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1. Introduction

Photons are unique carriers of quantum 
information thanks to their high propa-
gation speed and low decoherence rates. 
However, photonic quantum technologies 
require significant resources to compen-
sate for the weak interaction of photons 
with their environment. One consequence 
of this weak coupling is the nondeter-
minism of quantum logical operations.[1] 
These limitations require scalable, chip-
compatible single-photon sources emit-
ting at very high rates, ideally in the THz 
range. On-demand single-photon pro-
duction can be achieved with solid-state 
single-photon emitters. Intrinsically, their 
emission is nondirectional with its rate 
limited to about 1  GHz.[2] Using various 
optical nanostructures featuring enhanced 
light-matter coupling,[3] one can strongly 
increase single-photon emission rates and 
obtain high on-chip collection efficiency.[4] 
In the proposed approaches, the single-

photon rates achievable with dielectric nanostructures are fun-
damentally limited to the GHz range.[5] Moreover, high quality 
factors (typically in the range from 103 to 105) of such nano-
structures[6–9] require low-temperature operation so that the 
quantum emission spectrally fits into the narrowband modes of 
the photonic resonators.

Plasmonic antennas have emerged as an attractive platform 
for boosting quantum emission rates. Their unique advantages 
are the broad bandwidth and the ability to confine light beyond 
the diffraction limit, leading to giant radiative enhancement 
factors.[10] Theoretically, the use of plasmonic structures can 
lead to single-photon production rates that are several orders 
of magnitude larger than those offered by dielectric nanostruc-
tures.[5,11] Leveraging on these ultrafast emission rates, plas-
monic nanostructures could enable the on-demand production 
of indistinguishable photons,[12] possibly even at noncryogenic 
temperatures.[13–15] In this approach, one limitation is that plas-
monic materials typically exhibit relatively high ohmic losses. 
However, using appropriately designed cavity-antenna systems, 
the quenching rates due to such losses can be kept below the 
plasmon emission rates. For instance, with the nanoparticle-
on-metal structures,[16] the plasmon outcoupling to far-field 
takes place on a time scale comparable to the photon loss 
rate.[11,17] Record-breaking performance was demonstrated with 
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emitters coupled to crystalline silver nanopatch antennas,[18–20] 
leading to detected single-photon rates exceeding 35 million 
counts per second (Mcps).

Leveraging on this progress, two major stumbling blocks 
should be overcome to realize ultrafast integrated single-photon 
sources. First, the device performance is highly sensitive to the 
relative positions of the dipoles and resonators. The controlled, 
deterministic fabrication of single-photon sources enhanced 
by plasmonic nanoantennas is possible,[12,21–29] but must attain 
better precision and throughput. Second, plasmonic nano
antennas typically feature poorly directional or out-of-plane emis-
sion and thus are not directly compatible with on-chip inte-
gration.[10] On the other hand, on-chip plasmonic waveguides, 
such as metal grooves,[30] metal/insulator/metal slabs,[31] nano-
wires,[32,33] metal wedge waveguides[34] and dielectric-loaded 
surface plasmon polariton waveguides,[35–37] feature in-plane 
coupling, but offer limited radiative rate enhancement and 
suffer from substantial optical propagation losses.[38] A single-
photon source simultaneously featuring directional emission 
and ultrafast operation has still not been realized.

Here, we introduce “quantum plasmonic launchers” (QPLs) 
as an attractive implementation of plasmon-enhanced on-chip 
single-photon sources. The proposed structure dramatically 
enhances the emitter radiative rate and launches in-plane propa-
gating surface plasmon polaritons (SPPs).[39] Typical plasmonic 
nanoantennas such as a “dimer”[40] or a “particle-on-metal”[41] 
possess a smaller cavity mode and a much larger antenna mode 
designed to outcouple the radiation efficiently into the free 
space. The antenna mode acts as an impedance matching cir-
cuit between the relatively small cavity mode and the free-space 

modes. In contrast, the proposed QPL configuration features a 
cavity mode defined essentially by the diamond particle itself and 
no dedicated free-space-matching antenna mode. Therefore, the 
fluorescence couples preferentially into surface plasmon modes. 
The SPP modes themselves can be efficiently coupled into low-
loss on-chip photonic waveguides before any significant propa-
gation losses occur.[42–44] In this work, we demonstrate single 
nitrogen vacancy (NV) centers[45] in nanodiamonds coupled to 
compact plasmonic launchers (see Figure 1) that are compatible 
with on-chip integration and feature a scalable fabrication pro-
cess. We first numerically study the total decay rate enhancement 
and in-plane SPP coupling efficiency for the QPL structure as a 
function of its salient geometric parameters. Then, we experi-
mentally realize a QPL, recording NV fluorescence lifetimes 
below 10  ps with emission rate into SPPs accounting for over 
half of the total radiative rate (2.5 ± 0.1% of the total decay rate).

2. Numerical Simulations

The proposed QPL structure consists of nanodiamonds with 
single NV centers sandwiched between two silver films of une-
qual thickness. The resulting structure should promote pref-
erential emission into in-plane surface plasmon modes (see 
Figure  1). The QPL features a mode volume which is several 
orders of magnitude smaller than the wavelength cubed, and is 
limited largely by the volume of the diamond nanoparticle itself. 
A coupled NV is therefore expected to exhibit a dramatically 
enhanced total decay rate (γQPL) compared to that of a reference 
NV in a nanodiamond in the dielectric environment, in our case 

Figure 1.  Artistic representation of a quantum plasmonic launcher (QPL): a nanodiamond of diameter d with a single NV center is placed between 
an optically thick (tm1) and an optically thin (tm2) silver films. The structure is coated with a 3 nm thick alumina layer. The NV emission is strongly 
enhanced and couples preferentially to in-plane surface plasmon modes, making this design compatible with on-chip integration.
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on a glass substrate (γ0). The total decay rate enhancement (DRE) 
is defined as DRE = γQPL/γ0. In turn, γQPL = γFF + γSPP + γNFloss, 
where γFF is the free-space photon emission rate, γSPP is the  
surface plasmon emission rate, and γNFloss is the local, near-
field loss rate due to absorption in the immediate vicinity of 
the emitter. We quantify the performance of the QPL using two 
parameters. The first parameter is the plasmon–photon emission 
branching ratio, ξ = γSPP/(γFF + γSPP), representing the fraction of 
SPPs in the emission from the QPL. The rest of the emission 
consists of photons radiated into the free space. While being det-
rimental in the context of the QPL, this free-space leakage allows 
for the characterization of the emitter in an optical microscope 
setting. The second parameter is the total plasmon generation 
efficiency βSPP  = γSPP/γQPL, representing the number of plas-
mons generated per excitation event. It is this parameter that 
quantifies the “on-demandness” of the QPL’s photon emission 
by taking into account the rate of local loss γNFloss.

In the simulated structure, we assume a spherical nanodia-
mond shape of diameter d with an NV center represented by 
a single vertical dipole in the nanodiamond center. The nanodia-
mond is sandwiched between the bottom silver film of thickness 
tm1 = 100 nm and an optically thin silver layer on top of thick-
ness tm2 = 8 nm, overcoated with a 3 nm think layer of alumina. 
In the experiment described below, we used epitaxial silver to 
implement the bottom metal film. The top polycrystalline silver 
film was deposited over the nanodiamond particles. We model 
the optical characteristics of the two metal films accordingly. 
The DRE and βSPP for a vertically oriented quantum emitter 
were numerically calculated (for more details, see Section SI, 
Supporting Information) by sweeping tm2 from 3  to 12 nm and 
d from 20  to 60 nm, respectively. The dependences of DRE and 
βSPP on geometric parameters are illustrated in Figure 2a,b. Two 
distinct families of resonances, corresponding to high DRE, 

occur in our parameter space (Figure  2a). However, only the 
lower branch of resonances corresponds to an efficient emission 
into SPPs. (Figure 2b). As d increases, so does the cavity volume 
and the DRE expectedly drops. Considering the proper balance 
between coupling into plasmons and the DRE, we have chosen 
the design parameters of d = 40 nm and tm2 = 8 nm, at which the 
βSPP was calculated to be 32%, while a DRE was maintained at 
relatively high value of >1000. Figure 2c summarizes the struc-
ture’s optimal geometrical parameters and shows the plot of the 
normalized electrical field of the dipole emission for this choice 
of parameters. The fluorescence power coupled into the SPP 
mode is 2.8 times larger than that emitted into the far-field (for 
more details, see Section SI, Supporting Information). These 
simulation results indicate that even assuming relatively lossy 
plasmonic materials such as polycrystalline silver, our QPL rep-
resents an attractive architecture for realizing on-chip single-
photon sources. For comparison, we also simulated the behavior 
of an in-plane dipole in the optimized configuration (d = 40 nm 
and tm2 = 8  nm) and found a DRE of 9 times and βSPP < 1%. 
This indicates that the out-of-plane component of the dipole is 
expected to provide the dominant contribution to the measured 
fluorescence.

3. Sample Design and Characterization

To validate the QPL concept experimentally, we fabricated two 
samples: a reference sample A consisting of a bare glass cover-
slip substrate with dispersed nanodiamonds and a sample B with 
the NVs in the nanodiamonds coupled to QPLs. We measured 
the photophysical characteristics of ten single NV centers in 
sample A (Section SIII, Supporting Information) and six single 
NV centers in sample B (Section SIV, Supporting Information).

Figure 2.  Simulated dependence of a) the total decay rate enhancement (DRE) and b) the total plasmon generation efficiency (βSPP) on optically thin 
(tm2) silver films and diamond diameters (d). c) Cross-section of the quantum plasmonic launcher (QPL) and the simulated power flow distribution 
generated by a single NV center coupled to the QPL.
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We selected one emitter exhibiting median fluorescence life-
time values from each of the sample A and the sample B and 
compared their properties. Henceforth, these emitters are 
referred to as NV-G and NV-QPL, respectively. Antibunching 
behavior was characterized by the value of the second-order 
autocorrelation function g(2)(t) at zero delay, see Figure 3a. While 
NV-G exhibited a clear antibunching behavior measured using 
a continuous laser, NV-QPL emission’s antibunching feature 
could not be resolved in time domain using the same setup. 
Thus, the autocorrelation measurement for NV-QPL was per-
formed using an fs pump laser operating at 1040  nm, doubled 
to produce an excitation beam at 520 nm. The extracted value of 
g(2)(0) was 0.33 ± 0.06 for NV-QPL is indicative of a single NV 
coupled to the QPL. Using pulsed laser excitation, we character-
ized the total decay rate of the NV-QPL. The time-resolved fluo-
rescence response to the pulse excitation exhibited a single decay 
component, as shown in Figure 3b. The resulting curve was fit 
with a single exponential function convoluted with the instru-
ment response function (IRF). The decay constant of NV-QPL 
was determined to be less than 10  ps. In the following text we 
consider this value as an upper bound of the NV-QPL fluores-
cence. The fluorescence decay of the NV-G featured a double 
exponential dependence with measured fluorescence lifetimes of 
NV-G were 20 ± 2 ns (12%) and 75 ± 2 ns (88%), leading to a fluo-
rescence lifetime shortening of 7500 ± 200 times based on the 
ratio of the dominant decay components. Figure 3c compares the 
spectra of NV-QPL and NV-G emission. Both photoluminescence 

spectra extend from 570 to 780  nm and significantly overlap, 
confirming that the enhanced emission resulted from the NV. 
Figure 3d shows the background corrected fluorescence rate of 
the NV-QPL as a function of the CW excitation laser power. The 
measured fluorescence intensity includes the NV center fluores-
cence (saturating term), and the background emission (linear 
term). In order to correct the saturation curve, we assume that the 
background fluorescence is produced by an uncorrelated source 
whose intensity scales linearly with the pump power. Accounting 
for its pulse energy, repetition rate and beam diameter, the 
average excitation rate produced by the fs laser in our autocor-
relation experiment during each pulse is equivalent to that pro-
duced by the CW laser used for measuring the saturation curve 
operating at 244 mW. The linear background fraction at 244 mW 
was calculated as 1 1 (0)bg

(2)r g= − − ,[46] where g(2)(0) = 0.33. The 
linear background component plotted in Figure 3d shown in the 
black dashed line (100 times magnification) has been subtracted 
from the raw saturation data. By fitting the background-corrected 
data, we have obtained a saturated fluorescence detection rate of 
36.4 ± 1.0 Mcps.

4. SPP Coupling Efficiency

The QPL structure provides a dramatic enhancement of the 
total emitter decay rate and a significant increase in the source 
brightness, sharing these characteristics with recent results 

Figure 3.  Photophysical characterization of the NV-G (blue) and the NV-QPL emitters (red). a) Photon autocorrelation. Bottom panel: autocorrela-
tion histogram acquired with femtosecond pulsed excitation. The raw histogram (black) was integrated over the pulse repetition period of 12.2 ns to 
calculate the single-photon purity (red), b) fluorescence decay curve (blue: NV-G, thin red: QPL) with the convoluted fit (thick red: QPL) and the IRF 
(black), c) measured photoluminescence spectra from NV-G and NV-QPL, and d) fluorescence saturation curve of the NV-QPL emitter. The saturation 
curve of the NV-QPL was corrected by subtracting the background component (dashed black).
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based on the use of regular plasmonic antennas. We now show 
that the QPL indeed routes a significant fraction of the emis-
sion into in-plane SPPs. To measure the SPP branching ratio ξ 
and the efficiency βSPP of the QPL, we milled a circular trench 
around a QPL emitter. The trench served as an outcoupler of 
the SPP-coupled portion of the fluorescence into the far-field, 
to be collected with the microscope objective (Figure 4a). The 
small protrusions appearing around the QPL in Figure  4a are 
caused by the neighboring nanodiamonds. In the future, this 
problem could be alleviated by deterministically depositing 
nanodiamonds using scanning-probe microscopy that has 
been considered as an increasingly viable tool for the assembly 
of quantum devices from individual constituents.[24,47–50] The 
QPL emitter (shown as #2 in Section SIV, Supporting Informa-
tion) with a nanodiamond height d = 40 ± 4  nm was selected 
in accordance with the optimal nanodiamond size derived from 
simulation. After the trench fabrication, we excited the emitter 
using a CW pump laser operating at 532  nm and recorded 
fluorescence images of the structure with a CCD camera. The 
fluorescence image exhibited a bright spot in the center of the 
QPL structure and a dimmer ring resulting from the portion of 
the emission coupled into the SPPs, scattered by the trench into 
the far-field. To compare the intensities collected from the QPL 
location (IQPL) and the circular trench (Iring), we have recorded 
two fluorescence images, shown in Figure  4b, with exposure 
times, suitably chosen to obtain substantial, but not saturated 

pixel intensities at the trench and QPL location respectively. To 
experimentally obtain the SPP branching ratio ξ and total effi-
ciency βSPP, we have normalized the measured intensities by 
the coupling and collection efficiencies as well as taken into 
account the local loss using the following relations
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Here βNFloss  = γNFloss/γQPL, 57.9%col
dipoleη = , and 84.2%col

ringη =  
stand for the fraction of the local loss, collection efficiency 
from the QPL, and the trench corresponding to the collection 
solid angle of the air objective (64.2°, 0.9 NA), respectively. The 
quantity 30.6%SPP

FFη =  represents the fraction of the SPP power 
scattered to the far-field by the trench (see Section SI in the 
Supporting Information for calculations of these efficiencies). 
The factor e−r/L accounts for the experimentally measured prop-
agation loss of the SPPs at the silver-air interface over the dis-
tance equal to the trench radius r (Section SV, Supporting Infor-
mation). We used the saturation data from Figure  3d and the 
characterized efficiency of our setup (see Section SX for details, 
Supporting Information) to estimate the local loss rate in the 

Figure 4.  a) Scanning electron microscopy (SEM) image of the circular trench used for SPP outcoupling. Inset in (a) shows the height of the QPL 
structure measured with AFM. b) The Optical image recorded with the CCD camera showing a bright spot in the center from the fluorescence of source 
and the dimmer ring from scattering of the FIB trench. c) Schematic illustration of simulated parameters of the QPL and the trench.
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near field region. These factors are schematically illustrated in 
Figure 4c to facilitate the interpretation of Equations (1) and (2). 
Our experimentally estimated βNFlossvalue of 96.6% is much 
higher than the 56.4% obtained from the simulation. Simi-
larly, the values of ξ of 52.1 ± 0.8% and βSPP of 2.5 ± 0.1% are 
markedly smaller than the simulation values of 73% and 32%, 
respectively. This discrepancy might stem from the fact that 
the top film was made of polycrystalline silver with relatively 
high optical losses and roughness compared to the epitaxial 
silver on the substrate. The quality, thickness and conformity  
of the polycrystalline silver coverage are particularly difficult 
to control at the location of the nanodiamond. The area in the 
immediate vicinity of the nanodiamond is responsible for 90% 
of all the ohmic losses in the structure. Another contributing 
factor could be the dipole position inside the nanodiamond. In 
the numerical simulation, we have assumed the dipole to be in 
the center of the spherical nanodiamond particle. In the experi-
ment however, the dipole could be closer to the metal which 
would dramatically increase local optical losses (see Section SVI,  
Supporting Information).

5. Discussion

The proposed architecture for quantum plasmonic launchers 
primarily in-plane emission of fluorescence by difference from 
plasmonic nanoantennas[10] and nanoshells.[51] At the same 
time, it offers fluorescence lifetime shortening factors of sev-
eral thousand, far beyond those realized in dielectric loaded 
waveguides,[35,36] the V-groove system[52] and the chemically 
synthesized metal nanowires.[53] In addition, the fabrication 
of the proposed plasmonic launcher requires no lithography. 
Furthermore, the fabrication process is scalable and is fully 
compatible with the on-chip integration of high-speed single-
photon sources. The plasmonic launcher reaches an SPP 
branching ratio from quantum emitters, which is similar to 
that observed in plasmonic waveguide configurations.

In this work, we also measured the total plasmon genera-
tion efficiency βSPP. We found that it is significantly lower than 
the theoretically simulated value. However, even with the pre-
sent performance, the QPL would be able to generate multi-
photon states on-chip at practically significant rates (e.g., up to 
105 photon triplets per second). Several approaches exist to sub-
stantially improve βSPP. In this proof-of-principle experiment, 
the top film was made of polycrystalline silver with relatively 
high optical losses and roughness compared to the epitaxial 
silver of the bottom film. This is a major culprit compromising 
the total SPP efficiency of the QPL. However, the recently pub-
lished methods for surface functionalization may reduce the 
surface roughness by chemically encapsulating the NDs with 
a thin smooth noble metal shell.[54–56] Furthermore, the mor-
phology and crystallinity of noble metal films can be modi-
fied by either thermal[57] or laser-induced annealing.[58] These 
methods can lead to a more efficient QPL performance.

In the QPL design, the nanodiamond material separates the 
optical dipole from the metallic surfaces. A certain minimum 
separation is required to avoid strong nonradiative quenching. 
In our experiments, the location of NV centers within nano
diamonds could not be controlled, leading to excess quenching 

loss. This problem can be overcome by using nanodiamonds 
with NV centers located at the center. The recently demon-
strated nanodiamonds grown around single organic precursor 
molecules[59] provide a promising solution.

The QPL offers a high emission rate and is compatible 
with on-chip integration. It may be used to efficiently launch 
single photons into low-loss dielectric waveguides at rates 
approaching the THz range. For this goal, the SPP mode must 
be adiabatically converted into a photonic waveguide mode on a 
length scale shorter than the plasmon propagation length. The 
QPL can be for example coupled to a dielectric waveguide and 
the metallic region around it shaped appropriately, interfacing 
the highly sub-wavelength modes of the plasmonic cavity with 
the modes of an on-chip dielectric waveguide with theoretical 
efficiencies that may be higher than 90%.[42–44] The QPL and 
the SPP mode can then be viewed as an impedance matching 
circuit between a localized plasmon mode and a propagating 
photonic mode in a dielectric waveguide. Embedding narrow-
band quantum emitters such as germanium-,[36] silicon-[7,60,61] 
or tin-[62,63]vacancy centers in diamonds into this launcher 
could improve both the photon coherence and the photon 
purity. It could open the possibility of realizing high-speed 
integrated quantum optical networks operating at cryogen-free 
temperatures.[13]

6. Experimental Section
Fabrication: Each nanodiamond (diameter: 40 ± 20  nm) in the 

commercially purchase solution (Adamas Nano) nominally contained 
one to four NVs. The reference sample A was fabricated by drop-casting 
the nanodiamonds on a glass coverslip substrate with refractive index 
n  = 1.525. Sample B was fabricated by depositing a 100  nm epitaxial 
silver on a MgO substrate. Nanodiamonds were drop-casted on the 
silver layer and overcoated by e-beam evaporated silver and alumina with 
8 and 3 nm thicknesses, respectively, in the same deposition chamber 
without breaking the vacuum. To measure the SPP coupling efficiency of 
this structure, a circular trench was fabricated around the emitter using 
focused ion beam milling. The radius, width, and depth of the circular 
trench were 2000, 250, and 150 nm, respectively.

Characterization: Experiments were performed on a home-built 
scanning confocal microscope using a P-561 piezo stage driven by an 
E-712 controller powered by an Alignment Firmware (Physik Instrumente) 
with a 50  µm pinhole based on a commercial inverted microscope 
body (Nikon Ti–U). The optical pumping in the continuous wave (CW) 
experiments was by a 200 mW continuous wave 532 nm laser (Shanghai 
Laser Century). The CW measured autocorrelation was fitted by a 
standard two-exponential model g(2)(τ) = 1 − Aexp (|τ |/τA) + Bexp (|τ |/τB). 
The fitted autocorrelation at zero delay was then taken equal 
to g(2)(0) = 1 − A + B. Femtosecond pulsed autocorrelation measurements 
were performed using a compressed tunable mode-locked laser with 
a nominal 80 MHz repetition rate (Mai Tai DeepSee, Spectra Physics). 
The laser was set to operate at a wavelength of 1040  nm and a pulse 
duration of about 200 fs. Its output was frequency doubled to obtain 
emission at 520  nm. The originally acquired histogram was further 
binned with an interval of 12.2 ns, corresponding to the pulse repetition 
period of the laser. Lifetime measurements were performed with an 
SPC-150 time-correlated photon counting system (acquisition card 
with a 4 ps internal jitter) based on a start-stop method while exciting 
an NV center with the doubled Mai Tai DeepSee and a 514  nm fiber-
coupled diode laser with a nominal 100 ps pulse width and adjustable 
repetition rate in the 2–80 MHz range (BDL-514-SMNi, Becker & Hickl).  
The excitation beam was reflected off a 550  nm long-pass dichroic 
mirror (DMLP550L, Thorlabs), and a 550  nm long-pass filter 
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(FEL0550, Thorlabs) was used to filter out the remaining pump power. 
After passing through the pinhole, two avalanche detectors with a 30 ps 
time resolution and 35% quantum efficiency at 650  nm (PDM, Micro-
Photon Devices) were used for single-photon detection during scanning, 
lifetime, and autocorrelation measurements. An avalanche detector with 
69% quantum efficiency at 650 nm (SPCM-AQRH, Excelitas) was used 
for saturation measurements (see Section SXI, Supporting Information). 
The nonlinear response of the single-photon detector resulting from its 
dead time was avoided by first attenuating the fluorescence beam by a 
factor of 100 during the saturation measurements and then multiplying 
the resulting data by the attenuation factor. The attenuation was 
performed by a neutral density filter (NE20B-A, Thorlabs). The IRF of the 
time-resolved setup was measured using the reflection of the attenuated 
femtosecond laser itself tuned to a wavelength of 690 nm.

To acquire the fluorescence images, a CCD camera (Atik 414EX, Atik 
Cameras) was used. An additional 550 nm long-pass filter was used in 
front of the CCD camera to filter the residual pump signal.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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