing crystals, forming large clusters of SiV centers which
cannot be isolated [85, 86]. This approach is therefore not
suitable for preparing isolated single SiV centers.

Despite these apparent shortcomings, new results have
emerged to show that single SiV emitters embedded in
nanodiamonds grown on iridium substrate exhibited ultra-
bright single-photon emission [87]. The reported count rate
of ∼5 × 106 counts s−1 is more than three orders of magnitude
higher than that reported in single crystal diamond. Neu et al
showed that the ZPL of the SiV can be shifted by more than
5 nm with a DW factor of ∼0.8. The SiV emitter is fully
polarized in both absorption and emission channels and shows
strong bunching, characteristic of a three-level system.

It is as yet unclear whether the size of the nanodiamonds
or the growth on iridium modifies the emission. The authors
speculate that the iridium substrate is partially responsible for
enhancement of the collection efficiency from the SiV color
centers [87]. The demonstration of MHz polarized emission
is sure to renew interest in this color center.

2.4. Chromium-related color centers

Chromium-related emitters are the latest addition to the pool of
diamond-based single-photon emitters. The emitters were first
discovered by growing nanodiamond crystals on a sapphire
substrate [88]. Chromium is a common impurity in sapphire,
which can be incorporated into a diamond crystal during the
CVD growth [89]. The new class of chromium emitters show
remarkable properties: narrow luminescence in the NIR region,
ultra-bright single-photon emission with the brightest emitter
reaching rates of 3.2 × 106 counts s−1, short excited state
lifetime ∼1–4 ns and fully polarized excitation and emission
behavior [33]. Moreover, some of the emitters are well
described by a two-level model, accounting for the ultra-bright
emission.

The emitters found in nanodiamond crystals can be
divided into two families: three-level emitters, which possess a
FWHM ∼ 4 nm and two-level emitters with FWHM ∼ 11 nm.
Enhanced photophysical studies of these emitters reveal that
the QE of the three-level systems is four times lower than the
QE of the two-level emitters. This indicates that the three-level
systems are losing 75% of the photons through non-radiative
processes. Figure 7 shows PL spectra and corresponding
g(2)(τ ) functions for two typical chromium-related emitters.

The involvement of chromium in the new centers was
unambiguously confirmed by the implantation of chromium
into a monolithic single crystal diamond [90]. Subsequent
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Photophysics of the SiV color centre

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

Fig. 2. g(2) functions for varying excitation power. Consecutive g(2) functions have been

shifted for clarity (lowest excitation power g(2) function in each graph not shifted, higher

(lower) excitation power g(2) functions shifted by 1 (0.5) each). (a) emitter ND3 (lower

graph 0.03,0.11,0.15,0.49Psat , upper graph 0.6,0.8,1.2,1.7,3.5,5.8Psat). (b) emitter ND1,
g(2) includes background correction (lower graph 0.08,0.17,0.28,0.47Psat , upper graph
1.5,3.3,6.3,11.9,23.5,32.7Psat). (c) emitter NI1(lower graph 0.01,0.02,0.03,0.07Psat , up-
per graph 0.2,0.3,0.6,1.1,1.4Psat).

varying vibronic sideband spectra in emission together with a varying overall emission into the

sidebands [6]. Changes in the emission spectrum can also indicate changes in the absorption

spectrum [9], thus potentially altering the absorption coefficient for a given excitation wave-

length. In previous work by Wang [4, 5], no sideband spectra were recorded precluding direct

comparison.

3. Intensity auto-correlation (g(2)) measurements

Figure 2 exemplarily displays excitation power dependent g(2) functions for three individual

SiV centers. The g(2) functions have been normalized assuming that g(2)(τ) = 1 for long de-

lay times τ . All measurements reveal a distinct antibunching. Furthermore, the g(2) functions

exceed one for certain delay times (bunching). NI labels emitters located in nanoislands, ND

labels emitters located in randomly oriented nanodiamonds throughout this work. For emitter

NI1, a pronounced bunching already occurs at low excitation powers, while for emitter ND1 it

only becomes visible at elevated excitation powers. g(2) functions involving a bunching indi-

cate a three level system. In a first approach, we use a simplified model depicted in Fig. 3 for

the population dynamics: Levels 1 and 2 are coupled via a fast radiative transition (rate coef-

ficient k21), the photons emitted on this transition are detected to determine g
(2). In contrast,

level 3 acts as a shelving state populated via the rate coefficient k23 with the possibility of re-

laxation into the ground state via k31. As long as the emitter resides in state 3, no photons on

the transition 2→1 are detected. This simple model has been successfully applied to molecules
involving shelving states [10]. To obtain the g(2) function, one solves the rate equations for the

populations Ni resulting in

g(2)(τ) = 1− (1+a)e−|τ |/τ1 +ae−|τ |/τ2 (2)

!"#"$%%&'&(")*++&,-. /0102304&5&678&5+"59&:032;04&5$&678&5+"59&<110=>04&?&@7A&5+"59&=7B82;C04&")&@7A&5+"5
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Fig. 1. Histograms of (a) maximum obtainable photon rates at saturation I∞ (b) saturation

powers Psat . Histograms take into account emitters from randomly oriented NDs and (001)

NIs. NDs: excitation at 671 nm. NIs: excitation at 695–696 nm.

µW for the NDs and 175± 229 µW for the NIs. By taking into account the transmission of

the laser light through the microscope objective and the spot size of the focus (1/e2 radius) of

approx. 0.5 µm, we estimate the intensity maximum of the focused beam impinging onto the

color centers. The highest and lowest values of Psat correspond to an intensity of 58.8 kW/cm
2

and 1.2 kW/cm2. Thus, 2.1×1023 photons·s−1·cm−2 impinge onto the emitter with the high-

est Psat (excitation at 695 nm), whereas only 4.1×1021 photons·s−1·cm−2 are present for the

emitter with the lowest Psat (excitation at 671 nm). 1 µW at a wavelength of 671 nm (695 nm)

corresponds to 2.87 (2.97)×1020 photons·s−1·cm−2. Note that the estimation of the intensity

does not take into account the iridium surface, any losses (reflection, scattering, absorption) due

to the nanodiamond or the occurrence of localized modes in the nanocrystals (discussion see

below). The observed values of Psat are significantly smaller compared to previous studies using

single SiV centers implanted into natural bulk diamonds: Wang et al. [4] report Psat = 6.9 mW
(excitation 685 nm, comparable or even tighter focussing of the excitation laser). The more ef-

ficient excitation, first, might arise from local field enhancements at the site of the SiV centers:

In (spherical) NDs with sizes comparable to the wavelength of the excitation/fluorescence light,

resonant modes (Mie resonances) of the light field can develop [7]. The excitation laser light is

coupled into these modes; the resulting field distribution excites the color center [7]. Depending

on the position of the color center, it experiences a high or low excitation light intensity. The

enhanced or reduced intensity, compared to the situation in bulk diamond where the Gaussian

focus of the laser determines the local intensity, leads to a lower or higher Psat . This effect is

indistinguishable from an altered absorption coefficient as it results in a change of Psat as well.

Note that as the NDs/NIs used here are not spherical, the formalism used in Ref. [7] cannot be

straightforwardly applied. Selecting emitters from a confocal fluorescence map introduces an

experimental bias: one preferably selects bright single centers most probably experiencing high

local intensity and thus efficient excitation. Thus, the histograms of Fig. 1 tend to summarize

SiV centers which experience efficient excitation despite the fact that the sample might contain

centers where local fields introduce less efficient excitation.

A second cause for a reduced Psat might be an enhanced absorption coefficient. The ground

state of the SiV center was reported about 2.05 eV below the conduction band edge [8], ex-

cluding an excitation of the color center’s electrons into the conduction band for our 1.78 eV

(695 nm) or 1.85 eV (671 nm) excitation. The excitation, therefore, most probably involves ex-

cited vibrational states of the electronically excited state. Individual SiV centers show strongly
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Fig. 2. g(2) functions for varying excitation power. Consecutive g(2) functions have been

shifted for clarity (lowest excitation power g(2) function in each graph not shifted, higher

(lower) excitation power g(2) functions shifted by 1 (0.5) each). (a) emitter ND3 (lower

graph 0.03,0.11,0.15,0.49Psat , upper graph 0.6,0.8,1.2,1.7,3.5,5.8Psat). (b) emitter ND1,
g(2) includes background correction (lower graph 0.08,0.17,0.28,0.47Psat , upper graph
1.5,3.3,6.3,11.9,23.5,32.7Psat). (c) emitter NI1(lower graph 0.01,0.02,0.03,0.07Psat , up-
per graph 0.2,0.3,0.6,1.1,1.4Psat).

varying vibronic sideband spectra in emission together with a varying overall emission into the

sidebands [6]. Changes in the emission spectrum can also indicate changes in the absorption

spectrum [9], thus potentially altering the absorption coefficient for a given excitation wave-

length. In previous work by Wang [4, 5], no sideband spectra were recorded precluding direct

comparison.

3. Intensity auto-correlation (g(2)) measurements

Figure 2 exemplarily displays excitation power dependent g(2) functions for three individual

SiV centers. The g(2) functions have been normalized assuming that g(2)(τ) = 1 for long de-

lay times τ . All measurements reveal a distinct antibunching. Furthermore, the g(2) functions

exceed one for certain delay times (bunching). NI labels emitters located in nanoislands, ND

labels emitters located in randomly oriented nanodiamonds throughout this work. For emitter

NI1, a pronounced bunching already occurs at low excitation powers, while for emitter ND1 it

only becomes visible at elevated excitation powers. g(2) functions involving a bunching indi-

cate a three level system. In a first approach, we use a simplified model depicted in Fig. 3 for

the population dynamics: Levels 1 and 2 are coupled via a fast radiative transition (rate coef-

ficient k21), the photons emitted on this transition are detected to determine g
(2). In contrast,

level 3 acts as a shelving state populated via the rate coefficient k23 with the possibility of re-

laxation into the ground state via k31. As long as the emitter resides in state 3, no photons on

the transition 2→1 are detected. This simple model has been successfully applied to molecules
involving shelving states [10]. To obtain the g(2) function, one solves the rate equations for the

populations Ni resulting in

g(2)(τ) = 1− (1+a)e−|τ |/τ1 +ae−|τ |/τ2 (2)
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Fig. 3. Schematic representation of the extended three level model employed to explain the

population dynamics of single SiV centers, explanation see text.

The parameters a, τ1 and τ2 are given by [5]:

τ1,2 = 2/(A±
√

A2−4B) (3)

A = k12+ k21+ k23+ k31 (4)

B = k12k23+ k12k31+ k21k31+ k23k31 (5)

a =
1− τ2k31

k31(τ2− τ1)
(6)

The parameter τ1 governs the antibunching, while τ2 governs the bunching of the g
(2) function.

The parameter a determines how pronounced the bunching is. In contrast to Eq. (2), the meas-

ured g(2) functions display g(2)(0) ̸= 0. For several emitters, this deviation is only due to the

instrument response of the Hanbury Brown Twiss setup, i.e., in particular the timing jitter of

the APDs (details see [2]): Eq. (2) convoluted with the instrument response fully explains the

measured data [see Fig. 2(a)+(c)]. For emitters ND3 and NI1, the deviation Δg(2)(0) between
the fitted value of g(2)(0) and the measured datapoints is less than 0.05, witnessing very pure
single photon emission with negligible background contribution. For other emitters, broadband

background emission of the diamond material deteriorates the g(2) functions. For the spectral

region of interest, the broad luminescence is attributed to sp2 bonded disordered carbon (in

diamond films) introducing electronic states into the bandgap (e.g., [11]) or to grain boundaries

in the diamond material [12]. To take into account background luminescence, we follow Ref.

[13] and include the probability pe that a detected photon stems from the single SiV center into

the fit of the measured correlation function g
(2)
m (τ) via

g
(2)
m (τ) = 1+(g(2)(τ)−1)p2e . (7)

pe is obtained from the signal to background ratio in the saturation curves. From the fits of the

g(2) function, we obtain the excitation power dependent values of the parameters a, τ1 and τ2
[see Eq. (2)]. In the following, we aim at modeling the power dependence of these parameters

and deduce the rate coefficients of the color center’s level scheme. Examples of the measured

power dependent parameters for six individual SiV centers are given in Fig. 4.

In a first approach, we assume the rate coefficients k21, k23, k31 to be constant, whereas k12
depends linearly on the excitation power P: k12 = σP. The assumption is justified, as the color

center is excited to vibrationally excited states that typically relax within picoseconds to the
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the APDs (details see [2]): Eq. (2) convoluted with the instrument response fully explains the

measured data [see Fig. 2(a)+(c)]. For emitters ND3 and NI1, the deviation Δg(2)(0) between
the fitted value of g(2)(0) and the measured datapoints is less than 0.05, witnessing very pure
single photon emission with negligible background contribution. For other emitters, broadband

background emission of the diamond material deteriorates the g(2) functions. For the spectral

region of interest, the broad luminescence is attributed to sp2 bonded disordered carbon (in

diamond films) introducing electronic states into the bandgap (e.g., [11]) or to grain boundaries

in the diamond material [12]. To take into account background luminescence, we follow Ref.

[13] and include the probability pe that a detected photon stems from the single SiV center into

the fit of the measured correlation function g
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m (τ) via
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m (τ) = 1+(g(2)(τ)−1)p2e . (7)

pe is obtained from the signal to background ratio in the saturation curves. From the fits of the

g(2) function, we obtain the excitation power dependent values of the parameters a, τ1 and τ2
[see Eq. (2)]. In the following, we aim at modeling the power dependence of these parameters

and deduce the rate coefficients of the color center’s level scheme. Examples of the measured

power dependent parameters for six individual SiV centers are given in Fig. 4.

In a first approach, we assume the rate coefficients k21, k23, k31 to be constant, whereas k12
depends linearly on the excitation power P: k12 = σP. The assumption is justified, as the color

center is excited to vibrationally excited states that typically relax within picoseconds to the
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Figure 8 SEM images of gold nanocones fabricated on a AFM cantilever (courtesy of Prof. Di Fabrizio). 

We will work preferentially with emitters that absorb and fluoresce between 600 and 1000 nm. Furthermore, 

the emitters should be compatible with scanning probe technology, meaning that they should be in a thin 

matrix or in nanocrystals to allow near field interactions. Systems that are particularly suitable to achieve our 

objectives, however, are novel defects in nanodiamond, such as Cr, Ni and Si. These have emission lines in 

the near-infrared and exhibit a strong and narrow zero-phonon line (ZPL) transition even at room 

temperatures (New J. Phys. 11, 113029 (2009); New J. Phys. 13, 025012 (2011)). To this end we will 

collaborate with Prof. Becher (Univ. Saarland, Germany) and Dr. Silvia Orlanducci (Univ. Roma “Tor 

Vergata,” Italy), who are strongly engaged in the production and spectroscopy of Si vacancy (SiV) color 

centers in nanodiamond. In addition, their samples exhibit high count rates (up to 5 Mcps), polarized 

excitation and emission and ZPL linewidths below 1 nm at room temperatures (about the bandwidth of 1 ps 

pulses) (New J. Phys. 13, 025012 (2011); Appl. Phys. Lett. 98, 243107 (2011)). 

 

Figure 9 SEM images of diamond nanocrystals containing SiV color centers (courtesy of Prof. Becher). 

Optical setup and SNOM 

For the optical measurements we will use conventional equipment for the detection of quantum emitters and 

of plasmonic nanostructures. We will setup a cantilever-based SNOM starting from a home-made AFM 

system (see Fig. 10). For this purpose we are already in contact with colleagues with considerable expertise 

in setting up complete AFM systems at room and at cryogenic temperatures. For lifetime measurements and 

time-resolved detection of ultrafast emitters coupled to nanoresonators we will make use of a streak camera, 

which would give us a time resolution that is currently not available with avalanche photodiodes (APDs). To 

this end, we will be involving colleagues with expertise in ultrafast laser systems and detection to help with 

the setups and measurements for this project. 

1: Fluorescence excitation spectroscopy 

We first investigate light-matter interaction under nanofocusing using standard single-molecule microscopy 

techniques (detection of the red-shifted fluorescence, saturation curves, etc…). Moreover, by imaging the 

back-focal plane of the objective we will obtain information on the radiation pattern (J. Opt. Soc. Am. B 21, 

1210 (2004)). Once that we have assessed the SNOM in collection mode, we will explore its throughput by 

exciting the emitter via the nanocone and measure saturation curves as a function of their separation. The 

large bandwidth of the SPP-photon interface allows us to excite the emitter on the ZPL and collect the red-

shifted fluorescence through the same nanocone. Here the goal is to fully characterize the performances of 

the directional antenna: excitation enhancement, modification of the spontaneous emission rate and quantum 
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Implantation of Si at LABEC, Florence

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

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

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

Pre-deflector Pre-deflector

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

Possibility to implant ions over a range of fluences (implanted ions/cm2) 
spanning over at least 8 orders of magnitude (107 – 1015 ions/cm-2)
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Implantation and annealing

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

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

After proper annealing at 1150°C 
transparency recovers 

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

100 Pm. Nevertheless, if we use a pin-hole of 2 Pm diameter at a distance of no more than 5 mm 
from the sample, we can expect to limit the irradiation zone to dimensions of a few Pm. Even lower 
sizes could be obtained in principle by proper masking of the sample. For this reasons, even if at the 
moment we have not performed experiments in which a fine control of the horizontal position was 
requested, we are implementing a nano-positioning control system with a full range of  23 mm in 
both directions but with a precision of the order of 1 nm. 

1.3 Position control (z) 
The implantation depth is basically determined by the range of the ions in matter, which depends on 
the implantation energy. The 3MV tandem accelerator allows to reach a maximum energy of about 
3(1+N)MeV, where N is the ionization state of the ions after the stripper. For example, we can 
accelerate 3 times ionized silicon atoms to energies up to about 12 MeV, whose range in diamond is 
more than 2 Pm. Lower depths can be obtain lowering the energy, but since beam stability requires 
acceleration voltages not lower than about 500 kV, the minimum energy is about 1 MeV, with 
singly ionized atoms. Since lower energies were requested for several of our experiments, these 
were obtained moderating the beam energy by means of calibrated aluminum shields. In this way 
we performed silicon implantations in diamond down to depths in the range 0-50 Pm. The width of 
the z-distribution of the ions also depends on the energy and on the ion specie, for instance, with 
silicon of a few MeV, is about 100 nm, which is also the uncertainty in the z position of each 
implanted ion.  

2. Annealing facility 
Most luminescent centers implanted in diamond have to be thermally activated after implantation, 
since they consists in given charge states of complexes involving the implanted ion/s, the carbons, 
and one or more vacancies, each in a specific reticular position. Thermal treatment improve 
interstitial and vacancy mobility, allowing the formation of the color center. To this aim, we 
realized a vacuum annealing chamber for small samples, consisting of a cylindrical alumina oven of 
5 cm diameter and 5 mm height, electrically heated by two graphite spirals up to a temperature of 
1200 °C(see figure below, left). The oven and the heaters are placed in a vacuum chamber (figure 
below, right) with copper gaskets evacuated by a molecular pump of 20 l/s of capacity. The pre-
heating vacuum level is of the order of 10-7 mbar, but during the heating, due to the gas desorption 
from the walls and the other surfaces, the pressure can increase of 3 order of magnitude, depending 
on the temporal temperature gradient. Special attention has to be payed to the planning of the 
annealing process, in order not to expose the sample surface to gases, especially oxygen, at high 
temperatures. 
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Implantation depth

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

The implantation depth depends on the ion energy

We modulated the implantation 
depth varying the energy and 
interposing a controlled-thickness 
metal shield in front of the sample. Ion beam shield di

am
on

d

4.6 µm 2 µm

Ion trajectories

Final ion 
positions

shield

diam
ond

0 1 2-2 -1 µm

E1 <  E2< E3
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Efficiency independent of depth

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

The implantation depth depends on the ion energy

We implanted ions at depths from 0 to 2.4 μm

1.7 µm

2.1 µm

2.4 µm

0.5
 µm

0.9
 µm

1.2
 µm0.2 µm

∼ 0 µm

Fluence = 3.2x1013 cm-2

0

1 a.u.

Luminescence map

The activation efficiency is substantially independent on depth

Low transmission



The SiV color center at large T
71

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

Slight increase (4nm) in λpeak 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.



The SiV color center at large T
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S. Lagomarsino et al., AIP Advances (2015)

gr.

exc.

shelving

 unshelving

 

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 ΔE = 0.18 eV from the excited one (thermal 
de-population of excited state).



The SiV color center
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Work in progress, in collaboration with LABEC-INFN (Florence, Italy) 
S. Lagomarsino et al., AIP Advances (2015)

 

 

 

 

 

 

 

 

 

Anti-correlation measurements performed on these luminescent centers show, both in pulsed and in 
cw-mode, the typical signature of single emission (see figure below), confirming that the 
luminescence spots observed in the images (or at lest some of them) are due to single-photon 
emission. 

 

 

 

 

 

 

 

 

 

 

The main difference between the behavior of the centers implanted in un-doped diamond compared 
to the n-doped seems to be the lower density at the same level of fluence (see figure below) 

 

(ns) 

W = (1.07r0.01) ns 

cw excitation 

g2 meas. 

Antibunching in pulsed 
excitation 

 

 

 

 

 

 

 

 

 

Anti-correlation measurements performed on these luminescent centers show, both in pulsed and in 
cw-mode, the typical signature of single emission (see figure below), confirming that the 
luminescence spots observed in the images (or at lest some of them) are due to single-photon 
emission. 

 

 

 

 

 

 

 

 

 

 

The main difference between the behavior of the centers implanted in un-doped diamond compared 
to the n-doped seems to be the lower density at the same level of fluence (see figure below) 
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(left) fluorescence image of an un-doped sample implanted at 109 cm-2 fluence (right) image of an 
implantation at 108 cm-2. 

A rough evaluation of the number of SiV centers visible in the image above allows an estimation of 
the activation yield of the annealing process. This is quite low, 1-2%, even if it is in the range 
reported in literature for this kind of center (1.5 y 30%). 

The emission spectrum of this centers shows a very narrow peak, of the order of 2 nm or less of 
FWHM (see figure below). This is quite narrower than the integrated luminescence detectable for 
higher fluences (about 5y6 nm). Tentatively, this could be due to inhomogeneous broadening 
affecting measurements involving a great number of centers. 

 

 

 

 

 

 

 

 

 

Time-resolved luminescence measurements gives a lifte-time of the luminescent centers of the order 
of 1 ns (see figure below). 
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(left) fluorescence image of an un-doped sample implanted at 109 cm-2 fluence (right) image of an 
implantation at 108 cm-2. 

A rough evaluation of the number of SiV centers visible in the image above allows an estimation of 
the activation yield of the annealing process. This is quite low, 1-2%, even if it is in the range 
reported in literature for this kind of center (1.5 y 30%). 

The emission spectrum of this centers shows a very narrow peak, of the order of 2 nm or less of 
FWHM (see figure below). This is quite narrower than the integrated luminescence detectable for 
higher fluences (about 5y6 nm). Tentatively, this could be due to inhomogeneous broadening 
affecting measurements involving a great number of centers. 
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Diamond nanophotonics

B.J.M. Hausmann, et al., Phys. Stat. Sol. A (2012); I. Aharonovich, E. Neu, Adv. Opt. Mat. (2014)

In the strong coupling limit, coherent exchange of energy
between the NV center and the cavity field exists, and the
system undergoes Rabi oscillations between the split dressed
states [46]. Strong coupling could enable a full spectral
control of the NV center’s ZPL emission, as well as
extraction of emitted photons into a well defined cavity/
waveguide mode. Furthermore, this limit of light–matter
interaction is of interest for deterministic, on-demand, single
photon sources [47]. While Rabi oscillations have been
observed with other solid-state systems [48], this regime of
operation is challenging to achieve with NV centers due to
the lack of high-Q all-diamond optical resonators (Q! 105),
as well as stable NV centers embedded inside optical
nanostructures. For example, compared to quantum dot-
cavity systems [45], a NV center–diamond cavity system
needs to have one order of magnitude larger cavity Q-factor
to achieve a comparable lifetime change. This, combined
with immature fabrication techniques for diamond, makes
the realization of quantum optical devices based on diamond
very challenging.

1.3 Article outline In this article, we describe our
efforts to generate non-resonant diamond structures, as well
as resonant structures in the weakly coupled limit. First,
single NV centers coupled to a waveguide mode of a
diamond nanowire are discussed as a high photon collection
efficiency platform (Fig. 2a). The second geometry con-
sidered here consists of a diamond nanopost embedded in
silver. This nanocavity takes advantage of the ultra-small
mode volume typical of metallic nanodevices to increase the
radiative emission rate (Fig. 2b) over a wide wavelength
range. The third device described consists of a ring resonator
coupled to an optical waveguide (Fig. 2c) – a building block
for future on-chip quantum networks. On-chip single-photon
routing using this device is discussed as well.

2 Diamond nanowires for high photon collection
efficiency To achieve efficient extraction of single photons
from an NV center, we first considered a nanowire structure
made in bulk single crystal diamond (Fig. 2a) [28, 29]. The
nanowire has a diameter of 200nm and height of 2mm.

Whereas the collection from a single NV center deeply
embedded in a bulk diamond suffers tremendously from TIR
at the diamond air interface [28], the nanowire provides a
waveguide mode that an enclosed NV center can couple to
and thus allows for efficient photon exchange between
the optical apparatus and the emitter. Using 3D finite-
difference time-domain (FDTD) modeling of a dipole
emitter in the center of a nanowire, and averaging over
the wavelengths associated with the NV center’s emission
as well as its polarization ((100) diamond crystal orientation
is assumed), we estimated that more than 80% of emitted
photons are coupled to the fundamental waveguide mode
of the wire, 50% of which are emitted upwards, towards
the collection optics [28]. Taking into account the
reflection (approximately 10%) at the top nanowire facet,
as well as the acceptance angle of a microscope objective
with 0.95N.A., we estimated that more than >30% of the
total emitted photons can be collected. This is an order
of magnitude improvement over the estimated collection
efficiency of NV center in the bulk diamond crystal.
Similar count rates have been predicted and measured with
SILs, which also enhance photon collection efficiency by
overcoming TIR [27].

To confirm our predictions in experiment, diamond
nanowires have been fabricated in both synthetic type Ib
HPHT (Element Six) and CVD grown type IIa electronic
grade diamonds. These samples respectively contain natu-
rally occurring NV centers, created during the diamond
synthesis process [29], and NV centers created via ion
implantation [33]. The fabrication procedure, illustrated in
Fig. 3a, starts with cleaning the diamonds in a boiling 1:1:1
sulfuric:nitric:perchloric acid mixture. Next, EBL is used to
define the etch mask in electron-beam sensitive spin-on-
glass (HSQ). The mask is then transferred into diamond
using an inductively coupled plasma (ICP) reactive ion
etching (RIE) with an oxygen-based gas chemistry,
and the remaining etch mask is subsequently removed
in hydrofluoric (HF) acid. Finally, the sample with
fabricated nanowires is cleaned again in a boiling 1:1:1
sulfuric:nitric:perchloric acid mixture in order to reduce the
background emission during the optical characterization.
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Figure 2 (online color at: www.pss-a.com) Schematics of diamond devices discussed in this article. (a) Diamond nanowires containing
singleNVcenters thatprovideahighcaptureofsinglephotonflux. (b)DiamondsilveraperturesofferPurcell enhancementof theNVcenter’s
emission. In a dream quantum network, these silver-capped nanoposts can be envisioned as individual nodes that communicate via single
photons that are routed either on- or off-chip. (c) Waveguide coupled diamond ring resonator.
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zero delay carries information on the emitter’s lifetime and
provides a way to measure the lifetime without a pulsed
laser source for pump powers below saturation [29]. Away
from the dip the photon statistics are Poissonian and result in
gð2ÞðtÞ ¼ 1. However, a long-lived intermediate shelving
state of the NV center gives rise to gð2ÞðtÞ > 1 in the vicinity
of the dip under high pump powers, a phenomenon called
bunching [5]. The inset of Fig. 3b shows the pronounced
signature of a single photon correlation for an NV center in a
nanowire below saturation pump power. Furthermore,
lifetimes of single NV centers in nanowires have been
extracted from the gð2ÞðtÞ statistics as well as by pulsed
excitation and resulted in 14 ns for both natural as well as
implanted NV centers compared to 11 ns in the bulk material
[29, 33] and 25 ns in nanocrystals [15].

The overall performance of single NV centers is
appraised in their saturation behavior and is statistically
compared to that in bulk. Intrinsically, a quantum emitter’s
emission intensity I levels off after a certain pump level Psat

according to IðPÞ ¼ Isat
Psat=Pþ1 [5], where Isat and P are the

saturated emission intensity and pump power, respectively.
Figure 4 shows saturation intensity levels versus saturation
pump powers for several single emitters in nanowires
compared to bulk. The nanowire efficiently funnels light
to- and from the NV center, resulting in a tenfold
improvement in saturation count level at one-tenth of the
saturation pump power required in the bulk. The enhance-
ments in excitation and extraction confirm the predictions
from FDTD modeling.

Room temperature applications such as magnetometry
and near-field sensing can potentially benefit greatly from
the brightness of the nanowire geometry. For example, the
nanowire antenna effect has been employed to realize a
scanning near field and magnetic field sensor [49]. The
nanowire is made on a diamond cantilever carved from a thin
film diamond slab (50mm) in a deep dry etch and optical
characterization is performed from the cantilever side which
is advantageous in terms of collection efficiency (Fig. 5).
Here, a magnetic field sensitivity of 56 nTffiffiffiffi

Hz
p was established

for 10 nmdeep implantedNVcenters at the tip revealing long

spin coherence times up to 75ms. The NV center at the tip
can also be used as optical near-field sensor and a spatial
resolution of down to 20 nm has been observed.

3 Diamond–silver apertures for broadband
enhancement of spontaneous emission rate A
complementary approach to improving the single photon
yield is to enhance the photon production rate and control
the NV center’s emission behavior via the Purcell effect,
by coupling the color center to a host cavity. Metallic
nanocavities [52, 53], are attractive in this regard since they
provide strong localization of optical modes with fairly
broad bandwidths [54–56]. An interacting emitter then
experiences varying degrees of modification in its spon-
taneous emission rate, depending on the overlap in its
position, spectrum, and polarization with those of the
cavity system (Section 1.2). The combination of top-down
nanofabrication and ion implantation makes it possible to
engineer the emitter–cavity interaction in a diamond–
plasmon system for many devices in parallel [34]. Sub-
wavelength metallic apertures containing individual color
centers can be realized by fabricating arrays of diamond
nanoposts in a single crystal diamond substrate that has been
implanted with a blanket layer of NV centers (Fig. 6a). The
depth and density of defects can be controlled by the
implantation energy and dosage, respectively, to ensure that
a high fraction of diamond nanoposts contain single NV
centers. The diamond nanoposts are finally embedded in a
silver (Ag) film and optically addressed through the bulk
diamond crystal. The resonances supported by the diamond–
plasmon cavities can be tailored to overlap with the NV
center emission by changing the post radius as shown by
the modeling presented in Fig. 6b. For example, a peak
enhancement of 30 can be achieved in the optimized
geometry (with aperture radii¼ 50 nm and height¼ 180 nm)
when the emitter is placed at the field maximum.
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Figure 4 (online color at: www.pss-a.com) Comparison of satu-
ration parameters of the emitter in bulk diamond versus diamond
nanowire. The coupling between the emitter and the waveguide
mode of the nanowire provides a tenfold improvement in the
excitation and photon collection efficiencies [29].

Figure 5 (online color at: www.pss-a.com) An all-diamond mag-
netometer and near-field sensor based on a diamond nanowire on a
diamondcantilever (as indicatedby red-coloredparts)which itself is
attached to anAFMtip.A shallow implantedNVcenter at the tip of a
nanowire is used as a sensitive sensor to image magnetic fields.
Figure adapted from [49], with courtesy of Maletinsky.
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techniques and has been shown to enable long spin coherence 
for the formed NV centers. δ-doped layers can result in a deter-
ministic placement of the emitter in the high fi eld region of 
nanophotonic cavities, therefore achieving stronger light matter 
interaction between the emitter and the cavity. While the fi rst 
experiments of δ-doped fi lms used a bulk crystal, growth on 
membranes is currently underway.  

  3.2.4.     Membranes from Heteroepitaxial Diamond 

 In the previous section, we discussed fabrication of devices 
from homoepitaxial single crystal diamond membranes. How-
ever, these membranes are mostly limited to a size of a few 
mm due to the lack of larger diamond substrates. A route to 
overcome this limitation is diamond heteroepitaxy: A material 
that has a similar lattice constant than diamond and is available 
as large area substrate, here iridium, is used after a suitable 
nucleation process. [ 131 ]  Although in the starting phase, the dia-
mond has a comparably low quality as the grains from different 
nucleation sites merge, it can be considered single crystalline 
when growing to a thickness of above 10 µm. Thin heteroepi-
taxial membranes can be produced via etching windows into 
the silicon/yttria-stabilized-zirconia/iridium substrates and 
subsequent thinning of the diamond from the nucleation side 
to remove the low quality diamond [ 64 ]  Although the process is 
slightly longer and requires sophisticated processing, the end 
result is promising and fully suspended membranes are pos-
sible. A clear advantage of this method is that the membranes 
are hold by the thick substrates which eases handling. On the 
other hand, since the membranes are fabricated from CVD 
grown diamond materials, it is likely to contain SiV defects, and 
is mostly suitable for nanophotonics experiments with these 

emitters. The fabricated photonic devices using this method are 
shown in  Figure    8  .     

  4.     Nanophotonics Experiments Using Color 
Centers in Diamond 
 We have now established the availability of various single 
photon emitters and different routes to fabricate photonic 
devices from diamond. In this section, we describe photonics 
experiments that have been realized with diamond devices 
coupled to single emitters. We will focus on both fundamental 
demonstrations, e.g., of the Purcell effect in nanophotonic 
devices, as well as practical applications including diamond 
Raman lasers. 

  4.1.     Purcell Enhancement 

 To realize integrated quantum photonic networks for QIP, 
coupling of the individual qubits to optical cavities is crucial. 
For the NV center in particular, coupling of the emitter to a 
cavity will enhance the emission into the ZPL, therefore ena-
bling faster and brighter emission. This enhancement is vital 
since the ZPL contains only around 4% of the total emission 
of a single NV center. For semiconductor QDs (i.e., GaAs 
system), the dot can be pre-characterized using an AFM and the 
photo nic crystal can be then fabricated around it. Furthermore, 
the excellent control over the growth enables to position the dot 
in the middle of the vertical direction of the photonic crystal. 
Such a control is yet not possible for diamond. 

 As mentioned in Section 2.1, creating NV centers with good 
properties via ion implantation is still challenging and sub 
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DOI: 10.1002/adom.201400189

www.MaterialsViews.com
www.advopticalmat.de

 Figure 8.    SEM images of (a,b) 2D photonic crystal caviies and (d–f) a nanobeam cavity fabricated from a heteroepitaxial diamond crystal grown on 
iridium substrate. Part (c) illustrates the non-vertical sidewalls of the structure due to the focussed ion beam milling. Reproduced with permission. [ 64 ]   
Copyright 2012, Macmillan Publishers Ltd.
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Level scheme and physical model

emitting state and the color center then returns to the ground state emitting one photon with                
energy ℏ​ω = ​E​ |e> – ​E​ |g> ​. Thus, such a photoluminescence process involves only transitions              
between the ground and excited states of the color center and excludes its interaction with the                
conduction and valence bands of diamond, which allows to consider the color center as an               
isolated atom-like system. Electroluminescence, in turn, is a much more complicated process,            
which essentially implies interaction between the color center and diamond conduction and            
valence bands via recombination processes. 

 

 
Figure 1. ​(a) Schematic diagram of single-photon emission from a color center in diamond under               
optical pumping. The color center makes an optical transition from the electronic ground state to an                
excited level, which typically quickly relaxes to the lowest excited state. A photon is emitted and the                 
color center returns to the ground state. ​(b) Schematic representation of the three-stage process of               
single-photon emission upon electrical injection from the NV-center in diamond. At the first stage, a               
hole is trapped by the negatively charged center to the excited level. Simultaneously, hole trapping               
alters the charge of the NV-center and consequently changes its energy level structure. Thus, the               
trapped hole appears at the excited level for holes in the neutral center, which, in fact, is the                  
well-known excited state of the NV ​0​-center. ​At the second stage, the excited state relaxes to the                
ground state via photon emission. Finally, the NV-center returns to the initial negative charge state               
capturing an electron. The sign in a circle and color indicate the charge state of the color center: ㊀                   
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Emission rate (approximate)

requires considerations about the emission 
mechanism of electroluminescent devices and 
its dependence on the VB and CB populations 
…
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level above the valence band edge in the SiV− ground states, which is occupied by three electrons [32]. Capturing
a hole in this level (i.e. releasing an electron to the valence band of diamond) immediately transforms the center
into the SiV0 ground states. It is interesting that some color centers can in principle demonstrate quite unique
properties emitting serially two photons at different wavelengths under electrical pumping (figure 1(f)), while
othersmay not show electroluminescence. The presentmodel can be easily extended to amulticharged center,
which has three andmore charge states. However, since the electron (hole) capture cross-section by the repulsive
negatively (positively) charged center is as low as 10−22−10−19 cm2 [25], only single charged and neutral
charge states can achieve high photon emission rates under electrical pumping.

Considering a detailed balance between the radiative transition from the excited level to the ground level,
electron and hole trapping from the conduction and valence bands of diamond to the levels of theNV center and
carrier thermal escape from the local levels back to the diamond bands, we obtain the photon emission rateRph

in the steady state as (for details, see supplementary information)

( )= F

+ + -

+ +

⎛
⎝⎜

⎞
⎠⎟

R c n

p

p

n p

np
f

n p

np
p

p

c n

c p

1

1
. 1ph n

1 1 1 1 1

1 n 1

p

Here,Φ is the quantum efficiency, n and p are respectively the electron and hole densities in diamond,
s u= á ñcn n n and s u= á ñcp p p are the electron and hole capture rate constants, ( )u pá ñ = k T m8n B n

cond 1 2 and
( )u pá ñ = k T m8p B p

1 2 are the average carrier thermal velocities,mp is the effective holemass and mn
cond is the

electron conductivity effectivemass. Finally, the variables n1 and p1 are similar to the notations used in the
Shockley–Read–Hall recombinationmodel [33] and have themeaning of the equilibrium electron (n1) and hole
(p1) densities when the Fermi level in diamond coincides with the ground level ∣ ñ

-E g of theNV− center and
excited level ∣ ñE e

0 of theNV0 center, respectively. Finally, f is the occupation probability of the neutral ground
state given by
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where τ is the excited-state lifetime. For electrons, the capture cross-section of the center in the neutral state is
about the lattice constant of diamond and is estimated to be 10−15 cm2 [27–29] and, accordingly,
cn≈1.7×10−8 cm3s−1. At the same time, the color center in the charge state is the attractive center for holes,
which can increase the capture cross-section by orders ofmagnitude. Based on the cascade capturemodel [34],
cp is evaluated as p t = ´ - -r4 3 3.9 10 cm s ,T

3
E

7 3 1 where rT is the critical radius in the Thomsonmodel [35] and
τE is the relaxation time of the hole energy due to interactionwith acoustic phonons [36].

A brief analysis of equations (1) and (2) shows that, if the ground and excited levels of the color center are
located deep in the bandgap of diamond, the effective densities n1 and p1, which characterize thermal emission
rates from the local levels to the conduction and valence bands (see supplementary information), are reduced to
zero and the recombination rate at the color center (i.e., the photon emission rate)Rph is defined simply as the
inverse of the sumof the three inverse rate: electron capture (cnn), hole capture (cpp) and transition rate from the
exited to ground level (1/τ):

( )
t

= F
+ +

R

c n c p

1
1 1

. 3ph

n p

Since τ is of the order of a few nanoseconds [21],Rph ismostly limited by slower trapping processes. These
require the concentrations of both carriers to exceed 1015 cm−3 in order to be as fast at the transition from the
excited to the ground level of the color center. However, such high free carrier concentrations are hardly
achievable at room temperature due to the high ionization energies of donors and acceptors [37, 38] and strong
compensation effects in diamond [37–40], which are especially pronounced for electrons [37, 39, 40]. In
addition, non-equilibrium carrier concentrations in the active region of the semiconductor device operating
under electrical injection are typically lower than the equilibriummajority-carrier concentrations in the bulk
[41]. Therefore, in order to understand towhat extent the single-photon emission can be increased, we proceed
to the analysis of the diamond p–ndiodewith a color center in the vicinity of the junction.
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Figure 1 | NV centre in diamond and device. a, Atomic structure of an NV centre consisting of a substitutional nitrogen atom and a nearby vacancy in the
diamond lattice. b, Schematic diagram of the single-photon-emitting diode. The thicknesses of the p-type, intrinsic and n-type layers of the device are
0.5 mm, 10mm and 0.5mm, respectively. As a result of dry etching of the n-layer, the thickness of the i-layer was reduced by 200–300 nm. The device was
contacted on both interfaces using titanium(30 nm)/platinum(100 nm)/gold(200 nm) electrodes (see Methods). c, I–V properties of the p–i–n junction in a
log plot, showing an ideal diode characteristic with a rectification ratio of !1× 109 at+30 V. Maximum current densities on the order of 1× 105 mA cm22

were achieved.
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Figure 2 | Microscopy images and spectra. a,b, Microscopy images of photoluminescence (PL, a) and electroluminescence (EL, b). The circles are shown as
guide for the eye. The areas in the images are !30 and 40mm from the edge of the n-layer and the electrodes, respectively. For the photoluminescence
measurements, a continuous-wave Nd:YAG laser (n¼ 532 nm) was focused on the sample using a high-numerical-aperture (1.4) oil immersion objective.
Photoluminescence and electroluminescence were collected by the same objective. Light with wavelengths shorter than 540 nm was rejected by a dichroic
mirror to suppress excitation light. c,d, Photoluminescence spectra of an NV2 centre (c) in an oxidized surface diamond and an NV0 centre (d) in a
hydrogenated surface diamond. e, Electroluminescence spectrum of a single NV0 centre at an applied voltage of 30 V.
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Emission rate vs current density

 

 
Figure 2. ​(a) Schematic of the p-n diamond diode with a color center implanted in the vicinity of the                   
p-n junction. The p-type and n-type regions have the same thickness of 300 nm. ​(b) ​Simulated                
current-voltage characteristic of the diode shown in panel ​(a)​. ​(c-d) Energy band diagram in              
equilibrium ​(c) and under high forward bias of 4.9 eV ​(d)​. ​(e) Dependence of the maximum                
single-photon emission rate on the injection current density for a color center with deep energy               
levels, which has the neutral and negative charge states. The dashed lines show the contribution of                
the electron capture ( ​c​ n ​n​ ) and hole capture ( ​c​ p ​p​ ) process to the recombination at the color center                
given by equations (1) and (2) in the optimal position of the color center, which corresponds to the                  
maximum emission rate for each bias voltage. Also shown are the emission rates from the NV ​0 and                 
SiV ​− centers, which are characterized by the quantum efficiencies of ​Φ = 30% ​47 ​and ​Φ = 5% ​21​,                   
respectively. ​(f-i) Photon emission rate of the color center for 100% quantum efficiency as a function                
of its position with respect to the p-n junction at different injection currents: ​(f) - 1 µA cm​-2​, ​(g ​) - 10 µA                      
cm​-2​, ​(h)​ - 100 µA cm​-2​ and ​(i)​ - 10 A cm​-2​. 
 

In the low injection current regime ( ​V < 4.5 V or ​J < 100 mA cm​-2​), the current-voltage                  
characteristic exhibits a clear exponential dependence ( ​Figure 2b ​) typical for conventional           
semiconductor p-n diodes ​41​. At very small current densities, the densities of the injected              
carriers decrease rapidly with distance from the junction ( ​Figure 2f,g​) and the maximum             
emission rate is observed for the color center placed at a distance ​z​ = 3 - 8 nm, where electron                    
and hole trapping processes contribute equally to ​R​ ph ​, which is clearly seen in ​Figure 2e​. The                
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