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An on-chip light source is one of the essential components for integrated photonic circuits and quantum-
information processing chips. To date, it has been a great challenge to construct an on-chip light source
with high directionality, high collection efficiency, and ultrasmall feature size simultaneously in the optical
communication range. Here, an on-chip light source, consisting of a circular paraboloid etched in an
aluminum-doped zinc-oxide film, which is an epsilon-near-zero material, is experimentally realized at
1550 nm. Photons emitted from the a PbS quantum-dot cluster placed near the focal point of this paraboloid
are reflected into a directional parallel beam due to the large impedance mismatch between aluminum-
doped zinc oxide and ambient medium. An ultrasmall emission divergence angle of only £3°, and an
ultrahigh directional emission contrast ratio of 44 dB are achieved from the ultracompact device with a
feature size of only 1.5 um. Also, an ultrahigh collection efficiency of up to 92% is predicted by simulation.
This work not only opens an alternative way for the realization of integrated photonic devices based on
epsilon-near-zero materials, but also provides another method for the precise assembling of composite

functional nanostructures.
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I. INTRODUCTION

On-chip light sources are important elementary
components for integrated photonic circuits. The compact-
ness of light sources can immensely improve the inte-
gration density [1-3]. For an ideal on-chip light source,
ultracompact feature size, ultrahigh directionality, and col-
lection efficiency are the most significant indexes. Several
schemes are proposed to improve these indexes, such as
using surface plasmons [4] and hybrid plasmon nanos-
tructures [5,6]. However, large propagation losses of sur-
face plasmons and multiple transformation process in
hybrid plasmon nanostructures decreased the collection
efficiency. Photonic microstructures had the potential
of realizing unidirectional emission of emitters. Pho-
tonic crystal structures [7—9], metamaterial cavities [10],
nanobeam waveguides [11], and pillar microcavities [12]
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could effectively control the emission directivity. However,
some of these photonic microstructures had a feature size
of several hundreds of micrometers, and it is difficult to
collect the photons emitted out of these structures, while
some other microstrutures need external magnetic field to
separate photons with different polarizations, which lim-
its the integration with other photonic devices. The light
sources with quantum emitters embedded in tapered pho-
tonic waveguides are much easier for integration, while the
collection efficiency is limited [13—16]. Moreover, previ-
ously reported on-chip light sources mainly focused on the
operating wavelength within the visible range or around
800 nm. In the optical communication range, quantum
dots such as PbS [17], InAs [18], and (In,As)P [13] can
emit photons around 1550 nm. However, different from
semiconductor quantum dots, which are usually epitax-
ial grown and embedded in another semiconductor bulk
material [19], PbS quantum dots are easily synthesized by
wet chemistry techniques, so that a single quantum dot
can exist in the suspension. Therefore, PbS quantum dots
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are promising in constructing composite nanostructures at
optical communication range, since a single quantum dot
or cluster is compatible with precise nanomanipulation
techniques [20]. However, due to the technical challenges
of manipulating quantum dots in nanoscale, there is no
report on unidirectional light sources based on PbS quan-
tum dots, as far as we know. To date, it is still a great
challenge to realize an on-chip light source with high
directionality, high collection efficiency, and ultrasmall
feature size simultaneously in the optical communication
range.

Here, we report the realization of an ultracompact
on-chip light source with ultrahigh directionality and col-
lection efficiency simultaneously in the optical commu-
nication range. The on-chip light source is composed
of a circular paraboloid etched in aluminum-doped zinc-
oxide (Al:ZnO, AZO) film, which is an epsilon-near-zero
(ENZ) material, with PbS quantum dot cluster placed near
the focal point of this circular paraboloid. The dielec-
tric function of the ENZ material is ¢ = &, — igy, where
€1 and &, are the real and imaginary parts, respectively.
At the ENZ frequency (g; &~ 0), the amplitude and the
phase of electromagnetic waves can be prominently con-
trolled [21]. Therefore, ENZ materials have been applied
to shape the radiation pattern of a source [10,22—24], or
to construct light-transmission waveguide devices [25],
all-optical switchings [26,27], frequency variation devices
[28], and so on. Recently, it is reported that AZO’s per-
mittivity crossed zero around the 1550-nm wavelength
with relatively low intrinsic losses [26,29—31]. In this
paper, we propose the use of large impedance mismatch
at the boundary of AZO and free space to reflect photons,
which would further reduce the influence of AZO’s losses,
since electromagnetic waves do not propagate through
the AZO material. The photons emitted can be directly
coupled to a waveguide with the maximum collection effi-
ciency of 92% according to the simulation. Compared with
the same structures built on a gold or silver film, the
collection efficiency is higher (see Table S1 in the Sup-
plemental Material [32]). The overall performance of this
light source is also superior to that of the bullseye grat-
ing [33,34] and micropillar structures [12,35,36], while
the device footprint is much smaller. Moreover, we cre-
atively develop a nanomanipulation method of fabricating
composite nanostructures through precisely manipulating
200-nm-sized particles to a target nanostructure, by using
a SEM equipped with a nanomanipulator. We demon-
strate the manipulation of PbS quantum dots with high
precision of several nanometers by using the nanomanipu-
lation method to fabricate our on-chip light-source sample.
The introduction of the nanomanipulator overcomes the
fabrication challenge for structures composed of nanos-
tructures and quantum dots or other nanoparticles [20],
which proposes a new way for the realization of composite
nanostuctures and photonic devices.
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FIG. 1. Three-dimensional illustration (a) and the z-x cross

section (b) of the designed rotational symmetric structure. The
substrate is an ENZ circular paraboloid (AZO film). Quantum
dots are located near the focal point of the circular paraboloid on
a layer of dielectric (¢ = 2.25). R = 780 nm, # = 650 nm, and
¢ = 234 nm. (c) The collection efficiency (black solid line) and
intrinsic loss (blue dashed line) in the ENZ medium (normalized
to the intrinsic loss when g, = 1) when ¢, increases from 10°°
to 1. (d) Collection efficiency remains high when the quantum
dots deviate from the focal point in the z direction. (¢) Collec-
tion efficiency decreases gradually when the quantum dots are off
center. Because the polarization of the dipole in our simulation is
along the x direction, the figure is not perfectly symmetric.

I1. DESIGN AND SIMULATIONS

A three-dimensional illustration and the cross section of
the structure are shown in Figs. 1(a) and 1(b).

A circular paraboloid is etched in the AZO film (¢ =
—0.5 i at 1550 nm), with the depth of 650 nm and the
aperture radius of 780 nm. This means that the on-chip
light source has an ultrasmall feature size of about 1.5 pm,
which is only one wavelength order. The PbS quantum-
dot clusters are placed near the focal point of this circular
paraboloid on a layer ofSiO, by using the nanomanip-
ulation method. The designed circular paraboloid struc-
ture plays the role of a reflector, where photons emitted
from the PbS quantum dots located at the focal point are
reflected into a parallel beam. The high reflectivity can
be understood as a result of impedance mismatching. The
wave impedance of an electromagnetic wave is defined as

Z=\/n/e, (1)

where p and ¢ are permeability and permittivity, respec-
tively. For the free space, Zy ~ 3772, while for an
ENZ medium (¢ & 0), the impedance approaches infinity.
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Therefore, large impedance mismatch occurs at the inter-
face between ENZ material and ordinary medium, leading
to very high reflectivity. Such a process can also be intu-
itively understood by the Snell-Decartes law, which is also
known as the law of refraction. Since the refractive index
of ENZ material, ngnz = /€, is far smaller than that of the
ordinary medium, the critical angle

. NENZ
0¢ = arcsin , (2)
nm

is close to zero, where n,, is the refractive index of the
ordinary medium (such as air or SiO, here). Owing to
the mechanism of total internal reflection, photons emit-
ted from the quantum emitter located at the focal point are
reflected when they arrive at the boundary. Moreover, since
the physical mechanism here has nothing to do with the
resonance of the structure or the wavelength of the quan-
tum dots, this unidirectional light source is expected to
enable a broad bandwidth.

The three-dimensional simulations are based on the
finite-element method with COMSOL Multiphysics soft-
ware. The quantum emitter is considered as an oscillating
classical point dipole [5], and model setup details are pre-
sented in the Supplemental Material [32]. In consideration
of the cascaded connection of such a unidirectional light
source with subsequent photonic information processing
units, we calculate the collection efficiency when a waveg-
uide is connected (see Fig. S1 in Supplemental Material
[32] for the details). The collection efficiency is an impor-
tant figure of merit for an integrated light source, which
defines the coupling efficiency of emitted photons to a
waveguide mode [8]:

B = Ywg Vwg 3)

= = N
Ytotal Ywg + Vfarfield + Vnonrad

where Viotal, Ywg, and Vrfield are the total decay rates and
those coupled to the waveguide channel or radiated to the
far field, respectively, and Yponraq 1S the intrinsic nonradia-
tive decay rate of the quantum dots, which is neglected
in our calculations. The collection efficiency at the wave-
length of 1550 nm could reach 89% when the thickness
of AZO film is 900 nm. In fact, the collection efficiency
could reach up to 92% by tuning the thickness of AZO.
The rest energy is leaked to the free space and the sub-
strate. This means that the photons unidirectionally emitted
from this on-chip light source can be efficiently collected
and coupled to a waveguide with an ultrahigh efficiency
of 89%.

In order to better improve the device properties, we
further analyzed the influence factors. There are several
factors that could influence the light source’s performance,
including the losses of the AZO film and the inaccuracy of
the sample fabrication. Considering the different losses in
practical AZO materials, we calculate collection efficiency

with a different imaginary part of permittivity &, using the
finite-element method, as shown in Fig. 1(c). The collec-
tion efficiency slightly decreased from 89 to 77% when ¢,
increased from 107 to 0.1, which is a general variation
range for the ENZ materials. This reduced part of photons
collected is a result of incremental intrinsic losses in the
AZO film [blue dashed line in Fig. 1(c)]. The larger &,
leads to a significant increase in the intrinsic losses. Here,
the intrinsic losses are normalized to that when &, = 1.
Another non-negligible error that will be introduced in real
experiments is the position deviation of the quantum dots,
which is limited by the manipulating precision. For eval-
uation of the influence, we first assume the quantum dots
are located along the axis of symmetry, while the z coor-
dinate varied [Fig. 1(d)]. In fact, the collection efficiency
maintained the maximum of about 89% when the quan-
tum emitter is around the focal plane in a relatively large
range of about 90 nm (—70 nm < Az < 20 nm, where
Az denotes the deviation of the quantum dots from the
focal point in the z direction). Even when Az increases to
100 nm, the collection efficiency is still as large as 86%,
which means the performance is not sensitive to the devia-
tion of the quantum dots’ position in the z direction. In the
experiment, the z coordinate of the quantum dots is decided
by the thickness of the dielectric layer, which could be
precisely controlled in the deposition process, as we dis-
cuss below, while the horizontal position is relatively more
difficult to control. Supposing Az = 0 here, the collection
efficiency declines gradually with the increase of radial
coordinate » [Fig. 1(e)]. Note that the dipole moment is
along the direction in our simulations, therefore the col-
lection efficiency is different for different azimuth angles.
However, even with a considerable deviation of 450 nm
from the focal point, the collection efficiency could still
reach 70%. In the Supplemental Material (Fig. S2) [32],
we also present the calculated far-field patterns when intro-
ducing such a deviation of the quantum dots’ position.
The results indicated that the far-field pattern is almost
unchanged with different Az from —70 to 100 nm, and
would be rotated with the pattern shape almost unchanged
when 7 increased. The above simulation results indicate
that some imperfections in experiments are acceptable and
do not seriously influence the properties of the device.

ITII. EXPERIMENTAL MEASUREMENTS

In the experiment, we use colloidal PbS quantum dots
(Mesolight, PbS-1550-50) as quantum emitters. The emis-
sion peak of PbS quantum dots is around 1550 nm (see
Supplemental Material [32]). The absorption peak of PbS
quantum dots is about 350 nm. The sample fabrication
process is shown in Fig. 2(a). We develop a nanoma-
nipulation method to fabricate composite nanostructures
by introducing the nanomanipulators (Oxford Instruments,
OmniProbe 100 and OmniProbe 400) into the focused
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ion beam(FIB) systems (ZEISS Crossbeam 540 and FEI
Helios NanoLab 600i FIB/SEM DualBeam Microscopes).
The detailed fabrication condition and SEM images can be
found in the Supplemental Material [32]. The fabrication
process included six steps: (1) etching circular paraboloid
holes in the AZO film with FIB; (2) depositing the SiO;
layer at the bottom of the holes with gas-injection system
in order to provide a base plane in the paraboloid for the
quantum dots; (3) dispersing the PbS quantum dots on the
surface of AZO film by spin-coating method; (4) grind-
ing and polishing tungsten tip, and manipulating quantum
dots with the nanomanipulator; (5) placing quantum dots
at the base plane in the hole; (6) withdrawing the nanoma-
nipulator. Figure 2(b) is the cross section of an etched
circular paraboloid on the AZO film. A layer of SiO, is
deposited precisely at the bottom of the paraboloid. A
cross section is shown in Fig. 2(c), where the platinum is
deposited for the protection of SiO, and AZO underneath
when etching the cross section with FIB. This could help
to measure the thickness of SiO; in order to determine the
proper fabricating parameters. The next step is the most

FIG. 2. Sample fabrication pro-
cess and SEM images. (a) The fab-
rication process. (b) SEM image of
the cross section of a paraboloid
hole. (¢) SEM image after deposit-
ing SiO; layer, where the platinum
is deposited for the protection of
SiO, and AZO while etching with
FIB in order to view the thickness
of Si0;. For the practical samples,
there are no platinum. (d) SEM
image when the nanomanipulator’s
tip is touching the sample surface.
(e) SEM image of a cluster of quan-
tum dots attaching on the tip. (f)
SEM image after the quantum dots
are placed at the SiO, base plane.

® Disperse quantum dots

(® Withdraw the
nano manipulator

challenging when preparing the sample, where a tungsten
tip is adopted to manipulate the quantum dots. The size
of a single PbS quantum dot is about 10—15 nm, while
the clusters of PbS quantum dots sized about 200 nm can
be obtained after spin coating the methylbenzene-solution-
doped PbS quantum dots, the size of which is a benefit for
our nanomanipulation. The tip of the nanomanipulator is
further polished with FIB, and the tip size could be several
tens of nanometers, comparable to PbS quantum-dot clus-
ters. Figure 2(d) shows a perspective SEM image when a
nanomanipulator is touching the sample surface. With this
self-made tip, we manage to move a cluster of quantum
dots to the SiO, base plane and withdrew the nanomanip-
ulator, as shown in Figs. 2(e) and 2(f). A video record of
our operation under SEM is presented in Video 1.

We perform measurement of the far-field emission pat-
tern from this light source in a system shown in Fig. 3(a). A
12 x zoom lens system is used to find the structure, where a
10x objective helped to get a larger magnification. A visi-
ble light CCD is coupled to the system, which can directly
display the image of the sample surface on the screen.
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VIDEO 1. A video record about the manipulation of quantum
dots with the nanomanipulator under SEM.

After identifying a structure, the excitation of quantum
dots is through a 405-nm semiconductor continuous-wave
laser (CNI, MDL-III-405). The violet laser is reflected by
a long-pass dichroic mirror. A 100x objective (Mitutoyo,
M Plan Apo NIR HR 100x, N.A. = 0.7) is used to focus
the exciting laser at the target region on the sample. There-
fore, photons would emit from the excited quantum dots
and be collected by the 100x objective again. These near-
infrared photons can propagate through the dichroic mirror
with high transmittance. In order to detect such a weak
signal, a fiber collimator is applied to improve the cou-
pling efficiency of photons into the fiber. The measurement
is accomplished by a single photon detector (QASKY,
WT-SPD300-ULN), whose detection range covers
950—-1650 nm. Therefore, the emitted infrared signals from
the PbS quantum dots could be detected with high effi-
ciency, while the exciting laser had no contributions to the
photon counting. In order to measure the photon-emission
signals at different directions, the sample is installed
on a rotation stage and coupled to a three-dimensional
positioning system. Figure 3(b) shows the top view of
the sample and the optical path. In the experiment, the
power of the exciting laser is 0.885 mW near the sample
surface.

The measured far-field radiation pattern is shown in
Fig. 3(c), which distinctly illustrates unidirectional photon
emission from this structure normal to the sample surface.
The emission of photons is mainly located at 90° with
a FWHM divergence of +3° in the experiment. Such an
ultrasmall emission divergence angle ensures an ultrahigh
directionality of the on-chip light source. We also per-
form simulations to show the energy density distribution at
the cross section of the designed three-dimensional model,
which is presented in the inset of Fig. 3(b). The contrast
ratio between the energy above and below the ENZ film is
as large as 44 dB, which also proves that the light source
is highly unidirectional, almost without backward emission

loss. The green and red curves in Fig. 3(c) are the simulated
far-field patterns. The former is when the quantum dot is
put on an unstructured AZO film, and the divergence angle
is up to £41°. The latter is the result when the quantum
dot is well located inside the nanostructure. The FWHM
divergence of the photon emission is +12° according to
the simulation, also indicating the unidirectional emission
of photons in this device. The directivity of emission,
which is defined as the ratio of the maximum emission
intensity to the average intensity in 4w solid angle [37],
is 15.1 and 13.2 in the experiment and the simulation,
respectively. Note that the performance of the device in
our experiment is even superior to simulation results. This
can be possibly attributed to the following reasons. First,
in the simulation the quantum emitter is a dipole par-
allel to the plane, and the direction of dipole moment
may have influences on the performance. However, in
the experiment a cluster of quantum dots emitted photons
together, the superposition may enhance the directional
property. Second, the algorithm of simulation software
probably differs from real measurements, where the detec-
tion sensitivity is limited for weak signals. The photon
emission from the light source we design is highly unidi-
rectional, so that the emission to the other directions except
the vertical direction is very weak. The photon counts
in these directions dropped quickly when the detection
angle is away from vertical, and would be submerged by
noise.

The experimental results above demonstrate that this
unidirectional light source has superior performance at the
wavelength of 1550 nm. Actually this light source sup-
ported a wide bandwidth, which covered the emission
spectrum of the PbS quantum dots. We further consider the
actual material dispersion of AZO [31], and find that this
unidirectional light source can work at a wide bandwidth
with high performance. Figure 4(a) shows the far-field
light distribution pattern at the wavelengths from 1400 to
1700 nm. In a bandwidth range of 100 nm (from 1500 to
1600 nm), which covered the emission peak of PbS quan-
tum dots, the far-field light-distribution pattern is almost
unchanged. Furthermore, this designed circular paraboloid
nanostructure can be applied to construct light sources
in a broader bandwidth, including the visible light range.
As shown in Fig. 4(b), assuming proper ENZ materials
at different wavelengths can be obtained (e.g., transpar-
ent conduction oxides [29] and artificial metamaterials
[38]), we chose six different common quantum emitters
(N-7° center, N-V~ center [37], InP-(In, Ga)P [39], SiV
center [40], InAs-GaAs-(In, Ga)As [41], and PbS). Here,
the structure parameters are simply kept the same, while
the emission peak of these quantum-emitter ranges from
575 to 1550 nm. Figure 4(b) shows the calculated col-
lection efficiency and the contrast ratio. It can be found
that collection efficiency is higher than 89% for each
quantum emitter, and the maximum could even reach
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FIG. 3.

(a) Experimental setup of the measurements. A zoom lens system with a visible light CCD is used to find and locate the target

nanostructure. A 405-nm laser is focused on the sample surface to excite the quantum dots in the nanostructure. The emitted photons
propagated through the dichroic mirror and are collected by a fiber collimator connected to a single photon detector. The sample is
installed on a rotation stage and coupled to a three-dimensional positioning system, so that photons emitted to different directions can
be collected, respectively. (b) The top view of the sample and the optical path. Inset: calculated energy density distribution at the cross
section of the designed three-dimensional model. (c) Far-field light-distribution patterns from simulation (red) and experiment (blue).
The far-field distribution when the quantum dot is put on an unstructured AZO film is also shown (green dotted curve). Background

noise is subtracted from measured results.

99% for the N-V~ center. The contrast ratio is always
larger than 32 dB for different quantum emitters. There-
fore, this designed circular paraboloid nanostructure per-
forms well from the visible to near-infrared wavelengths,
and can be expected to realize high-performance
single-photon sources by choosing proper single quantum
emitters.

IV. SUMMARY

In summary, an ultracompact on-chip light source with
ultrahigh directionality and collection efficiency is realized
in the optical communication range. A circular paraboloid

etched in aluminum-doped zinc-oxide film, with PbS quan-
tum dots placed near the focal point, is used to construct
the on-chip light-source sample. An ultrasmall emission
divergence angle of only £3° is achieved experimentally
and an ultrahigh collection efficiency of up to 92% is pre-
dicted by simulation from the ultracompact on-chip light
source with a feature size of 1.5 pum. This unidirectional
light source can maintain high performance in a broad
bandwidth. This work not only opens a new way for
the realization of integrated photonic devices based on
epsilon-near-zero materials, but also provides an advanced
method for the precise assembling of composite functional
nanostructures.

054021-6



UNIDIRECTIONAL ON-CHIP LIGHT SOURCE. ..

PHYS. REV. APPLIED 12, 054021 (2019)

(a)
1.0 —— 1400 nm
—— 1450 nm
g 0.8 —— 1500 nm
= _g —— 1525 nm
qﬁ ) 0.6 150° 1550 nm
s 2 1575 nm
§ ; 0.4 —— 1600 nm
Z & 0.2 —— 1650 nm
i 1700 nm
< 0.0~ 180° 0°
(b)
10f '
| .A v o
3 . 40
~~
L )
=
o -’
2
-
g
[R5 m o N-VOcenter -
e o N-V-center 120 =
A A InP-(In,Ga)P *E
v v SiV center =)
* 0 InAs-GaAs-(In,Ga)As ©
® 0 PbS
0.0 . . . 0
500 1000 1500
Wavelength (nm)
FIG. 4. (a) Simulated far-field emission pattern within the

bandwidth of 300 nm, when taking the actual material dispersion
into consideration [26]. (b) Collection efficiency and contrast
ratio when adopting different quantum emitters and proper ENZ
materials, assuming the structure parameters are the same as
those in Fig. 1.
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