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ABSTRACT

The well-established silicon-on-insulator platform is very promising for large-scale integrated photonic and quantum photonic technologies
due to the mature manufacturing technology and integration density. Here, we present an efficient and stable fiber-to-chip coupling, which
enables the injection of single photons from telecom quantum dots into a silicon-on-insulator photonic chip. Two additional fibers further
couple the chip to single-photon detectors. The approach chosen to achieve steady fiber-chip coupling is based on the use of grating couplers
steadily packaged with angled single-mode fibers. Using this technique, coupling efficiencies between the fiber and the SOI chip as high as
69.1% per grating coupler (including the taper losses) are reached. The effective interface between the quantum light generated by quantum
dots and the silicon components is verified via the measurement of the second-order correlation function using a Hanbury–Brown and
Twiss setup. With gð2Þð0Þ ¼ 0:0516 0:001, it clearly proves the single-photon nature of the injected QD photons. This demonstrates the reli-
ability of the interfacing method and opens the route to employ telecom quantum dots as non-classical light sources with high complexity sil-
icon photonic functionalities.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0067749

Several research and technology fields, like quantum information
processing and quantum communication, would strongly benefit from
the realization of on-chip quantum photonics. The implementation of
large-scale integrated quantum photonic technologies requires on-
chip reconfigurable waveguide (WG) circuits as well as single-photon
sources and detectors.1 Much progress has been made in recent years
in demonstrating complex quantum circuits in many material plat-
forms, such as lithium niobate,2,3 silica,4 silicon nitride,5 gallium arse-
nide,3,6,7 indium phosphide,8 and silicon.9 Among all these platforms,
the silicon-on-insulator (SOI) platform is highly attractive as it is well
developed for classical photonic applications. It, therefore, deploys a
high component density, mature fabrication techniques and compati-
bility with the telecom regime, and the complementary metal–oxide–
semiconductor (CMOS) technology. Quantum key distribution,10

linear optical quantum computation,9,11 and boson sampling12 on a
chip were demonstrated recently. However, the lack of on-demand
non-classical light sources, directly incorporated into silicon chips, has
spurred research activities in the field of nonlinear processes to gener-
ate non-classical light states. The probabilistic nature of the emission
process poses a challenge in the maximally achievable experimental
complexity and efficiency. The use of on-demand quantum light sour-
ces would have a strong impact on the achievable scalability. In addi-
tion, a highly pure single-photon emission will play a key role in the
implementation of computation protocols otherwise limited by multi-
photon events. Semiconductor quantum dots (QDs) are seen as one of
the most promising sources of quantum light, since they can generate
on demand light.13–15 As silicon photonics are highly optimized to
operate with light in the telecom C-band (1530 to 1565nm), the use of
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semiconductor QDs emitting in this wavelength range would be bene-
ficial. For semiconductor QDs, the InAs/InP16–19 and InAs/InGaAs/
GaAs20–22 material systems proved the capability of reaching this
wavelength. The latter are based on the versatile and well-developed
GaAs material platform QDs,23 which normally emit at near-infrared
wavelengths, but the wavelength is shifted to higher wavelengths
through the employment of a metamorphic buffer design.20 Until
now, the interface of semiconductor QDs emitting in the telecom C-
band and Si photonics has been a challenging task. There are different
approaches to integrate QDs into silicon photonics. In addition to the
development of QDs based on Si/Ge heterostructures,24 a hybrid
approach was recently used to integrate QDs on a silicon chip, emit-
ting at wavelengths around 1310nm25 and 1160nm.26 However, until
now, no coupling between an SOI chip and a QD emitting in the tele-
com C-band has been realized. Furthermore, semiconductor QDs
require cryogenic temperatures, making the design of the silicon chip
more challenging. Therefore, alternative approaches are based on
funneling light on the silicon chip from external sources. These have
the advantage that light sources and silicon chip can be freely designed,
and the latter can even kept at room temperature. For this scope, high
in-coupling efficiency needs to be achieved, ideally with a mechanically
stable connection that does not require realignment. Grating cou-
plers27,28 have the advantages of high alignment tolerances and can be
fabricated on every position on the chip. Moreover, they have recently
been demonstrated to reach coupling efficiencies of up to 89%
(�0.5 dB)29 in the telecom C-band.

In this paper, we present an efficient, stable, and scalable fiber-to-
chip coupling, based on grating couplers, which enables the injection
of single photons from InGaAs/GaAs QDs, emitting in the telecom C-
band into an SOI photonic chip.

An artistic illustration of the overall device can be seen in
Fig. 1(a).

The fundamental part is an SOI chip, which is fabricated on the
250nm SOI platform. On the chip, a waveguide circuit is imple-
mented, which includes a 50:50 multi-mode interference splitter
(MMI). The input and output ports of the MMI are fed by single-
mode waveguides. These waveguides are then tapered to the width of
input and output grating couplers. Here, the used grating couplers are
similar to the grating couplers presented by Hoppe et al.,29 where
record coupling efficiencies with losses as low as �0.5 dB (89% cou-
pling efficiency) were reached. While for the design presented by
Hoppe et al.,29 the filling factor and grating period were used for the
apodization; here only the filling factor has been varied. The design for
grating couplers used here reaches coupling losses of minimal
�0.76 dB (83.9%, without taper losses).

In order to achieve this value, back-etched aluminum backside
reflectors are employed to reflect the light, which leaks into the sub-
strate, in the upward direction. Additionally, through a careful choice
of the trench width and period for each grating groove, the overlap
integral between the radiated field profile of the grating coupler and
the Gaussian fiber mode is maximized. The design of the used grating
coupler with varying grating groove widths can be seen in a scanning
electron microscope (SEM) image in Fig. 1(c). Trenches reaching grat-
ing groove widths down to 60nm were realized using e-beam
lithography.

In this paper, the approach chosen to achieve stable fiber-chip
coupling is based on the use of these aforementioned grating couplers

together with angle-polished single-mode fibers [see Figs. 1(b) and
1(d)]. This fabrication and alignment procedure allows us to adjust
multiple fibers, whereby each can be positioned individually relative to
its optimal position over the grating coupler. By polishing the fiber
tips at a precise angle, they can be steadily glued horizontally to the
chip, while the incident light, reflected via total internal reflection,
matches the acceptance angle of the grating couplers [see Fig. 1(b)].
Thereby, the parallel arrangement to the chip surface allows the adhe-
sive to have a maximum contact area, which enables the mechanically
stable bonding. For this scope, first, the jacket of standard SMF-28
fibers is removed before the fiber coating is stripped off by a hot jacket
stripper (HJS-02). Afterward, the fiber is cleaved to produce a 90 facet
angle using a commercial high precision cleaver CT-30 from Fujikura.
Then, the fibers are clamped into an aluminum holder, enabling the
grinding of the fiber under a specific angle, which is predefined by the
aluminum holder itself. To reach the acceptance angle, the fiber is pol-
ished under a facet angle of h1 ¼ 40:6� using different polishing
sheets. For the stable gluing process, it is necessary to align the fibers
along the waveguide axis and parallel to the chip surface. Moreover,

FIG. 1. (a) Schematic of the experimental setup. (b) Schematic side view showing
the coupling principle with an angled single-mode fiber. (c) SEM picture of the used
grating coupler with varying grating groove width. (d) Polished fiber facet.
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the rotation along the fiber axis is adjusted. Afterward, index match-
ing Norland optical adhesive is applied near the fiber. Due to capil-
lary effects, the adhesive gets sucked into the space between the fiber
and the waveguides covering the whole fiber length. Special attention
needs to be given that not too much adhesive is applied to avoid cov-
ering the fiber tip. This would spoil the total internal reflection con-
dition. Afterward, the total transmission through the system is
maximized by optimizing the x-, y-, and z-positions of the fibers rel-
ative to the grating couplers using movable three-dimensional piezo
positioning stages. In the final position, the adhesive is cured using
UV-light exposure. Afterward, the fiber-cladding-free parts of the
fibers are glued additionally to a customized holder, which is
mounted under the chip. This second gluing step prevents the glued
fiber tips from any mechanical stress and unwanted cleaving and,
thus, enables mechanical stability during measurement and
transportation.

Using this packaging procedure, one input and two output fibers
are steadily glued to the chip. To evaluate the performance of the
device, the total transmission of the chip is the direct experimentally
measured parameter. First step of evaluation is the measurement of
the same MMI-WG structure on the chip in the near-vertical configu-
ration before the actual gluing procedure on exactly the same structure
is performed. For the near-vertical configuration, the in- and outcou-
pling is achieved via standard cleaved fibers with their axes aligned to
an angle of h2 ¼ 10� to the vertical, reaching a total transmission of
�3.73 dB for both channels together [see Fig. 2(a)]. After gluing three
fibers to the chip, the total losses are �7.27 dB (equivalent to a total
transmission of 18.8%) for the lower channel and �7.3 dB (equivalent
to a total transmission of 18.6%) for the upper channel. Combining
the transmission through both paths results in a total transmission of
�4.2 dB (equivalent to a total transmission of 38.0%).

Comparing the total transmission to the in advance measured
transmission of the same chip in near vertical alignment, only
�0.47 dB additional losses are caused by the presented packaging
method. Moreover, the wavelength maxima for both channels are cen-
tered at the same wavelengths between 1550 and 1555 nm. The contri-
bution of the adhesive is negligible as the losses of the packaging using
the adhesive are only �0.07 dB lower compared to the configuration,
where two angled fibers but no glue are used [see Fig. 2(b)].

Furthermore, the curing of the adhesive has led to no further reduction
of the coupling efficiency.

The total loss includes also the chip-related internal losses, being
independent from the gluing method. These are the grating coupler
losses, the waveguide losses, the bending losses of the 90 bends, and
the MMI losses. They are estimated, measuring (in near vertical align-
ment) equally designed structures on different chips and are listed in
Table I. The waveguide losses for this fabrication procedure can be
estimated to be �4.5 dB/cm leading to�0.55 dB per path, whereas for
the four 90 bends, they are estimated as �0.08 dB and for the MMI
�0.4 dB. Together, this results in a loss of�1.03 dB per path.

To calculate the actual reached coupling efficiency of one grating
coupler in our packaged system, we subtract these chip internal losses
(WG losses, bending losses, and MMI losses) from our measured total
transmission. This yields the coupling loss of one grating coupler of
�1.54 dB (equivalent to a coupling efficiency of 69.6%, including the
taper losses) for one grating coupler and the adjacent taper. To com-
pare the horizontal gluing method to the vertical unstable alignment
method, we measured the coupling losses for one grating coupler and
the adjacent taper section for a near vertical alignment to be �1.3 dB
(equivalent to a coupling efficiency of 74.1%, including the taper
losses). This means that the coupling losses of our packaged system
are only �0.24 dB (4.5% lower coupling efficiency) higher than the
coupling losses of a vertical unstable alignment.

Having achieved a highly efficient and mechanically stable fiber-
chip coupling, the effective interface between the quantum light gener-
ated by a QD and the silicon components is verified via the use as a
beam splitter for a Hanbury-Brown and Twiss measurement of the
second-order auto-correlation function.

FIG. 2. (a) Transmission for the upper and the lower path of the chip and the overall transmission for both arms together. This transmission is compared to the near-vertical
measurement of the same structure on the chip. (b) Transmission through the chip before and after gluing and after UV curing.

TABLE I. The contribution of the implemented elements on the SOI chip to the over-
all losses.

Waveguide losses MMI losses 90� bending losses

Loss/element �4.5 dB/cm �0.4 dB/MMI 0.02 dB/bend
Amount 1.225 cm 1 MMI 4 bends
Total losses �0.55 dB �0.4 dB �0.08 dB
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The single-photon source used here consists of a planar sample
structure with InAs QDs on an InGaAs metamorphic buffer layer on
top of 23 pairs of AlAs/GaAs functioning as a distributed Bragg reflec-
tor. The QDs are capped by 220nm InGaAs. Apart from the thinner
(220nm), non-linearly graded metamorphic buffer layer and a thinner
cap layer, the structure is based on the design of the sample described
in Ref. 20. The QD is kept in a helium-flow cryostat at 4K and is
excited using continuous-wave above-bandgap excitation emitting sin-
gle photons in the telecom C-band. The corresponding spectrum can
be seen in the inset of Fig. 3 with an emission wavelength of 1564nm
at 4K for the QD transition in question (highlighted in red). The emit-
ted light is spectrally filtered to select the bright, narrow transition (see
inset of Fig. 3) and then coupled into a single-mode fiber. Through the
fiber packaging, the single photons are reliably injected into a second
chip with comparable performances and a peak efficiency around
1560nm and split into two paths by the on-chip integrated silicon
MMI beam splitter. Via the two stable packaged output fibers, the sin-
gle photons can then be directed to the superconducting nanowire
single-photon detectors. Fig. 3 shows the measured second-order auto
correlation function. The data were fitted accounting for bunching
behavior at finite delay times. A clear photon anti-bunching is visible
for zero time delay with gð2Þð0Þ ¼ 0:05126 0:001, given by the fit.
This is comparable to a reference second-order correlation function,
measured with an off-chip fiber beam splitter, where the fit is yielding
a gð2Þð0Þ ¼ 0:03706 0:001. The small deviation between these values
is attributed to the background coincidences. However, the preserva-
tion of single-photon behavior within the packaged fiber SOI chip sys-
tem is clearly demonstrated as the value is comparable to the fiber
beam splitter.

This work demonstrates that the developed approach can be
employed to realize a stable and efficient fiber-to-chip coupling. This

enabled for the first time the injection of telecom C-band QDs into an
SOI-photonic chip. The low insertion losses and the robust design
make this technique suitable for the use with non-classical light states,
where low losses and long integration time are needed for exploiting
complex quantum photonics. The capability of independently inter-
face multiple fibers makes this approach highly flexible and ready to
be used with any chip design employing grating couplers. The use
with fiber-arrays, where multiple fibers are mounted in an array,
would enable the up scaling to an approach with many fibers on the
same chip. Moreover, even lower insertion losses are possible: By
improvement of the fiber polishing, the additional losses compared to
the vertical measurement could be minimized to nearly zero, as the
gluing procedure showed nearly no further losses. With the employ-
ment of the grating coupler design presented in Hoppe et al.,29 cou-
pling losses as low as �0.5 dB are expected to be reached. Moreover,
by optimization of the fabrication parameters, the coupling losses
could come closer to the theoretical value of �0.33 dB27 (which corre-
sponds to a coupling efficiency of 94%).
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