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Ultra-compact silicon nitride grating coupler
for microscopy systems
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Abstract: Grating couplers have been widely used for coupling light between photonic chips
and optical fibers. For various quantum-optics and bio-optics experiments, on the other hand,
there is a need to achieve good light coupling between photonic chips and microscopy
systems. Here, we propose an ultra-compact silicon nitride (SiN) grating coupler optimized
for coupling light from a waveguide to a microscopy system. The grating coupler is about 4
by 2 um” in size and a 116 nm 1 dB bandwidth can be achieved theoretically. An optimized
fabrication process was developed to realize suspended SiN waveguides integrated with these
couplers on top of a highly reflective bottom mirror. Experimental results show that up to
53% (2.76 dB loss) of the power of the TE mode can be coupled from a suspended SiN
waveguide to a microscopy system with a numerical aperture (NA) = 0.65. Simulations show
this efficiency can increase up to 75% (1.25 dB loss) for NA = 0.95.

© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Grating couplers are now extensively used to couple light between optical fibers and photonic
integrated circuits (PICs). The use of grating couplers allows avoiding expensive processing
and packaging steps such as facet polishing and lensed fiber alignment. Grating couplers with
high efficiency and relatively large optical bandwidth [1-4] have been successfully
demonstrated for traditional telecom wavelength and near infrared wavelengths [5]. They
have become standard components in PIC platforms and enable wafer scale testing.

PICs, originally developed mainly for telecom applications, are now also finding
widespread application in domains as diverse as bio-sensing [6], spectroscopy [7] and
quantum optics [8,9]. Compared to early experimental demonstrations of quantum optics
networks, which typically relied on bulky optical components, a PIC platform provides
improved thermal and mechanical stability and scalability [10]. A key building block thereby
is an integrated single photon source, required in applications as diverse as quantum
teleportation [11], quantum computation [12] and several schemes for quantum cryptography
[13]. Current efforts to realize integrated single photon sources rely, amongst others, on using
nonlinear four-wave mixing [14] and epitaxially grown quantum dots [15]. Also colloidal
CdSe/ZnS core-shell quantum dots (QD) have been shown to be efficient single-photon
emitters [16,17]. Further, we recently have demonstrated a hybrid QD-SiN platform, which
allows to combine colloidal quantum dots with low loss waveguides [18]. Moreover in [19]
we showed that a dipole emitter embedded in a SiN waveguide with optimized dimensions
can couple up to 43% of its emission to a single waveguide mode, with a 95% polarization
ratio. Finally, we experimentally demonstrated the capability for positioning individual
quantum dots at a predefined location with high yield [20]. The combination of these results
shows the hybrid QD-SiN platform offers the potential for realizing efficient on chip single
photon sources in combination with complex photonic circuits. However, to characterize
these QDs based integrated single photon sources and the associated photonic circuits, it is
desired to use a high numerical aperture (NA) microscopy system, since it can help to
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accurately localize the optical excitation and maximize the collection efficiency. An
important building block for such systems is an efficient, compact and broad band coupler
that can extract the light from the PIC towards a standard microscopy system. Standard
grating couplers, which are optimized for fiber-to-chip coupling, typically not only have
dimensions similar to those of the core of single mode optical fibers (100 pm?) but also need
an optimized taper between the waveguide and the grating coupler to achieve high coupling
efficiency. Therefore, they are usually not compact enough for large NA microscopy
applications. On the other hand, single mode optical fibers have a small numerical aperture
(NA) compared to a typical microscopy system. The much larger NA of a microscopy system
allows a wider collection angle, possibly leading to higher coupling efficiency and wider
bandwidth. Hence there is a need for compact, efficient and broad-band components, which
can couple light from a chip to an objective. There has been some work describing compact
on-chip couplers before [21-23]. A similar design has also been used as an optical antenna
unit in a nanophotonic phased array, to couple light from a waveguide to free space, focusing
on beam steering applications [24]. However, these designs are based on silicon or III-V
PICs, which exhibit a higher index contrast. Compared with the silicon and III-V PIC
platforms, the SiN PIC platform offers a wider optical transparent window with lower optical
propagation loss [25]. However, its lower index contrast makes realizing efficient grating
couplers more challenging. Therefore, in this paper, we present a methodological approach
for the design, fabrication and characterization of an ultra-compact silicon nitride (SiN)
grating for coupling light from a PIC waveguide to a microscopy system.

2. Grating coupler design

As shown in Fig. 1(a), the parameters of a diffraction grating that can be optimized are
usually its period, the etching depth, the filling factor, the number of periods and the distance
between grating and substrate. All simulations were carried out at the He-Ne laser’s lasing
wavelength of 632.8 nm. This wavelength lies in the range of our colloidal QDs emission
bandwidth and it allows for straightforward experimental verification of the simulation
results. We choose silicon nitride (n = 1.91@ 632.8 nm) as the waveguide material and fixed
the thickness of the waveguide to 220 nm. In previous work, simulations showed that this
waveguide thickness optimizes light coupling between emission from an embedded QD
emitter to the waveguide optical mode [19]. The top view of the proposed grating coupler is
shown in Fig. 1(b). The grating coupler has been designed in a circular shape. We are aiming
to under etch the substrate material beneath the grating, on the one hand because it enhances
the coupling of the emission of an embedded dipole emitter to the waveguide optical mode,
while on the other hand it further enhances the efficiency of the grating coupler. Therefore, a
small supporting beam has been added between the grating coupler and the waveguide to
ensure a fully suspended structure is realistic.

We choose to etch completely through the grating to increase its contrast while in the
meantime also making the fabrication process easier. The filling factor is fixed to 0.5 to
guarantee an easier process. To determine the best parameters for the grating coupler, 3D
finite difference time domain (FDTD) simulations were carried out. The fundamental TE
mode of the suspended waveguide (600 nm in width, 220 nm in thickness) has been used to
excite the grating. A field and power monitor have been placed 0.5 um above the grating to
check the power scattered upwards by the grating coupler. Since we are more interested in
how much light will be captured by an objective, also the far field radiation pattern of this
field and power monitor has been simulated, to be able to calculate the power collected by an
objective with a given NA (0.65 in the remainder of this paper).
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Fig. 1. (a) The schematic of the grating coupler design, in this paper the grating is completely
etch through to enhance the contrast; (b) The top view of the proposed circular shape grating
coupler, a small supporting beam is added between the grating coupler and the waveguide to
ensure a fully suspended structure realistic.

We first varied the period of a grating coupler consisting of only 3 periods without
substrate. Note that the supporting beam is considered in the simulation. We calculated the
total power coupled upwards and the far field as collected by an objective with NA = 0.65.
The results are shown in Fig. 2(a). The maximum upwards coupling for in the range 600 nm
to 700 nm corresponds to the situation whereby both the first order and the second order
diffraction are at least partly picked up by the objective. The dip around 525 nm corresponds
to the period for which the first order diffraction is radiated nearly vertically and the second
order diffraction is coupled backwards in the waveguide, leading to reduced upwards
coupling. In this figure we also find a reduced upwards diffraction for periods around 800 nm
and 1050 nm, corresponding to the situations whereby the third and fourth order diffraction
are coupled in the waveguide. Also note that the N.A. 0.65 collection efficiency decreases
dramatically with increasing period, which can be attributed to the fact that more light goes
outside of the collection angle for larger grating periods (more light is coupled in higher order
diffraction angle with large inclination).

As we aim to minimize the grating coupler size, we also simulated the influence of the
number of periods. Figure 2(b) shows the power coupled upwards and the power collected
within an NA = 0.65 as function of the number of periods, with the period of the grating fixed
to 600 nm. The results clearly show that with an increased number of periods, more light gets
deflected upwards. Fully etching the grating ensured a high contrast and results in an efficient
diffraction for the light from the waveguide. From the simulation, we can conclude that 3
periods form a good balance between the coupling efficiency and the compactness of the
grating coupler.
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Fig. 2. (a) 3D FDTD simulation results of period length vs power up/power collected with
NA = 0.65; (b)3D FDTD simulation results of number of periods vs power up/power collected
NA = 0.65 (the period length is 600 nm) .

The distance between the substrate and the grating plays a major influence in controlling
the grating coupler’s upwards efficiency. Without substrate, the grating deflects the light
upwards and downwards evenly because of the symmetric index distribution. With the
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substrate, the light radiated downwards by the grating coupler will get reflected at the
substrate interface. By carefully choosing the distance between grating and substrate (Dgjaq),
this field can interfere constructively with the field coupled directly upwards. Improving the
reflection from the substrate interface can also improve the upwards coupling efficiency.
Figure 3(a) shows how the coupling efficiency varies as a function of the distance between
the substrate and the grating. In this simulation, we compare the results for a standard silicon
substrate and for a substrate with a 50 nm Aluminium (Al) (Near = 1.38; Nimaginary = 7.62 @
632.8 nm) layer coated on top. The total power radiated upwards and the power collected
within an NA = 0.65 are presented. By coating the silicon substrate with Al, the reflection is
improved, which enhances the grating coupler’s performance. Figure 3(b) shows the far field
radiation pattern of the grating coupler with optimized parameters (Al coating, 600 nm
period, D¢j,q = 950 nm). An NA of 0.65 corresponds to a collection half angle of 40.54°. The
simulated far field radiation distribution shows a well-controlled field distribution: most of
the scattered energy stays inside of this half angle, and will be efficiently collected. Figure
3(c) shows how the coupling efficiency varies as function of the collection NA. With a high-
NA objective (NA = 0.95) almost 75% of the light can be collected. We have also simulated
the optical bandwidth of the grating couplers. Figure 3(d) compares the simulated bandwidth
and collecting efficiency (NA = 0.65) for different gratings. The black curve is the result for
the ultra-compact grating, using the optimized parameters. A maximum coupling efficiency
of 59% with a 116 nm 1dB bandwidth can be achieved. The red curve is the result for the
ultra-compact grating with a silicon oxide layer underneath (including an Al-layer below the
silicon oxide layer). The coupling efficiency is decreased now, due to the lower contrast of
the grating. The blue curve is the result for a more standard grating. Its parameters were
derived from an optimized grating published in literature before (10 pm in width, 0.43 um
period, 70 nm etched, 20 periods) [5]. A maximum efficiency of 38% with a 71 nm 1dB
bandwidth is achieved for this grating. The large bandwidth of our ultra-compact grating
results both from the high index contrast of the grating coupler and the large NA of the
microscopy system (compared to a single mode fiber).
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Fig. 3. (a) 3D FDTD simulation results of total power radiated upwards and power collection
with NA = 0.65 versus distance Dj,q. Resutls for substrates with/without Al coating are shown.
(b) 3D FDTD simulation of far field radiation pattern of the grating coupler with optimized
parameters (600 nm period length; 950nm Dy,q distance). (¢) Simulation results of coupling
efficiency with different NA. (d) Simulation results of bandwidth and collecting efficiency
(NA = 0.65) for different types of grating couplers.
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3. Fabrication

To validate our design, we aimed to experimentally verify the relationship between coupling
efficiency to a microscopy system and the period of the grating coupler. As shown in Fig.
4(a), we propose to fabricate a suspended waveguide with grating couplers at both sides. One
is used to couple the light into the waveguide, the other one to couple that light out into an
objective lens. The period of the in-coupling grating is kept constant (such that the power in
each waveguide is the same) and we only vary the period of the out-coupling grating coupler.
In this way, we can measure the out-coupling efficiency versus the grating period.

Light out - . \‘

Light in

Fig. 4. (a) Proposed device structure to measure the efficiency of the ultra-compact grating
coupler. The structure contains suspended waveguide with grating couplers at both sides. (b)
SEM picture of fabricated device array.

We fabricated the test structures by electron beam lithography (e-beam). Figure 5
schematically shows the fabrication flow. First, 50nm Al is deposited onto a silicon wafer by
an electron beam evaporation process. This layer is used to enhance the substrate reflection. A
thin layer of Al oxide (5 nm) and silicon oxide (5 nm) are then deposited on the Al layer to
protect it from oxidation and wet etching. Then an amorphous silicon (a-Si) layer is deposited
by an optimized plasma enhanced chemical vapor deposition (PECVD) process carried out at
a temperature of 180 °C. This layer serves as a sacrificial layer during the wet etching. The
targeted thickness is 950 nm, which is the optimized layer thickness between the grating and
the substrate derived from the simulation shown in Fig. 3(a).

Al Deposition a-Si Deposition SIN Deposition

Ebeam Patterningand RIE
Etching

Fig. 5. Schematics of the fabrication flow. (a) Deposition of 50 nm Aluminum layer on top of
the silicon substrate. Thin layer of Aluminum oxide (5 nm) and silicon oxide (5 nm) are later
deposited on the Al layer to protect the Al layer from oxidation and wet etching. (b) 950 nm of
a-Si is deposited on top of Al layer. (c) 220 nm of SiN is deposited on top of a-Si layer as the
waveguide layer. (d) E-beam is used to pattern the test structure and RIE etching transfers the
pattern from e-beam resist to SiN layer. (e) Wet etching is used to undercut the grating and the
waveguide. Some a-Si is left to support the pillar, as shown in the figure. (f) CPD process is
used to release the structure and oxygen plasma cleaning is used to remove the residual e-beam
resist.
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A 220nm thick SiN layer is then deposited onto the a-Si layer by a PECVD process,
carried out at 180 °C and an RF bias of 30 W at 13.56 MHz. The latter is optimized to obtain
tensile strain in the deposited SiN layer, which guarantees good suspension after releasing the
whole structure. Next, the grating coupler and waveguide structures are patterned using
electron beam lithography (Raith Voyager). As mentioned in Section 2, a small beam (280nm
in length) is added at each side, between the grating coupler and the waveguide, to support the
whole structure with the attached pillars. The length of the suspended waveguide has been set
to 35 um, ensuring sufficient separation of the input and output grating couplers, while being
short enough to avoid the collapsing of the structure. An optimized reactive ion etching (RIE)
process is used to transfer the pattern to the SiN layer [18]. An alkaline based
Tetramethylammonium hydroxide (TMAH) wet etch step is carried out at 65°C to remove the
a-Si layer. Then a critical point drying (CPD) process is carried out to release the structure.
Finally, an oxygen plasma cleaning is used to remove the residual e-beam resist. Figure 4(b)
shows the scanning electron microscope (SEM) picture of the fabricated sample.

4. Characterization

We measured the grating coupler structure efficiency using a microscopy system setup as
shown in Fig. 6. The laser beam is focused on the input grating coupler by the objective lens
while the iris diaphragm blocks the reflection from the input beam and lets the light coupled
out from the second grating pass through in the image plane. The intensity of the light
coupled out can be measured after the iris by a detector. The insert of Fig. 6 shows an image
of the sample with the laser input turned on. We can clearly see a good separation between
the reflection of the input beam and the light coupled out from the opposite coupler.

Light in

He-Ne Laser

N
\

Light out

Sample Image

50 X Objective _’
% NA =0.65 m

Sample Dichigle Iris
P Mirror

Fig. 6. Microscopy system setup for the measurement. The laser is focused by a lens with NA
= 0.65. An iris blocks the reflection from the input laser in the image plane. The light from the
out coupling grating can be measured with the detector. Insert: optical microscope picture of
the grating couplers with input reflection and output spot (without the iris).

The input intensity of the beam can be determined by measuring its reflection. We use a
standard bare silicon wafer with known reflectivity (34.8%) for that purpose. With the
calibrated input beam, the reflectance of the Al layer can then be measured and is found to be
80.5%. The waveguide propagation loss can be estimated from previous measurement results
[18], and is only a few dB per centimeter. Given the total length of the suspended waveguide
is 35 um this results in a negligible loss. The main insertion loss is coming from the mode
mismatch between the focused Gaussian beam of the laser and the input grating coupler. We
have simulated the coupling efficiency between this Gaussian beam and the suspended
waveguide with the grating coupler. For a Gaussian beam with a 1.5 um waist radius (as
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measured), 15.9% of the light can be coupled to the fundamental TE mode through the
grating structure with 560 nm period, which was used as the input. This result is fairly robust
against small variations in the grating coupler parameters. Figure 7 shows the measured
coupling efficiency versus the period of the second grating coupler. Also the simulated
coupling efficiency is shown. As expected, the coupling efficiency is strongly dependent on
the grating coupler’s period. The maximum efficiency is achieved for a period of 620 nm, in
which case 53% of the light from the TE mode from the waveguide can be coupled out by the
grating coupler to the microscope. The measured results agree well with the simulated results.
The remaining difference with simulated results might be related to an overestimation of the
light coupled in the input grating coupler or small deviations in the fabricated structure and in
particular the exact distance towards the substrate.
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Fig. 7. Measurement results: the black curve is the simulated power couple to a microscopy
system with NA = 0.65; the blue curve is the measured results with a 950 nm distance between
the grating coupler and the Al substrate.

5. Conclusion and discussion

In conclusion, we have demonstrated the design, fabrication and characterization of an ultra-
compact SiN grating coupler. The grating coupler is designed to maximize the coupling
between a suspended SiN waveguide and a microscopy system. With the optimized
parameters and using only 3 periods, we have experimentally demonstrated a 53% coupling
efficiency from the fundamental TE mode (@ 632.8 nm) to a microscopy system with 0.65
NA. Simulations show that for an NA = 0.95 it should be possible to increase the coupling
efficiency above 75%. Around 116 nm 1dB bandwidth can be theoretically achieved, due to
the high contrast of the grating and the large collection angle provided by the microscopy
system. The coupling efficiency can be further improved by using a more complicated
distributed Bragg reflector layer on top of the substrate to improve the reflection compared to
the currently used Al-mirror. Using a lens with a larger NA will also improve the coupling
efficiency. Using a non-uniform grating period can help to reduce the return loss and also
further improve the coupling efficiency.
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