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We demonstrate a bright and polarized fiber in-line single-photon source based on plasmon-enhanced
emission of colloidal single quantum dots into an optical nanofiber. We show that emission properties
of single quantum dots can be strongly enhanced in the presence of single gold nanorods leading to a
bright and strongly polarized single-photon emission. The single photons are efficiently coupled to guided
modes of the nanofiber and eventually to a single-mode optical fiber. The brightness (fiber-coupled photon
count rate) of the single-photon source is estimated to be 12.2 4= 0.6 MHz, with high single-photon purity
[g%(0) = 0.20 £ 0.04] and degree of polarization as high as 94-97 %. The polarized and fiber-coupled
single photons can be implemented for potential applications in quantum photonics.
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I. INTRODUCTION

The development of efficient single-photon sources
(SPSs) is central to the realization of quantum networks
and quantum information science [1—4]. A straightforward
approach to generate single photons is to collect the emis-
sion from a single quantum emitter [5,6]. However, there
are two key challenges in this approach. One is the emis-
sion properties of the quantum emitter and the other is
efficient collection of emitted single photons in a single
spatial mode preferably into a single-mode optical fiber
(SMF).

The requirements as a quantum emitter for an efficient
SPS is that it must be bright, producing a high photon count
rate and with a high degree of polarization (DOP). High
photon count rate is essential to match the requirements
for high data rates. High DOP is also crucial as many pro-
tocols require information to be encoded as polarization
qubits [7,8]. In this context, solid-state quantum emitters
like quantum dots (QDs) or atomlike defects in crystalline
hosts [5,6,8,9] are one of the promising choices for prac-
tical SPS, based on the emission properties brighter than
neutral atoms or ions and easier techniques to isolate single
emitters. However, the presence of the complex meso-
scopic solid-state host induces various challenges, e.g.,
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inhomogeneous spectral broadening, emission intermit-
tency and reduced DOP, etc. In the last decade, there have
been significant efforts and developments to overcome
such issues [5,6,10—12].

On the other hand, efficient collection of emitted sin-
gle photons is an inevitable requirement for high data
rates and deterministic communication protocols. In this
direction, nanophotonic waveguides and resonators have
shown promising advances taking advantage of the strong
transverse confinement of photonic modes beyond free-
space optics [5,6,13—16]. In particular, metal nanostruc-
tures have shown state-of-the-art field confinement lead-
ing to strong Purcell enhancement and polarized single-
photon emission due to their localized surface plasmon
resonance (LSPR) [17-22]. However, the propagation
losses in metal waveguides are detrimental. On the other
hand, dielectric waveguides have limited field confinement
but excellent propagation properties for long-distance
communication.

Various methods for collecting single photons from the
quantum emitter into the nanophotonic platforms have
been successfully demonstrated. However, coupling sin-
gle photons from nanophotonic platforms to a SMF with
high brightness remains challenging [13,14]. Daveau et al.
and Lee et al. demonstrated a fiber-coupled single-photon
source-based quantum dot in a photonic waveguide with a
brightness of 8.24 and 1.1 MHz, respectively. In another
implementation for spectrally narrow single photons based
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on diamond waveguides, the reported brightness is 0.038
MHz [15].

In this context, tapered optical fiber with subwavelength
diameter waist, optical nanofiber (ONF) [23], provides a
unique fiber in-line platform for collecting single-emitter
fluorescence [24]. The distinct point of the technique is
that the guided mode of the ONF can have strong trans-
verse confinement and adiabatically evolve to the SMF
mode with near-unity efficiency [25-27]. This provides an
automatic and alignment-free fiber-coupled platform for a
SPS and easy integration into fiber networks. In the last
decade, there has been significant development to interface
the ONF platform with various single quantum emitters,
which includes laser-cooled atoms [28—31], color centers
in nanodiamond [32,33], QDs [34-36], two-dimensional
(2D) materials [37], and molecules [38]. Recently, we have
reported a fiber in-line SPS based on a hybrid system of
colloidal single QDs deposited on an ONF and cooled
down to cryogenic temperature (3.7 K). However, the max-
imum photon count rate and the decay time were limited to
1.6 £ 0.2 MHz and 10.0 & 0.5 ns, along with limited DOP
[39].

Here, we demonstrate a hybrid quantum system by com-
bining a single QD and a single gold nanorod (GNR) cou-
pled to an ONF. We show that emission properties of single
QDs can be strongly enhanced in the presence of GNR
leading to a bright and strongly polarized single-photon
emission. The single photons are efficiently coupled to
guided modes of the ONF and eventually to a SMF. The
brightness (fiber-coupled photon count rate) of the SPS is
estimated to be 12.2 & 0.6 MHz, with high single-photon
purity (g%(0) = 0.20 & 0.04) and DOP as high as 94-97 %.

II. NUMERICAL SIMULATIONS

A schematic diagram of the hybrid quantum system is
shown in Fig. 1(a). The hybrid quantum system is formed
by combining a single QD and GNR with an ONF. Using
the finite-difference time-domain (FDTD) method, we sim-
ulate the field profile, Purcell enhancement factor (PF),
emission enhancement factor into guided modes (EF), and
DOP of the emitted photons into ONF guided modes by
placing a single dipole source (DS) close to the surface of
the GNR. The ONF is a silica cylinder of 320 nm in diame-
ter, and the GNR is a gold rod with hemispherical end caps,
with a length of 75 nm and a diameter of 30 nm. The GNR
is placed on the ONF with its axis parallel to the ONF axis,
and the DS is placed 5 nm away from surface of the GNR
to mimic the experimental conditions (considering the size
of a thick-shell QD). The DS wavelength is chosen from
550 to 750 nm. The PF is determined by I'/ Iy, where I'
([y) is the total decay rate in the presence (absence) of
GNR and ONF. The EF is determined by /¢/I"", where I¢
and /" are the intensities of the emitted light coupled to the
ONF in the presence and absence of the GNR, respectively.
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FIG. 1. Numerical simulations of the system. (a) Schematic
illustration of the hybrid system based on single CdSe/ZnS QD
coupled to a single GNR on ONF. (b) Schematic of the emit-
ter position (d) along the GNR axis. (c) Simulated PF for Z, ¥,
and X polarization of the emitted photons into ONF. (d) EF and
DOP of the emitted photons into ONF guided modes. (e),(f),(g)
Simulated scattering-field profiles for Z, Y, and X polarization,

respectively.

We perform the simulations for three polarization orienta-
tions (X, Y, and Z pol) of the DS. The DOP is determined
by (Iy + 17 — Iy) /Uy + I; + I3), where If (i =X, Y,Z)is
the intensity of the emitted light coupled to the ONF in the
presence of GNR, for a dipole polarized along the i axis.
The DOP is defined based on the polarization distribution
of the ONF guided modes [40,41].

The simulations are performed by varying the DS posi-
tion along the axis (Z axis) of the GNR [as illustrated in
Fig. 1(b)]. Figures 1(c) and 1(d) show the PF and EF val-
ues for various dipole source positions (d) from the center
of the GNR. The red circles, blue squares, and green stars
show the values for Z-, Y-, and X -pol dipole orientations,
respectively. One can readily see that for Z pol, the PF (EF)
is highest at d = 0 nm with a value around 169 (53) and
decreases as d increases. They reach a minimum at around
the edge (d = 27 nm). On the other hand, for ¥ pol the PF
(EF) is lowest at the center and increases towards the edge
with a maximum value of 359 (13). In contrast, for X pol
the PF (EF) are extremely small compared to the Z and Y
pol at all positions. The black diamonds in Fig. 1(d) show
the DOP at respective positions. The DOP shows an almost
flat trend with a value > 99% at all positions.
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In order to understand the field enhancement due to the
LSPR, we simulate the scattering-field profile around the
GNR. The simulated field profile for Z, Y, and X pol are
shown in Figs. 1(e), 1(f) and 1(g), respectively. One can
see that for Z pol the field enhancement is maximum at
the tips of the GNR as well as at its center (d = 0 nm).
One can readily see that the field enhancement decreases
as d increases. The enhancement at the tips is 45 times
stronger than the center. On the other hand, for Y pol the
field enhancement is strongest at the edges and decreases
and reaches minimum towards the center and tips. In con-
trast, for X pol the field enhancement is extremely weak
compared to Z and Y pol. This trend qualitatively explains
the simulation results shown in Figs. 1(c) and 1(d).

II. EXPERIMENTAL METHODS

Figure 2(a) shows the schematic diagram of the experi-
ment. The experimental setup is based on a hybrid system
of a single QD and a GNR deposited on an ONF. ONFs
with optical transmission of >99% are fabricated using
a commercially available machine (Taper Fiber Expert,
Deltafiber.jp Ltd., Japan) by adiabatically tapering SMFs
(SM 600, Fibercore) using a heat and pull technique. ONFs
used for the experiment had a waist diameter of 310 &= 10
nm and a uniform waist length of 2.5 mm. The ONF diam-
eter is chosen to maximize the channeling of the single
QD emission into the ONF guided modes [24,35]. The
QDs used for the experiment are thick-shell CdSe/ZnS
QDs dispersed in toluene colloidal solution [42]. At room
temperature, the QDs emit at a wavelength of 640 nm.
The GNRs (E12-25-650, Nanopartz) used for the experi-
ment are also dispersed in a toluene colloidal solution. The
quoted diameter and length of the GNR are 25 and 71 nm,
respectively. The quoted center wavelength of the LSPR of
GNRs is 650 nm with a spectral width of around 100 nm
FWHM.

The procedure for the sample preparation is as follows.
The GNRs and QDs are deposited together on the ONF
using a computer-controlled subpicoliter needle-dispenser
(SPLD) system [43] installed on an inverted microscope
(Nikon, Eclipse Ti-U)). The dispenser consists of a tapered
glass tube containing GNR and QD mixed in a toluene col-
loidal solution and a tungsten needle with a tip diameter
of 5 wm. Once the computer-controlled needle tip passes
through the glass tube, it carries a small amount of GNR
and QD mixed solution at its edge and a tiny amount of
this solution is deposited on the ONF surface by bringing
the tip into contact with the ONF. A laser is introduced into
the ONF to monitor the deposition process. To get a single
GNR and single QD on the ONF, we first optimize the con-
centration of GNR to be 10'° rods/cm? and that of QD to
be 10'3 dots/cm®. The success probability of deposition of
a single GNR and single QD on the ONF for each trail is
about 60 %.
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FIG. 2. Experimental setup. (a) Schematic diagram of the
hybrid system. A single CdSe/ZnS QD on a single GNR is inter-
faced with the ONF. The single QD is excited using a cw or a
pulsed laser and the emission from the single QD is coupled to
the guided mode of the ONF and eventually to a single-mode
optical fiber (SMF). The temporal, spectral, and polarization
characteristics of the fiber-guided photons are measured at either
end of the fiber. The abbreviations denote the following: CF,
color glass filter; BS, beam splitter; APD, avalanche photodi-
ode (single-photon counting module); TCSPC, time-correlated
single-photon counter; P, polarizer; OMA, optical multichannel
spectrum analyzer. (b) A typical SEM image of single GNR and
single QD deposited on ONF. (c¢) The black and red traces show
the spectrum of light scattered by GNR revealing the LSPR of
GNR and the PL spectrum of single QD, respectively.

Figure 2(a) shows the measurement scheme of the
experiment. Note that all experiments are performed at
room temperature. The emission characteristics of the both
coupled (GNR+QD) and uncoupled (only QD) single QDs
are investigated via the guided mode of the ONF and even-
tually through a SMF. The single QDs are excited using a
cw or a pulsed frequency-doubled YAG laser at a wave-
length of 532 nm. The pulse width of the pulsed-laser is 20
ps. The excitation laser is linearly polarized with a polar-
ization perpendicular to the ONF axis and laser is focused
to a spot size of 1 m using a microscope objective lens.

The photoluminescence (PL) from the single QDs is
measured through the guided mode of the optical fiber on
both sides of the ONF. The scattered excitation laser light
is filtered using a 560 nm long-pass color glass filter [CF;
(056, HOYA)]. Photons from one side of the fiber are used
for spectral measurements using an optical multichannel
spectrum analyzer (OMA). The same side is also used for
emission polarization measurements. A fiber in-line polar-
ization controller [not shown in Fig. 2(a)] and a linear
polarizer (P) is introduced in the path to the avalanche
photodiode (APD) for the polarization measurements. The
fiber in-line polarization controller is used to compensate
for the birefringence induced by the ONF and other fiber
loops before the free-space outcoupling. It should be noted
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that for the LSPR spectrum measurements, the GNR on
the ONF is irradiated with a white-light source and the
scattered light is measured through the ONF without CF.

Photons channeled into the other side of the fiber are
used to measure the temporal characteristics. A Hanbury
Brown-Twiss (HBT) scheme is employed for photon cor-
relation measurements, in which photons emitted from
the QD are split using a 50:50 nonpolarizing beam split-
ter and detected by two fiber-coupled APDs. The arrival
times of the photons are recorded using a time-correlated
single-photon counter (Picoharp 300, Pico Quant GmbH)
for deriving the photon correlations. PL decay curves
are obtained by measuring correlations between excitation
sync pulse and arrival times of emitted photons.

IV. RESULTS

Figure 2(b) shows a typical scanning electron micro-
scope (SEM) image of the single GNR and single QD on
the ONF. One can clearly see a single GNR on the surface
of the ONF aligned almost parallel to the ONF axis. From
the different trails, we estimate an average angle of +20°
with respect to the ONF axis. From the SEM images, we
estimate the size distribution of the GNR to be 71 =4 in
length and 31 4 2 nm in diameter. Note that the single QD
is less than 10 nm in size and is not visible in the SEM
image.

The black trace in Fig. 2(c) shows the spectrum of light
scattered by the GNR. One can clearly see a peak around
640 nm revealing the LSPR of the GNR. The FWHM of
the LSPR spectrum is around 106 nm. The red trace in Fig.
2(c) shows the PL spectrum of the single QD on the ONF.
The center wavelength of the PL spectrum is 640 nm that
matches to the LSPR peak and it has a FWHM of 19.6 nm
that is well within the LSPR. The measured distribution
of central wavelengths of QD and LSPR are 640 £+ 3 and
640 £ 5 nm, respectively.

Figure 3 summaries the temporal characteristics of emis-
sion from coupled and uncoupled QDs on an ONF. We
measure the photon correlations g?(t) of the PL emis-
sion into the ONF to confirm that the emission is from
a single QD. The red and black traces in Fig. 3(a) show
the normalized photon correlation g?(t) of the PL emis-
sion from coupled and uncoupled QDs, respectively, while
excited with the 532-nm cw laser at an excitation intensity
of 6 W/cm?. The solid curves in Fig. 3(a) are the exponen-
tial fit for g?(t) [43]. One can clearly see the antibunching
behavior for both coupled and uncoupled QDs indicating
that the emission is indeed from single QDs. The g2(0) val-
ues for the coupled and uncoupled cases are 0.43 £ 0.03
and 0.07 £ 0.02, respectively. The rise times of the anti-
bunching signals for the coupled and uncoupled QDs are
2.5+ 0.2 and 55 £ 2 ns, respectively. This indicates the
strong Purcell enhancement for the coupled QD. However,
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FIG. 3. Temporal characteristics of the PL emission. (a) Nor-
malized photon correlation g?(z) for coupled (red trace) and
uncoupled (black trace) single QD, respectively. The solid curves
show the exponential fit for the g?(t). (b) PL decay curves
for coupled (red trace) and uncoupled (black trace) single QD,
respectively. The solid curves show the fits using single expo-
nential functions. (c) Histogram of decay times of coupled (red
blocks) and uncoupled (black blocks) single QD, respectively.
(d) Histogram of estimated PF for coupled single QDs.

the rise time of the antibunching signal also depends on the
intensity of excitation.

To quantify the PF, we measure the PL decay time of
the emission. For PL decay measurements, the QDs are
excited with a pulsed laser with a repetition rate of 500
kHz and the excitation intensity is 0.2 W/cm?. The red
and black traces in Fig. 3(b) show the PL decay curves
for coupled and uncoupled QDs, respectively. From the
single exponential fits to the decay curves, we obtain the
decay times (tp) of 2.6 = 0.1 and 61 £ 2 ns for coupled
and uncoupled QDs, respectively. The histograms of decay
times for coupled and uncoupled QDs for different trials
are shown as red and black blocks in Fig. 3(c), respectively.
One can clearly see that the decay time for the coupled
QDs lies in the range of 0.5 to 4 ns, whereas that for the
uncoupled QDs lies in the range of 40 to 90 ns. We esti-
mate an average decay time of uncoupled QDs to be 55 ns
with a distribution of £10 ns. Using this average value, we
estimate the PF for the coupled QDs. The histogram of PF
for coupled QDs is plotted in Fig. 3(d). From Fig. 3(d), we
infer that the PF lies in the range of 20—140. It should be
noted that the distribution of the decay time of uncoupled
QDs, induces an error of 20% in the estimated PF that is
much larger than the typical error of £3% in the measured
individual decay times.

Next, we present the polarization properties of the PL
emission from coupled and uncoupled QDs on the ONF.
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FIG. 4. Emission polarization characteristics of SPS. (a) Emis-
sion polarization characteristics of the SPS are indicated in the
polar plot, the red data points are for the coupled and black data
points are for uncoupled single QD. The solid curves are the
cosine-squared fits. (b) Histograms of the degree of polarization
(DOP) for coupled (red) and uncoupled (black) single QDs.

The QDs are excited with a polarization perpendicular to
the ONF axis and the photon counts through the ONF are
measured as a function of the polarizer angle. The red and
black data points in Fig. 4(a) show the polar plots for the
polarization-resolved normalized photon counts for cou-
pled and uncoupled QDs, respectively. One can clearly see
that for the coupled QD, the photon counts are strongly
suppressed at an angle of 90° indicating high DOP. The
solid curves are the cosine-squared fits. The DOP is esti-
mated from the maximum (N,,) and minimum (Npy;,)
photon counts, as DOP = (Npax — Nmin)/ (Vmax + Nmin)-
The red and black blocks in Fig. 4(b) show the histograms
of the DOPs for the coupled and uncoupled QDs, respec-
tively. One can see that the DOPs for uncoupled QDs are in
the range of 4044 %, whereas the DOPs for the coupled
QDs are in the range of 9497 %. This clearly indicates
that the DOPs of single QDs can be strongly enhanced due
to coupling to localized plasmon field of GNR [22].

Next, we evaluate the system performance as an efficient
SPS. The purity of the fiber in-line SPS is estimated by
measuring the photon correlations in a pulsed-excitation
scheme. The red trace in Fig. 5(a) shows the g?(t) of the
coupled single QD measured by exciting the QD using a
pulsed laser with 10 MHz repetition rate. The black trace
in Fig. 5(a) shows the g?(r) of the uncoupled single QD
measured by pulsed excitation at a repetition rate of 2.5
MHz. One can clearly see that for both coupled and uncou-
pled QDs the central peak at T = 0, is strongly suppressed
indicating high purity single photon characteristics. The
single photon purity for the coupled and uncoupled QDs
are estimated to be g?(0) = 0.20 4 0.04 and 0.07 & 0.02,
respectively. It should be noted that the reduced decay time
for coupled QD enables excitation with a high repetition
rate.

The brightness of the SPS is estimated by measuring the
intensity dependence of the photon-count rates as shown in
Fig. 5(b). The red and black data points in Fig. 5(b) show
the photon-count rates for coupled and uncoupled QDs,
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FIG. 5. Single-photon characteristics of SPS. (a) The red trace

shows the g?(t) of the coupled single QD measured by exciting
the QD using a pulsed laser at 10 MHz. The black trace shows
the g?() of the uncoupled single QD measured by pulsed exci-
tation at 2.5 MHz (6 W/cm?). (b) The red and blue data points
show the photon-count rate measured through one side of the
fiber for coupled and uncoupled single QD, respectively. The
solid curves are the fits using the saturation model given in Eq.
(1). (c),(d) Photon-count rates for uncoupled and coupled single
QDs, respectively. Both are measured with an excitation intensity
of 6 W/cm?.

respectively. It may be seen that the photon-count rate
increases with excitation intensity and shows a saturation
behavior for higher excitation intensities. The observations
are fitted using a saturation model for the two-level system
given as

N(F) = Nmax |: (1)

I + ] sat:| ’
where Ny 1S the saturated photon-count rate, / and [
are the excitation intensity and the saturation intensity,
respectively. The solid curves in Fig. 5(b) show the fits.
From the fit for the coupled QD (uncoupled QD), we
obtain a maximum count rate of single photons at one
side of the fiber to be N = 2.50(£0.13) x 10° counts/s
[0.37(40.17) x 10° counts/s] and a saturation intensity of
Lo = 387 £25 W/cm? (122 + 9 W/cm?). Note that the
sy for the coupled QD is higher due to the enhanced decay
rate.

The detection efficiency (o) of the optical setup is esti-
mated to be 41 %, which includes fiber coupling efficiency
from ONF to APD (83 %), color glass filter transmis-
sion (83%) and detection efficiency of APD at 650 nm
(60 %). We estimate the brightness (I'sp) of the SPS (fiber-
coupled photon-count rate) as ['sp = 2N, /. The factor 2
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accounts for the coupling of single photons into both side
of the ONF. The I'sp for the coupled and uncoupled QDs
are 12.2 £ 0.6 and 1.8 £ 0.8 MHz, respectively.

We also find that the stability of the photon-count rate is
improved for the coupled QDs. Typical photon-count rates
for uncoupled and coupled QDs are shown in Figs. 5(c)
and 5(d), respectively. The time-axis resolution is 17 ms
for both the measurements of 50 s (uncoupled QD) and
600 s (coupled QD). It can be seen that for uncoupled QD
well-known strong blinking behavior is observed [22,42],
whereas for the coupled QD such blinking behavior is
strongly suppressed. This further improves the quality of
the SPS.

V. DISCUSSIONS

A key experimental challenge in this work is to inter-
face single GNR-coupled single QDs with ONF. Single
QD deposition on ONF is well-established using the SPLD
system [35,39,42—44]. However, coupling single QDs to
GNR on ONF is challenging. We have tried first deposit-
ing single QD and then GNR or vice versa on the ONF.
The success probability was very poor and repeated trials
led to higher transmission loss of ONF. The procedure pre-
sented here works well with a success probability of 60 %
for depositing a single QD coupled to a single GNR on
the ONF. The typical transmission drop of ONF for each
deposition is 1.4 %.

From the PF estimation in Fig. 3(d), it is inferred that
the PF is in the range of 20—140. The upper limit of the
estimated PF may be attributed to the timing resolution
of 290 ps of the detection system. The observed Purcell
enhancement reasonably lies in the range as expected from
the numerical simulations shown in Fig. 1(b). The distribu-
tion of the PF may correspond to the different polarization
orientation and position of the QD on GNR for different tri-
als. One may further use sophisticated nanomanipulation
techniques [32,33] for deterministic positioning of single
QD and GNR. Note that the observed Purcell enhancement
is much higher than that reported for ONF cavities [29,30,
44.,45]. Moreover, it is broadband enhancement covering
the entire PL spectrum, useful for room-temperature-based
SPS.

Apart from strong Purcell enhancement, another dra-
matic effect is the strong enhancement of DOP. As shown
in Fig. 4(b), the DOPs can be as high as 9497 %. This
also agrees well with the numerical simulations shown in
Fig. 1(b). The discrepancies can be attributed to the typi-
cal error in the measured photon-count rate and imperfect
compensation of birefringence induced by ONF and other
fiber loops. The single photons coupled to the fiber-guided
modes are strongly polarized along the transverse axis con-
taining the QD and the GNR. Such high DOP is essential
for room-temperature-based SPS.

From the I'sp of the coupled and uncoupled QDs [dis-
cussed in Fig. 5(b)], we estimate an EF of 6.8 for the
coupled QD. From the PL decay times shown in Fig. 3(b),
the PF for the coupled QD is 23. These values suggest
that the coupling efficiency into ONF guided mode for
the coupled QD is reduced by a factor of approximately
3, i.e., the ratio between PF and EF. From Figs. 1(c) and
1(d), this may correspond to an axially polarized dipole (Z
pol). Note that for a radial dipole such a reduction factor
is much higher that 10. From the I'sp and PL decay times
79, we estimate a coupling efficiency (n = I'spg) 0of 3.2 %
and 11 % for the coupled and uncoupled QDs, assuming
100 % quantum efficiency. The coupling efficiency of the
coupled QD may be further improved by combining it with
a moderate finesse ONF cavity [44—46].

From SEM images, we find that the single GNRs are
always aligned along the ONF axis with a typical range of
angle of £20°. This may be due to the surface forces [41].
We also perform simulations for different orientations of
the GNR axis. Simulation results suggest that such a small
angle does not significantly affect the performance of the
device. It can be understood as the QD emission is strongly
enhanced and polarized in the presence of GNR. The
change in the orientation of the GNR axis will not affect
the PF considering the dipole orientations with respect to
the GNR axis. However, the projection of the dipole emis-
sion into ONF guided modes may change. This may induce
a rotation of the polarization axis, but will not affect the
DOP significantly [41]. For a typical angle of +25°, we
numerically estimate a DOP of 98.2 %.

Regarding the purity of the SPS, the g?(0) values for
coupled QDs are higher than that for uncoupled QDs [see
Fig. 5(a)]. This may be related to the residual multiphoton
emission. On the other hand, we find that for much shorter
PL decay times g?(0) values show an increasing trend.
This may be due to the possible re-excitation of the QD,
leading to emission of more than one photon per excitation
pulse [47—49].

The blinking in the photon-count rate [Fig. 5(c)] of sin-
gle QDs reveals that the emission switches between the
exciton state and charged exciton (trion) state of the QD
[42,50,51]. The strong blinking behavior in the photon-
count rate of uncoupled QD is due to the reduced quantum
efficiency for the trion [42,52,53]. In contrast, the photon-
count rate of coupled QD [Fig. 5(d)] shows strongly
suppressed blinking, indicating a high radiative recombi-
nation rate of QDs in the presence of GNR. The reason
for suppressed blinking is that LSPR of GNR significantly
increases the radiative decay rate of the coupled QD. The
enhancement of the radiative decay rate sufficiently com-
petes with the nonradiative processes and transition to trion
state, leading to suppressed blinking. The present observa-
tions of the strongly suppressed blinking are in line with
the previous report of CdSe/ZnS QDs in the proximity of
gold nanorod and nanoantenna [22,54,55].
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VI. CONCLUSION

In conclusion, we demonstrate a fiber in-line SPS based
on plasmon-enhanced emission into ONF guided modes.
We show that emission properties of single QDs can be
strongly enhanced in the presence of GNRs leading to a
bright and strongly polarized single-photon emission effi-
ciently coupled to the guided modes of the ONF and
eventually to a SMF. In this hybrid system by combin-
ing GNR and ONF, one can take the advantages of both
state-of-the-art field confinement and low-loss propaga-
tion of single photons in fiber guided modes. The local-
ized surface plasmon field of GNR significantly improves
the emission properties of single QDs (brightness, DOP,
suppressed blinking) and the quality of SPS. Coupling
the single photons into ONF-guided modes enables auto-
matic and alignment-free coupling to a SMF leading to a
fiber-coupled SPS. The polarized and fiber-coupled single
photons can be implemented for potential applications in
quantum photonics.
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