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We present the experimental realization of a quantum fiber-pigtail. The device consists of a semi-

conductor quantum-dot embedded into a conical photonic wire that is directly connected to the

core of a fiber-pigtail. We demonstrate a photon collection efficiency at the output of the fiber of

5.8% and suggest realistic improvements for the implementation of a useful device in the context

of quantum information. We also discuss potential applications in scanning probe microscopy. The

approach is generic and transferable to other materials including diamond and silicon. VC 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939264]

Semiconductor quantum-dots (QDs) are attractive single

photon sources. They are robust, compact, and provide on-

demand single photons at rates in the GHz range.1–3 Their

potential in the context of quantum optics, however, relies

on the fulfillment of several demanding criteria:4 high effi-

ciency, high photon purity, and simple operation. Recent

progress has nevertheless brought QDs close to such applica-

tions. Single-photon operation has been obtained in a com-

pact, table-top Stirling machine,5 offering a low-cost and

user-friendly solution. Thanks to the increasing quality of

the epitaxial material, spectrally pure emission has been

demonstrated.6 The last challenge that needs to be addressed

is to efficiently couple the emitted light into a single mode

fiber. Large progress in this direction has been made with the

integration of QDs into micro and nano-scale photonic struc-

tures, such as cavities and waveguides, which allow the

control of spontaneous emission.7–9 In the last few years, im-

portant efforts to position the QD in an optimal way10,11 and

to minimize the diffraction of light at the output of photonic

nanowires12 have pushed the collection efficiencies to values

� 75% while maintaining a Gaussian spatial profile.13,14

These impressive results require, however, the use of objec-

tive lenses with large numerical apertures. In parallel, differ-

ent strategies to couple the emitted light directly into a single

mode fiber have emerged.15–18

We report here the direct coupling of QD single photons

to an optical fiber. Our device, the quantum fiber-pigtail,

consists of a QD embedded in a tapered photonic wire (PW),

a photonic “trumpet,” which is directly attached to the

cleaved end of a single mode fiber. Thanks to adiabatic

expansion of the guided mode confined in the PW, we

achieve an external collection efficiency of 5:8% at the out-

put of the fiber-pigtail. The result represents a proof-of-prin-

ciple for an easy-to-operate single photon source, with

potential applications in quantum optics or metrology. In this

perspective, we discuss realistic improvements of the collec-

tion efficiency. Furthermore, easily addressable QDs at the

end of a nanometer-scale tip have obvious potential as

scanning probes. Possible applications include single photon

near-field microscopy,19,20 deterministic quantum plas-

monics,21 or electric field sensing.22 Finally, we emphasize

that the approach is generic and can be transferred to other

nanoscale emitters such as colored centers in diamond or

silicon.

Our quantum emitter consists of a self-assembled InAs

QD grown by molecular beam epitaxy. It is embedded

110 nm away from the sharp end of a 12 lm-long conical

GaAs PW standing on a gold substrate,14 see Fig. 1(a). At

the QD position, the small diameter enhances the coupling of

the emitter to the guided modes while screening its coupling

to lateral free-space modes.8 As the top facet is approached,

the progressive increase in diameter allows for an adiabatic

expansion of the guided modes and eventually leads to a bet-

ter mode matching with the fiber. These conical wires are

obtained through a top-down approach. Using e-beam lithog-

raphy, we define a Ni hard mask consisting of arrays of disks

with variable diameters. This is followed by a deep plasma

etch conducted in a reactive ion-etching chamber. Finally,

the remaining Ni mask is removed in a diluted nitric acid so-

lution. A Si3N4 anti-reflection coating maximizes the trans-

mission through the top facet. The resulting structures are

shown in Figs. 1(a) and 1(b).

In order to realize a direct coupling between the photonic

trumpet and a single mode fiber, we pick up an individual

wire and glue it to the core of a standard fiber (dcore ¼ 4:4 lm,

ncore ¼ 1:4563, and ncladding ¼ 1:4513), as illustrated in

Fig. 2(a). Initially, we fabricate micro-manipulators by taper-

ing a glass needle down to a few micron thicknesses. The

micro-manipulator is then used to pick up one wire at a time

thanks to a combination of electrostatic and Van der Waals

forces (see Fig. 1(b)). Observations with a scanning electron

microscope (SEM) indicate that the cleaving point lies at the

interface between the PW and the substrate, within an esti-

mated error of 610 nm (the instrument’s resolution). With a

second micromanipulator, we re-orient the PW into the appro-

priate direction (top facet facing downwards), Fig. 1(c). We
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then approach the cleaved facet of a fiber-pigtail and deposit a

drop of low fluorescence UV glue onto its core, Fig. 1(d).

Finally, we bring the wire and the fiber into contact with an

alignment precision on the order of 1 lm and illuminate with

UV light to harden the glue. The resulting structure is shown

in Figs. 1(e) and 1(f).23 It is robust and resistant to cycling to

cryogenic temperatures,24 two important points for future

applications.

The device is tested at cryogenic temperature by

plunging it directly into liquid He. The QDs are excited

non-resonantly with a CW laser diode and the photolumi-

nescence (PL) is analyzed with a spectrometer and a

high efficiency Si-based CCD camera (gdet ¼ 27% at

k¼ 950 nm), see Fig. 2(a). A typical spectrum is shown in

Fig. 2(b) for an excitation in the bulk (klaser ¼ 780 nm).

We identify a peak associated to the GaAs nanowire and a

series of sharp lines corresponding to several QDs.

Importantly, we observe significant heating as we increase

the non-resonant power. This is evidenced as a quadratic

shift of the QD energies in Fig. 2(c) and indicates a poor

heat dissipation in the device, despite the surrounding

liquid He. A simple way to avoid this problem is to create

electron-hole pairs directly in the InGaAs wetting layer

connecting the QDs (klaser ¼ 830 nm). In this case, we

minimize the amount of absorbed light and observe no

heating effect over the range of useful excitation powers

(see Fig. 2(c)). This second scenario was used for all the

results presented below.

We focus on a PW featuring a diameter of 440 nm at the

QD’s position and 1.8 lm at the top facet. The wire sustains

the guided modes associated with the first six orders and con-

tains approximately 50 QDs distributed over a spectral band-

width of about 50 nm. In the low energy tail, we identify, in

particular, a bright complex labeled QD1, which consists of

an excitonic transition X (possibly a charged exciton) and a

red-shifted biexciton XX at high power (see Fig. 3(a)).

To confirm the quantum nature of the emitted signal, we

perform an auto-correlation measurement on the exciton

using a standard Hanbury-Brown Twiss experiment with

a set of two avalanche photo-diodes. The result, shown in

Fig. 3(b), reveals a pronounced dip at zero delay, characteris-

tic of anti-bunched emission. The data are very well repro-

duced by the auto-correlation function of a perfect 2-level

emitter with a lifetime of 1=cX ¼ 1:2 ns convoluted with the

detector’s response (Gaussian with full-width-half-maximum

of �400 ps).

FIG. 1. Fabrication procedure. (a) SEM picture of the photonic trumpet af-

ter etching and removal of the Ni mask. (b) Removing a single PW from its

original substrate with glass micro-manipulator (right side). (c) Orientation

of the PW for subsequent gluing onto the fiber. (d) Top view of the bare fiber

with a drop of UV glue (bright spot) deposited at its center. (e) SEM picture

of the fiber-wire connection. The drop of glue can be seen at the base of the

PW. (f) Side view of the final device (optical microscope image). The white

scale bars represent 10 lm.

FIG. 2. General properties. (a) The quantum fiber-pigtail is cooled down to

4 K in liquid He. The QDs are excited with a CW laser diode (k¼ 830 nm or

780 nm). The photoluminescence (PL) is analyzed with a spectrometer and a

CCD camera (not shown). (b) Typical PL spectrum for excitation in the

GaAs bulk. (c) Power-induced heating of the PW for excitation in the GaAs

bulk (gray circles). Excitation in the wetting layer (red diamonds) results in

negligible heating. The abscissa has been normalized to the saturation power

Psat. The solid line is a quadratic fit to the data.

FIG. 3. Characterization of a single QD. (a) QD1 spectra at low

(P¼ 125 lW, in red) and high (P¼ 1.2 mW, in black) powers. X and XX

correspond to the exciton and the biexciton. (b) Auto-correlation signal of X

(P¼ 64 lW). The data are normalized to the average coincidence counts per

time bin. The dip at zero delay is the signature of a single quantum emitter.

The red solid line is a fit to the 2-level atom result including the detector

time-jitter (�400 ps). (c) Power dependence of the exciton PL intensity. The

dashed line is a fit using Eq. (1).
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To evaluate the extraction efficiency � of our quantum

fiber-pigtail, we record the PL intensity as we increase the exci-

tation power. As we saturate the X transition, we observe a

maximum count rate of�40 kcts/s, Fig. 3(c). The data are fitted

using a simple three-level model that takes the biexciton into

account. Denoting cX and cXX the decay rates for the exciton

and the biexciton, the detected PL intensity is given by25

IX;det Pð Þ ¼ Isat

1þ aP

cX

þ cXX

aP

; (1)

with Isat being the intensity at saturation and a being a coeffi-

cient which translates the measured excitation power into

an effective pumping rate. Using cX ¼ 0:84 GHz from the

auto-correlation measurement and cXX � 2cX, we obtain a

very good agreement with our experimental data for Isat

¼ 149 kcts/s and a ¼ 2:5� 10�3 GHz/lW. The relationship

between the detected flux and the emission rate simply reads

Isat ¼ � gt gdet cX; (2)

where gt corresponds to the overall transmission between the

fiber-pigtail and the detector. Using a reference tunable laser

diode set at 970 nm, we find gt ¼ 6%63:5%, which yields

a collection efficiency � ¼ 5:8%63:3%. The given value

includes all losses, for instance, the finite coupling of the QD

to the waveguide-modes propagating in the upward direction,

the imperfect wire-to-fiber mode matching, and the transmis-

sion losses. This result can still be improved, but we stress that

it is already more than one order of magnitude superior to the

value one would obtain from QDs in the bulk. It therefore con-

stitutes a proof-of-principle for our approach of integrating a

quantum light source to a standard optical fiber.

We estimate the quality of the fabrication by evaluating

the expected maximum efficiency at the output of the

fiber-pigtail. Using Lumerical FDTD Solutions, we calculate

the fraction of power radiated through the top facet of the

PW by an embedded dipole point-source. The result is multi-

plied by the overlap between the computed profile of the

electromagnetic field (at the top facet) and the mode of the

fiber. For a PW with the above-mentioned dimensions and a

QD on axis, we find � ¼ 9:2
�þ0:4

�0:7

�
%, where the error bar

comes from the 610 nm uncertainty on the distance between

the QD and the cleaved facet. Our experimental result is in

agreement with the theoretical prediction. This calculation

shows that we have met the main challenges, namely, posi-

tioning the QD close to the axis and aligning the center of

the PW with the core of the fiber.

We believe that the proposed device has the potential

to relax some of the constraints associated with the use of single

QDs in quantum optics experiment. Integrating it into a compact

closed cycle cryostat would result in a quantum light source tak-

ing the form of a “black-box,” with single photons directly avail-

able at the output of a standard single mode fiber. However, in

this context, a useful device should exhibit a larger efficiency.

To optimize �, a natural strategy is to operate the tapered

PW in the single mode regime. This choice simultaneously

ensures high emission probabilities into the fundamental

guided mode (HE11) and optimum mode matching between

the PW and the fiber. In this regime, a lower bound to the cou-

pling efficiency is given by � ¼ bupT HE11
T f . Here, bup is the

fraction of photons emitted in the guided mode propagating
towards the fiber; T HE11

is the taper modal transmission; and

T f is the taper facet to fiber facet modal transmission.

Interestingly, a simple dielectric facet with a diameter of

0:25k provides an amplitude reflectivity of 60%.26 By placing

the QD at an anti-node of the resulting interference pattern,

bup can be increased up to 75% for an on-axis emitter.

Moreover, a taper with larger height h and top facet dt leads

to a spectacular improvement of the coupling efficiency. As

an example, the device reported in Ref. 27 (h¼ 27 lm and

dt¼ 5 lm) features T HE11
T f ¼ 59%. Thus, combining this ge-

ometry and an appropriately located bottom facet (e.g., using

a sacrificial layer), � ¼ 44% is already within reach, without

major technological developments. Regarding further

improvements, bup > 90% is achievable with an additional

post metallic mirror,26 and T f can be further improved with

larger taper dimensions. A taper with h¼ 80 lm and dt¼ 7 lm

would then bring � above 70%. As a final comment, we note

that one may also tailor the properties of the fiber and release

some constraints on the PW geometry.

Our device also presents attractive features as a surface

scanning probe. We point out two examples of possible

applications along this line. The first one concerns quantum

plasmonics. Surface plasmon polaritons (SPPs) represent a pos-

sible way of building integrated quantum optics circuits at the

nanoscale.28 Our device could be used to transfer quantum in-

formation from the QD to propagative SPPs simply by bringing

the sharp tip of our photonic wire into close proximity with a

metallic nanostructure (d < k=2), Fig. 4(a). Compared to the

FIG. 4. Quantum-dot based scanning probe microscope. (a)

Deterministic quantum plasmonics. A QD is brought into close proximity

with a metallic antenna. The resulting change in the local density of states

leads to efficient plasmon launching. The numbers in the table correspond to

the experimental results reported in Ref. 31. bpl corresponds to the probabil-

ity of exciting a plasmon for one excitation of the QD. (b) Electric field sens-

ing. An electric field produces a Stark shift of the QD excitonic level which

is detected via the resonance fluorescence intensity.
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previous work,29,30 this solution presents more flexibility and

would allow scanning of the sample surface or bringing the

quantum emitter to a specific location, while controlling its

exact distance to a given metallic antenna. The possibility of

positioning our probe at will presents a significant advantage to

explore the effect of the near-field environment on the emission

properties of a QD. In particular, recent experiments have

shown that control over the distance (as well as over the QD

orientation) could lead to launching plasmons with probabil-

ities approaching 50%.31 The present device is thus likely to

find applications in the field of quantum plasmonics, in particu-

lar, when more complex plasmonic circuits come to the

fore.32,33

A second application concerns using the QD at the apex

of the wire as an ultra-sensitive electric field sensor, Fig. 4(b).

The idea is that an electric field Ein results in a Stark shift

that can be detected through a change in intensity of QD

resonance fluorescence. The noise spectrum of the QD reso-

nance fluorescence signal reveals the noise spectrum of the

local electric field.6 In the linear regime and for a vertical

electric field, the Stark shift is given by D� ¼ a�1Ein=h,

where a � 0:3 leV/(kV/m)22,34 and h is the Planck constant.

Assuming a detection floor limited by shot noise, we derive

the sensitivity of the QD sensor

g ¼ a�1

@ _n �ð Þ=@D�
ffiffiffiffiffiffiffiffiffiffiffiffi
2 _n �ð Þ

p
; (3)

where _nð�Þ ¼ _n0

1þð2�=CÞ2 is the resonance fluorescence count

rate. Assuming a count rate at resonance _n0 ¼ 1 MHz, a line-

width of C¼ 5 leV, and taking into account the reduction in

electric field amplitude due to its penetration into a high re-

fractive index material (nGaAs ¼ 3:5)

Ein /
1

n2
Eout; (4)

we obtain sensitivities to an external electric field Eout as

high as g � 20 (V/m)/
ffiffiffiffiffiffi
Hz
p

. This corresponds to detecting

a single charge at a distance of 4 lm within a 1 s integra-

tion time, or alternatively to detecting a single charge at

a distance of 150 nm in just 1 ms. Importantly, we point

out the very large sensor bandwidth, which is ultimately

limited by the spontaneous emission rate and can thus

approach the GHz range in the case of standard InGaAs

QDs.

QD electric field sensors display sensitivities which

compete with those of a single-electron transistor, while min-

imally affecting the system being detected.22 The scanning

capability offered by our quantum pigtail makes it an appeal-

ing alternative to existing devices. We finally note that the

quantum pigtail could be straightforwardly attached to a tun-

ing fork force sensor35 facilitating atomic force microscopy

with the tapered photonic wire as tip, and that the translation

of this concept to NV centers in diamond would enable the

creation of a scanning magnetic field sensor.36,37

In conclusion, we present a device concept for an

alignment-free, easy-to-operate source of single photons. A

semiconductor photonic trumpet containing quantum dots is

attached to the facet of a single-mode optical fiber. As a figure

of merit, we have evaluated the extraction efficiency at the

output of the fiber-pigtail (5.8%) and demonstrated good

agreement with numerical calculations. We have shown that

realistic adjustment could lead to values >70 %. Importantly,

the fabricated device is robust and operates well in a cryo-

genic environment. Finally, we have underlined its potential

in the context of deterministic quantum plasmonics and elec-

tric field sensing.
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