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Plasmon-enhanced single photon source directly coupled to an optical fiber
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A bright source of fiber-coupled, polarized single photons is an essential component of any realistic quantum
network based on today’s existing fiber infrastructure. Here, we develop a Purcell-enhanced, polarized source
of single photons at room temperature by coupling single colloidal quantum dots to the localized surface
plasmon-polariton modes of single gold nanorods, combined on the surface of an optical nanofiber. A maximum
enhancement of the photon emission rate of 62 times was measured corresponding to a degree of polarization
of 85%, and a brightness enhancement of four times in the fiber mode. Evanescent coupling of photons to
the nanofiber guided modes ensures automatic coupling to a single mode fiber. Our technique opens the way
to realizing bright sources of polarized single photons connected to fiber networks using a simple composite

technique.
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I. INTRODUCTION

The generation and storage of polarized single photons
(“flying qubits”) and their efficient coupling to existing fiber
networks is an essential technology for the realization of
quantum networks [1—4]. In addition, such photons should be
generated at a high enough rate to keep pace with modern
communication technologies in the gigahertz range. One re-
search program which shows promise in achieving the above
goals is the use of nanowaveguide-based cavities to produce
waveguide coupled single photons with a Purcell-enhanced
generation rate [5—-10]. Nanowaveguide-based cavities are ei-
ther automatically fiber coupled [11-15] or can be coupled to
optical fibers with high efficiency [16].

The requirements for such schemes may be split into three
main parts: (i) Efficient coupling of photons to the waveguide,
(i1) enhancement of the rate of generated single photons, and
(iii)) enhancement of photon degree of polarization (DOP).
Photonic-crystal-based nanowaveguide cavities are known
to accomplish requirement (i) well, due to the overlap of the
Purcell-enhanced cavity mode with the waveguide mode.
However, with some notable exceptions [7], they achieve
requirement (ii) to only a moderate degree, with enhancement
factors of order 10 being common. More significantly,
nanowaveguide-based cavities to date improve the degree
of photon polarization only slightly, due to the mild cavity
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birefringence [12]. Nonetheless, photon polarization is
essential for many photon-based quantum communication
schemes and for schemes involving chiral quantum optical
effects [17] suggesting that polarization enhancement is in
vital need of attention.

The localized surface plasmon-polariton resonances
(LSPRs) of metal nanostructures provide an important
method of achieving polarization and brightness enhancement
of single photon sources at room temperature. LSPRs function
as Purcell regime resonators par excellence with rapid decay
rates and large emitter-resonator coupling strengths [18-20].
In addition, they exhibit very large birefringence, with
orthogonally polarized modes having resonance wavelengths
separated by hundreds of nanometers. For an emitter with
a sufficiently narrow bandwith, this fact allows selective
enhancement of either the axial or transverse component of
dipole emission for an emitter coupled to the LSPRs, resulting
in a large increase in the degree of polarization of randomly
polarized photon emitters. The use of metal nanostructure
LSPRs on nanowaveguides offers an overlapping set of
advantages compared with waveguide-based cavities [21].
Although (i) coupling to the waveguide mode is not in general
enhanced (due to the approximate point dipole nature of
typical LSPRs), (ii) brightness enhancement is relatively
very large [22,23], and (iii) room-temperature polarization
enhancement is unmatched [24-26]. It is therefore clear
that one path to room-temperature, fiber-coupled polarized
single photons requires a combination of waveguide-based
cavities and LSPR-based emitter enhancement. However,
demonstrations of LSPR-enhanced-and-polarized single
photon emission on a nanowaveguide are lacking to date.
Here, we developed an enhanced polarized single photon
source at room temperature directly coupled to an optical
fiber by depositing colloidal quantum dots (QDs) near single
gold nanorods (GNRs) on the surface of an optical nanofiber.
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FIG. 1. Schematic illustration of the quantum-dot—gold-nanorod coupled system on an optical nanofiber. (a) Schematic illustration of the
QD-GNR coupled system on an optical nanofiber. d is the separation between the edge of the gold nanorod (GNR) and the colloidal quantum
dot (QD) nanocrystal. (b) Depiction of the relevant energy levels of the QD. (c) Image of the GNR taken using a scanning electron microscope
(SEM). (d) Calculated intensity enhancement E, maximum Purcell enhancement factor Fp ., and degree of polarization (DOP) P for photons
propagating in the guided mode of the optical nanofiber as a function of d for a wavelength of 800 nm.

The spontaneous emission rate was enhanced due to the LSPR
of the GNRs with enhancement factors of up to 62. Moreover,
due to the strong polarization anisotropy of the plasmonic
resonance of the GNRs, we also measured an increase in
the DOP to 85% for photons emitted from the QD-GNR
coupled system compared with a DOP of < 50% for QDs by
themselves. Lastly, despite the fact that coupling efficiency
to the fiber is not directly enhanced by this technique, a
maximum enhancement of single photon intensity in the fiber
modes of about 3.8 times was observed over the entire QD
bandwidth. This is in contrast to cavity-based techniques,
which typically only give strong enhancement for a small
portion of the room-temperature QD bandwidth [12]. The
above values were found to be in good agreement with
simulation results.

We note from the outset that our present study should be
seen as a proof of principle and an examination of the specific
challenges for characterizing and utilizing LSPR-enhanced
QDs coupled to an optical nanofiber. In this paper, the proba-
bilistic nature of the deposition (as described below) of GNRs
and QDs makes the technique difficult to scale up, but existing
methods of accurate deposition can in principle be utilized
with this method, solving this problem [22,27]. It is also perti-
nent to note from the beginning that plasmon-enhanced single
photon emission can display reduced single photon purity [28]
and, indeed, this is the case in our study also. Nonetheless,

as will be seen below, our sources do show sufficiently good
antibunching to be characterized as single photon sources,
and thus the focus of the present research is on the large
enhancement achievable by this method relative to previous
nanofiber cavity techniques.

II. PHYSICAL PRINCIPLES AND EXPERIMENT

A schematic illustration of the experiment is shown in
Fig. 1(a). The colloidal QD crystal emits single photons with
a wavelength Agp and a spontaneous emission lifetime 7;, and
a portion of the emitted photons are coupled into the guided
mode of the optical nanofiber. If we place a GNR near the QD
and the enhancement spectrum of the LSPR corresponding to
the rod axis overlaps with the emission spectrum of the QD,
the spontaneous emission of the QD will be greatly enhanced
due to the Purcell effect.

The QD is at room temperature and is excited by linearly
polarized light far from resonance (nominal emission wave-
length 800 nm, excitation wavelength 640 nm). In this case,
as shown in Fig. 1(b), the excitation populates a higher ex-
cited state |¢’) which decays nonradiatively through phononic
processes (blue dashed arrow) very rapidly compared with
the optical transition from |e) to |g) (orange arrow) which
produces the single photons in this experiment. This excitation
process is known to produce unpolarized photons in many
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FIG. 2. Experimental setup. The filter configuration is shown for (a) the fiber scanning measurement, (b) the photon coincidence
measurement, and (c) the photon polarization measurement. LD, laser diode; LPF, long-pass filter; APD, avalanche photodiode; SPF, short-pass
filter; NDF, neutral-density filter; TCSPC, time-correlated single photon counting module; QWP, quarter-wave plate; HWP, half-wave plate;
PBS, polarization beam splitter. We refer to the signals detected at the APDs on the right-hand side (left-hand side) as 7, (I_).

quantum emitters, and degrees of polarization of less than
25% in CdSe microcrystals [29] down to near zero in nitrogen
vacancy (NV) centers [30] have been predicted and observed
for reasons including the phonon-mediated decay process and
the population of orbitals with different polarizations at room
temperature.

However, because the LSPR in the wavelength range of
the QD has a single polarization, spontaneous emission from
the QD with a polarization lying along the GNR axis will be
principally enhanced, leading to a large increase in the DOP
of the emitted single photons [31-33]. A scanning electron
microscope (SEM) image of a single gold nanorod located on
the surface of a nanofiber is shown in Fig. 1(c). We calcu-
lated the expected values of the Purcell enhancement factor
F, . along with the DOP of the emitted photons P, and the
intensity enhancement in the nanofiber guided modes E using
the finite-difference time-domain (FDTD) method. The results
are shown in Fig. 1(d). For the case where the QD comes into
contact with the GNR (d = 0), F, ; is expected to exceed 200,
and P approaches unity.

Note that we use a simple model for the system in which
the QD is located along the rod axis. Due to the rapid decay
of the evanescent electric field associated with the plasmonic
resonance of the rod, coupling between the QD and the GNR
falls by a factor of 1/e for an azimuthal angle difference of
just 7° between the GNR and the QD. For this reason, in
situations such as those considered in this paper where the
Purcell enhancement is large, it is reasonable to assume that
the QD and the GNR are aligned in this manner.

In experiments, we deposited nanorods (A12-50-800-
CTAB-DIH-1-25, Nanopartz) on the surface of the optical
nanofiber as described in Ref. [34]. After confirmation of a
single GNR deposition [34,35], we touched a droplet of the
solution containing the QDs to the nanofiber at the position

of the observed scattering points of the GNRs leading to QD
deposition. After particle deposition, photoluminescence (PL)
from the QDs and scattered light from GNRs deposited on the
optical nanofiber were measured using the experimental setup
depicted in Fig. 2. The optical nanofiber was mounted on a
three-axis computer-controllable translation stage. We excited
the deposited particles with focused laser light (wavelength
637 nm) and detected PL from QDs or scattered light from
GNRs using fiber-coupled avalanche photodiodes (APDs)
after passing through the relevant filter system [Fig. 2(a)].
Photon correlation measurements were made using the setup
shown in Fig. 2(b).

To measure P, we used the filter and polarizer configura-
tion shown in Fig. 2(c). After rotating the state to the linear
polarization basis using the quarter-wave plate (QWP), we
measured the transmission through the half-wave plate (HWP)
and polarization beam splitter (PBS) with respect to the angle
of the HWP. The DOP lies between 0 and 1 and is found from
the amplitude of a sinusoidal fit to these data.

The same setup shown in Fig. 2(c) is also used for mea-
surements of the photon count rate, as used to calculate the
enhancement factor E. In this case, we used measurements
of the unfiltered photon count rate 7, which is proportional
to the intensity. We note that in our experiments, significant
differences in the maximum count rate between the left- and
right-hand sides of the fiber were never observed, and thus we
assume that 7, is half of the total photon count rate coupled
to the nanofiber. E was estimated from these measurements
by taking the ratio of the maximum intensity for the QD-GNR
case to that for the QD-only case. As discussed below, for
comparison we also calculate E by measuring the average
photon count rate in both cases when the QD was in the “on”
state (i.e., ignoring the periods where the QD does not emit
due to blinking). Both methods agree within error.
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FIG. 3. Measurements for single gold rods and single QDs.
(a) Schematic depiction of the sweep used to detect gold nanorods
and QDs. (b) Results of a sweep showing detection of gold nanorods
(red points, upper panel) and QDs (blue points, lower panel). The
inset shows a zoomed-in image revealing that gold-rod and QD peaks
are overlapped near z = —2.19. Here, freq., frequency.

III. RESULTS

We first measured the distribution of the deposited
particles as depicted in Fig. 3(a). Results are shown in
Fig. 3(b), with the PL (scattered) light signal displayed in
the top (bottom) panel. Zooming in on the bright peak from
the GNR around z = —2.19 mm [inset, Fig. 3(b)], the two
peaks from the GNR and the QD deposition are seen to
clearly overlap within the ~5-pum spot size of the excitation
laser, and thus the possibility of coupling between a GNR
and a QD exists in this case. We now discuss measurements

made for depositions where a QD and a GNR were found
at the same position. First, we consider the second-order
correlation function g (7). Measurement of g (t) provides
two principal pieces of information about the coupled
QD-GNR light source. First, a value g?(0) < 0.5 indicates
single-photon-dominant light emission. Second, the rise time
T of g? (1) as |r| increases gives the emitter lifetime. In
particular, normalized photon coincidences from a single
quantum emitter show antibunching given by

P =1- exp(—%), (1)
where [27,36]
T = (@Pec + 1/71)7", 2

aP.y. is the power-dependent excitation rate, and t; is the
intrinsic decay time of the emitter. Coupling of a QD to a
GNR gives rise to a decrease in 7' due to the Purcell effect, and
thus the value of T relative to the uncoupled value T gives
information about the degree of fluorescence enhancement at
a given excitation power.

Experimental measurements were made by correlating the
PL signals taken from both ends of the optical fiber. Pho-
ton coincidences as a function of interval t were recorded
using a time-correlated single photon counting module (TC-
SPC; TimeHarp200, PicoQuant). Short-pass filters (SPFs) of
850 nm cutoff wavelength were inserted to reduce the effect
of weak photon emission from the APDs themselves [37].
We first focus on measurements of ¢)(7) at a given excita-
tion power. In particular, measurements of antibunching were
made for excitation powers between 2 and 3 W for the case
of an uncoupled QD and for five different coupled QD-GNR
samples. In this narrow power range, there is little power-
induced variation of 7', and differences reflect the strength of
coupling between the QD and the GNR.

Figure 4(a) shows the case for an uncoupled QD on an
optical nanofiber with an estimated diameter of 530 nm. Here,
g»(0) was found to be 0.015 4 0.002, and T was found to
be 213 & 1 ns, where the errors are one standard deviation
calculated from the covariance of the fitted parameters. These
values are in good agreement with typical values found in
previous studies of single QDs on optical nanofibers [27].
Figure 4(b) shows a measurement of g (t) for the QD-GNR
sample which gave the largest overall enhancement in our
experiments. The antibunching dip is seen to have a value
g (0) = 0.40 & 0.02. Comparison of the results shown in
Figs. 4(a) and 4(b) clearly reveals large Purcell enhancement,
with 7 reduced to 3.1 &= 0.1 ns in Fig. 4(b).

Next, we consider measurements of the degree of polariza-
tion P of the fluorescence. Figure 4(c) shows a measurement
of visibility made using the setup shown in Fig. 2(c) for the
same uncoupled QD on a nanofiber measured in Fig. 4(a).
The corresponding DOP was found to be P = 0.40 = 0.01.
Figure 4(d) shows similar measurements made for the same
sample measured in Fig. 4(b). We see an enhancement of
the DOP in this case up to P = 0.85 4= 0.01. These observa-
tions are consistent with Purcell enhancement by the highly
anisotropic plasmon resonance of the gold nanorod. In addi-
tion, the orange points in Fig. 4(d) show the same polarization
measurement applied to light from the nominally linearly
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FIG. 4. (a) and (b) Intensity correlation g (z) for the case of QDs uncoupled and coupled to a GNR, respectively. Solid orange lines show
a fit of Eq. (1) to the data. (c) and (d) Measurements of the degree of polarization P for the cases shown in (a) and (b), respectively. Points with
error bars show the measured values, with error bars showing the standard deviation over five separate measurements. Solid curves show a
sinusoidal fit to the data. In (d), the points and orange curve show the degree-of-polarization measurement results for polarized light scattered
from the gold nanorod into the fiber modes. (¢) Summary showing g®(0) (orange bars), degree of polarization P (purple bars), and rise time
T (green bars) for five different samples where coupling between a QD and a GNR was present. Sample 3 corresponds to the data shown in
(b) and (d). The final set of bars shows the case for a single quantum dot without any coupling to a GNR and corresponds to the data shown in

(a) and (c).

polarized excitation laser scattered by the gold nanorod di-
rectly into the nanofiber. This scattered light should preserve
the pure polarization of the excitation laser light, leading to
a perfect degree of polarization of 1. Indeed, the measured
value of P in this case is 0.99 &£ 0.02. This measurement acts
as a double check on our polarization measurement system.
In all cases, we note that the phase of the sinusoidal variation
has no physical significance and is related to the unique path
taken by the light through the fiber before detection for each
specific particle.

We now comment briefly on the lower than expected value
of the degree of polarization in the case of the QD alone.
Although a QD emitting into free space is expected to have
a random polarization (P = 0), the different boundary con-
ditions for dipole orientations normal and tangential to the
fiber surface lead to differences in the Purcell factor and the
coupling efficiency of the dipole emission into the fiber. In
particular, the Purcell factor for the normally oriented dipole
is 1.5, whereas that for a tangential dipole is 1, i.e., no Purcell
effect is present in the tangential case. This anisotropy gives
rise to a degree of polarization which is ideally as high as
0.5. Nonetheless, the value of 0.5 is obtained numerically
for an ideal fiber, i.e., for a fiber with a perfectly smooth
surface. Although the exact reason for the lower than expected
DORP is still under investigation, it seems plausible that it may
be related to surface roughness and scattering which reduce
the Purcell effect for the normally oriented dipole moment
leading to a reduction in the degree of polarization compared
with the ideal case.

Finally, we summarize the results for five samples (samples
1-5) in which a QD was found to be deposited close to a GNR

on a nanofiber and compare the results with an uncoupled QD
as shown in the bar chart in Fig. 4(e). The results indicate
coupling between a QD and a GNR according to the greatly
reduced values of T compared with the uncoupled-QD case.
Note that sample 3 corresponds to the measurements shown in
Figs. 4(b) and 4(d) and was the sample for which the smallest
value of T and the largest value of P were measured. The
lowest antibunching dip was seen for sample 2 with g (0) =
0.34 £ 0.01, clearly in the regime of single-photon-dominant
emission. It is interesting to note that the only sample, sample
5, for which g (0) was clearly larger than 0.5 (indicating that
two or more QDs were contributing strongly to the fluores-
cence) also showed a decreased value of P, in comparison to
the other samples, where P was found to be enhanced relative
to the uncoupled case. The relatively small value of P in this
case suggests that only one of the two QDs in sample 5 was
significantly coupled to the GNR.

To measure the maximum Purcell factor produced by our
technique, we measured 7 at various excitation powers for
both the uncoupled QD measured above and sample 3, where
the best coupling was observed. Note that the power at which
saturation of the QD intensity was observed for the QD-GNR
system was about 3 uW. The saturation behavior of these
QDs for varying excitation power has been studied in detail
in Ref. [27]. Figure 5(a) shows the power dependence of
T in the case of a QD uncoupled to a GNR (blue circles)
and for sample 3 (yellow stars). By fitting the experimental
data using Eq. (2), we evaluated the spontaneous emission
lifetimes of the single QD and the QD-GNR coupled system
as 1o = rlQD = 280 ns and IIQD'GNR = 4.5 ns, respectively.
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Therefore the Purcell enhancement factor can be estimated
to be 7o/ IIQD’GNR = 62. Note that this estimate of the Purcell
factor relies on the measured value of 7y being representative
of the entire QD ensemble. Thorough studies of the distri-
bution of 7 for the same QDs coupled to optical nanofibers
have been performed in grevious work [27], allowing us to
assign an uncertainty to T, D of 30%. Using this value, a rough
estimate of the uncertainty of the Purcell enhancement factor
measured here was found to be Fp, = 62 &+ 26.

We also made measurements of the maximum photon
count rate achieved in the case of the uncoupled QD and sam-
ple 3. These rates were found to be 35.7 and 135.9 kHz in the
case of uncoupled-QD and GNR-QD systems, respectively.
Thus the enhancement of fluorescence coupled to the fiber
modes over the entire QD bandwidth was found to be E = 3.8.

We note that corresponding average count rates achieved
for the same samples were found to be 25 +4 and 85 +
16 kHz, respectively. The ratio of the averages gives an alter-
native value of £ = 3.4 4+ 0.8, which includes the value found
by taking the ratio of maxima within experimental error. The
large standard deviation of the results is mostly due to blinking
of the QDs.

IV. DISCUSSION AND CONCLUSION

Measurement of the maximum Purcell factor as shown
in Fig. 5(a) allows us to make a detailed comparison of the
results with predictions based on the FDTD method. We cal-
culated the degree of polarization P, intensity enhancement E,
and maximum Purcell factor Fp, for a number of separations
d between the QD and the GNR. Note that both P and E
are averages over the probability distribution defined by the
normalized QD spectrum [center wavelength 760 nm, full
width at half maximum (FWHM) 50 nm to match the case of
sample 3]. Although the GNRs used in our experiment had
a nominal length of 160 nm, in reality a spread in values
of about 10% is present in the sample, and the scanning
electron microscope measurements are at the same level of
accuracy. For this reason, we also performed simulations for
the cases where the GNR length was 150 and 170 nm for
comparison. For simplicity we oriented the GNR along the z

axis. Simulation results for P vs Fp and E vs Fp are shown in
Figs. 5(b) and 5(c), respectively, with symbols as indicated in
the legend. The experimental value for sample 3 is shown as a
black hexagon in both cases. We see good agreement between
the measured values and the simulation-predicted values for
the nominal rod length of L = 160 nm.

On the other hand, the occurrence of relatively large values
of g®(0) < 0.5 for the coupled QD-GNR systems measured
here is a curious feature which may be explained by more
detailed theoretical treatments in the future. The increase in
g (0) for QDs coupled to the localized plasmon resonances
of metal nanoparticles has been noted elsewhere [28] and has
been partly explained theoretically as fluorescence from the
nanoparticle itself during the periods where the quantum dot
is excited [38]. It is possible that g (0) might be improved by
adjusting the excitation wavelength or polarization, although
this is beyond the scope of the present study.

It is also interesting to speculate on how other aspects of
single photon generation might be affected by the scheme
presented above. Perhaps most interesting is the question of
indistinguishability of photons, and how this might be im-
proved for quantum dots coupled to GNRs. On the one hand,
the increased degree of polarization clearly increases photon
indistinguishability. On the other hand, the broadness of the
LSPR resonance relative to the narrow resonances achieved
with photonic crystal cavities means that photons will in gen-
eral be distinguishable in the frequency domain using this
method, due to the large emission bandwidth of the QDs. This
suggests that the best path forward for applications involves
the use of plasmonically enhanced QDs used together with
on-fiber cavities.

In conclusion, we have developed a polarized rate-
enhanced single photon source coupled to an optical fiber at
room temperature by using coupling between QD nanocrys-
tals and the LSPRs of anisotropic gold nanoparticles. The use
of chiral gold nanoparticles in place of gold nanorods may
allow the realization of circularly polarized photons, and thus
chiral quantum optics effects at room temperature [39]. The
system is also a promising platform for quantum plasmonics
research, due to the convenience of the nanofiber substrate,
which also doubles as a collection device for emitted photons.
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Note added. We recently became aware of a similar study
to the one reported here [40].
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