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Scalable and efficient grating 
couplers on low‑index photonic 
platforms enabled by cryogenic 
deep silicon etching
Emma Lomonte 1,2,3,5, Maik Stappers 1,2,3,5, Linus Krämer 1,2,3,4, Wolfram H. P. Pernice 1,2,3,4* & 
Francesco Lenzini 1,2,3*

Efficient fiber‑to‑chip couplers for multi‑port access to photonic integrated circuits are paramount 
for a broad class of applications, ranging, e.g., from telecommunication to photonic computing and 
quantum technologies. Grating‑based approaches are often desirable for providing out‑of‑plane 
access to the photonic circuits. However, on photonic platforms characterized by a refractive index 
≃ 2 at telecom wavelength, such as silicon nitride or thin‑film lithium niobate, the limited scattering 
strength has thus far hindered the achievement of coupling efficiencies comparable to the ones 
attainable in silicon photonics. Here we present a flexible strategy for the realization of highly efficient 
grating couplers on such low‑index photonic platforms. To simultaneously reach a high scattering 
efficiency and a near‑unitary modal overlap with optical fibers, we make use of self‑imaging gratings 
designed with a negative diffraction angle. To ensure high directionality of the diffracted light, we take 
advantage of a metal back‑reflector patterned underneath the grating structure by cryogenic deep 
reactive ion etching of the silicon handle. Using silicon nitride as a testbed material, we experimentally 
demonstrate coupling efficiency up to − 0.55 dB in the telecom C‑band with high chip‑scale device 
yield.

In the last decades, photonic integrated circuits (PICs) have captured a growing interest in several areas span-
ning, e.g., from optical  communication1,2 to quantum  technologies3,4 and artificial  intelligence5–7 thanks to their 
potential for miniaturization and intrinsically large bandwidth. By leveraging ever-more mature fabrication 
processes, scale and complexity of PICs are steadily  increasing8. To connect photonic chips designated to deliver 
different tasks in a hybrid architecture or to minimize the power requirements of active off-chip components such 
as lasers, the availability of highly efficient fiber-to-chip coupling interfaces is a crucial  requisite9. Fiber-to-chip 
interconnects with a coupling efficiency approaching unity are especially critical components for applications 
in photonic quantum computing, where, regardless of the computation being based on discrete-variable (DV) 
or continuous-variable (CV) encoding, any source of loss can either severely limit the scalability of the system 
or introduce unacceptable levels of noise in the quantum  states10–12.

Since the rise of silicon photonics, the size mismatch between optical fibers characterized by an approximately 
8 µm large core (at λ = 1550 nm) and waveguides with sub-micron cross sections has made the realization of 
efficient coupling interfaces particularly challenging. At present, the two most employed strategies to couple 
light into and out of PICs are either edge couplers—where light must be guided to the facet of the chip and then 
in-plane into the optical fiber -, or grating couplers, which can diffract light out-of-plane and therefore couple 
to fiber array units placed atop the  chip9. Edge couplers are currently the predominant choice for applications 
requiring broad bandwidth and polarization insensitivity. Conversely, grating couplers typically display a nar-
rower bandwidth and are sensitive to the polarization of the input light. However, their ability to provide out-
of-plane access to the photonic circuits enables a denser integration of components and wafer-scale prototyping. 
Moreover, while edge couplers often require the use of lensed or ultra-high numerical aperture (UHNA) fibers, 
grating couplers can more easily achieve high coupling efficiency with standard single-mode (SM) optical  fibers13.
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Conventional grating couplers typically offer limited coupling efficiency, mainly capped by the imperfect 
directionality of the diffraction process. For example, assuming a perfectly symmetric grating structure immersed 
in infinite upper and bottom claddings with lower refractive index, the theoretical maximum coupling efficiency 
is − 3 dB since upward and downward diffraction are completely equivalent. Extensive efforts have been devoted 
to enhancing the grating directionality, i.e., the fraction of light radiated by the grating in the upward direction 
compared with the total one diffracted by the grating, in the past years. Leading solutions currently deal with the 
use of reflecting surfaces -namely, distributed Bragg reflectors (DBR) or metal mirrors- below the buried oxide 
(BOX)  layer14–18, dual-etch grating  couplers19–22, or bi-layer grating  structures23–28. The two latter approaches have 
attracted special attention because of the possibility of achieving a directionality theoretically approaching unity 
by taking advantage of a destructive interference effect between the downward-diffracted beams and without any 
need of a back-reflector. Still, a high-fidelity manufacturing of these structures is non-trivial, requiring in the 
first case a precise control of the position and depth of the etched trenches and, in the second one, the deposition 
and patterning of multiple films stacked on top of each other. From a practical point of view, grating couplers 
with a metal back-reflector have been proven so far as the most effective choice, enabling the achievement of 
coupling efficiencies up to ≃ − 0.5 dB at telecom wavelength on the silicon-on-insulator (SOI)  platform14,15,17.

Although SOI is still—and will likely remain—the favorite choice for the optical communication sector, its 
limited transparency range, presence of two-photon absorption, and absence of second-order nonlinearities have 
motivated the development of PICs also on different materials. In this context, photonic platforms character-
ized by a refractive index ≃ 2 at telecom wavelength, such as silicon nitride (SiN) or thin-film lithium niobate 
(TFLN), have stood out as new leading alternatives for applications involving the generation and manipulation 
of quantum states of  light29–34, microcomb  generation35–37, and high-speed optical signal  processing38–40. Despite 
the refractive index substantially smaller than the one of silicon (n ≃ 3.5 at λ = 1550 nm), their index contrast 
is still sufficient for realizing compact PICs with bending radii in the range of ≃ 50 ÷ 100 µm41,42. However, the 
lower refractive index comes at the price of a reduced scattering strength, making the realization of highly 
efficient grating couplers particularly challenging. Indeed, for this class of photonic platforms, the best gratings 
demonstrated so far achieve a coupling efficiency up to − 0.89 dB for the case of  TFLN43, and up to − 1.17 dB for 
the case of  SiN16. Such values are substantially lower than the ones obtained at telecom wavelength on  SOI14,15,17.

Here we propose and experimentally demonstrate a flexible strategy for the realization of highly efficient 
grating couplers on low-index platforms. To overcome the limitation of reduced scattering strength, we make 
use of apodized grating couplers designed to display a negative diffraction angle instead of a more conventional 
positive  one21,44–46. This allows us to obtain a high scattering efficiency and diffract all the incoming light, and, 
simultaneously, to achieve a focusing effect of the Gaussian-like diffracted beam at a distance of ≃ 100–200 μm 
away from the circuit plane to precisely match the spatial mode supported by an optical  fiber46. To obtain high 
directionality of the diffraction process, we realize a metal back-reflector underneath the buried oxide layer by 
cryogenic deep reactive ion etching of the silicon handle. For a proof-of-concept, we choose SiN as a testbed 
material, that has attracted growing attention for applications involving both classical and quantum states of 
light because of its wide transparency range, ultra-low propagation loss, and absence of two-photon  absorption47. 
With fully etched grating couplers patterned on a 330 nm thick SiN film, we achieve a coupling efficiency up 
to − 0.55 dB at telecom wavelength, a value comparable with state-of-the art gratings implemented in silicon 
 photonics14,15,17. Importantly, we stress that the proposed strategy relies neither on an optimal material refractive 
index, nor on optimally engineered film thickness and etching depth. Thus, our approach can be translated to 
many other low-index platforms, such as TFLN, aluminum nitride, or tantalum  pentoxide48–50.

Theory and simulations
The coupling efficiency (CE) of a grating coupler can be modeled as the product of three different contributions:

where η1 is the scattering efficiency of the grating structure, i.e., the amount of light that is diffracted (upward 
and downward) by the grating coupler, η2 is the bidimensional overlap integral between the diffracted optical 
beam and the fundamental light mode supported by the optical fiber, and η3 is the directionality of the diffrac-
tion process. The scattering efficiency η1 and the overlap integral η2 can be boosted to values close to 100% via 
an accurate design of the surface grating teeth. In contrast, high directionality η3 requires either a back-reflector 
for re-directing upward the light that otherwise would leak into the substrate, or a proper engineering of the 
grating structure (see the discussion in the Introduction).

Elaborating further, near-unity scattering efficiencies can be straightforwardly attained in all photonic plat-
forms by designing grating couplers with a large enough number of grating teeth (assuming that back-reflections 
in the input waveguide can be considered as negligible). In the case of low-index platforms the limited grating 
strength can be bypassed simply by using longer gratings. Achieving an optimal 2D overlap integral requires 
fulfilling two conditions: (i) the diffracted beam must feature a Gaussian-like profile as does the fundamental 
mode of optical fibers; (ii) the mode field diameters (MFDs) of the radiated beam and the fundamental fiber mode 
must be identical along both the longitudinal and the transverse directions. While the former requirement can 
be met by exploiting apodization of the filling factor such that the highest amount of optical power is diffracted 
at the center of the grating rather than at its  beginning51, the attainment of the latter one can easily become chal-
lenging in grating couplers characterized by a moderate grating strength, whereas ≥ 40 µm long structures are 
needed to diffract most of the propagating  light21,46, thus greatly exceeding the beam size of the fiber mode and 
deteriorating the overlap between the two optical modes involved. As we shall see below, this conflict can be 
overcome using grating couplers designed with a negative diffraction angle, where, by taking advantage of the 

CE = η1 · η2 · η3,
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focusing effect of the upward diffracted light, high values for both η1 and η2 can be simultaneously  achieved21,44–46 
(note that, from now on, we will refer to these gratings as self-imaging grating couplers).

To elucidate this approach, we design air-clad fully etched grating couplers patterned into a 330 nm thick 
silicon nitride film on a 3.33 μm thick buried oxide layer (see Fig. 1a,b). To enhance the directionality of the 
grating, an aluminum (Al) film is placed underneath the buried oxide layer acting as a metal back-reflector. The 
grating couplers are designed for operation in the telecom C-band with TE-polarized light, while a negative 
diffraction angle is chosen to achieve a focusing effect for the upward diffracted light. To numerically optimize 
the grating coupler along its longitudinal direction, 2D finite-domain time-difference (FDTD) simulations were 
performed with MEEP, an open-source software package for electromagnetics  simulations52, while analytical 
formulas for Gaussian beam propagation were used to calculate the remaining grating parameters along the 
transverse direction. For both numerical optimization and analytical design, we follow the strategy developed 
in our previous work and described in detail in Ref.46.

A side view of the grating coupler is shown in Fig. 1a. The grating is characterized by a constant grating 
period Λ, and a linear apodization of the filling factor FF = d/Λ. The apodization of the filling factor has here two 
distinct functions: on the one hand, it ensures that the diffracted beam has a Gaussian-like profile by modulating 

Figure 1.  (a) Schematic illustration of the grating coupler along its longitudinal direction. The grating coupler 
features a grating period Λ and a linear apodization on the filling factor FF = d/Λ, such that the light propagating 
through the structure (yellow arrow) is radiated upward with a Gaussian-like shape and focused at a given 
distance from the circuitry plane. An optical fiber with the MFD of its fundamental mode is also drawn in 
correspondence of the beam waist of the radiated beam. Highlighted with red labels are also the several portions 
of the device: the waveguide (WG), the grating and the taper connecting these two elements. (b) Three-
dimensional illustration of the self-imaging apodized grating coupler. The grating teeth are shaped as a series 
of concentric circular arcs featuring a radius equal to the distance from the input waveguide. Because of the 
negative diffraction angle, a focusing effect is obtained also along the transverse direction of the diffracted beam. 
The taper features an opening angle of 70° and a length equal to the distance between the first grating tooth and 
the longitudinal coordinate of the beam waist. At the intersection with the taper, the waveguide is characterized 
by a properly engineered width that allows to match the desired MFD also in the transverse direction, in 
correspondence of the focal point of the diffracted beam. (c) 2D FDTD simulation of a grating coupler in the 
outcoupling scheme at λ = 1550 nm. The colormap in the figure (a.u.) is the computed optical power |E|2 of the 
diffracted beam. The radiated beam features a diffraction angle equal to − 12° and a focusing effect at a height 
of ≃ 175 µm from the circuit plane. (d) Simulated mode field profile in correspondence of the beam waist (blue 
curve). The red trace is a Gaussian function with MFD = 10.4 µm (MFD of SMF-28 fibers at λ = 1550 nm). (e) 
Poynting flux spectra computed in the 1500–1600 nm wavelength range for upward-(blue) and downward-
diffracted (orange) light, for light transmitted at the end of the grating structure (red), and for the back-reflected 
light (green). The optical power is normalized to the one at the input of the grating.
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the scattering strength along the length of the  grating51. On the other hand, it also enables to achieve a focus-
ing effect along the longitudinal direction of the upward diffracted  beam46. Indeed, the diffraction angle can be 
related to the local filling factor (with a smaller filling factor resulting in a larger negative diffraction angle) via 
the grating equation:

where θ represents the diffraction angle of the optical beam, m the diffraction order, λ the wavelength of the 
light in vacuum.  nC is the refractive index of the material in which the light leaving from the fiber is propagating 
through (in our case, air), while  neff is the average effective index seen by the light propagating in the grating. As 
a rough approximation,  neff can be expressed as a weighted average of the effective indices of the light propagat-
ing in the SiN tooth  (nSiN) and in the etched trench  (ntrench), with the weight given by FF. Note that while for the 
grating coupler considered in our work an apodization of the filling factor is sufficient for achieving the desired 
focusing effect, this might be not true for any grating configuration. In this case (as done, e.g., in Refs.21,45) an 
apodization of the grating period can be exploited as an additional degree of freedom.

Compatible with the resolution of our fabrication process, the initial filling factor is kept as large as possible to 
minimize back-reflections into the waveguide due to the index mismatch between the input waveguide and the 
grating. The number of grating teeth is instead kept constant to ensure a scattering efficiency close to 100%. The 
grating period and the final filling factor are then optimized with 2D FDTD simulations such that the upward 
radiated beam is characterized by a diffraction angle of − 12°—to match, after taking into account Fresnel 
refraction, the 8° polishing angle of our fiber array—as well as a mode field diameter (MFD) in correspondence 
of the focal point as close as possible to the targeted value of 10.4 µm (MFD of SMF-28 fibers at λ = 1550 nm).

In Fig. 1b we show a 3D illustration of the grating coupler. The grating teeth are shaped as a series of concen-
tric circular arcs featuring a radius equal to the distance from the input waveguide. To connect the waveguide 
to the circular arcs, a short transition taper is employed. Its wide opening angle, chosen equal to 70°, ensures 
that the light mode is no longer confined along the transverse direction and freely propagates in the transition 
region. The circular shape of the grating teeth has two distinct functions. On the one hand, it matches the cir-
cular wavefront of the beam propagating inside the grating coupler. On the other hand, it enables to achieve a 
focusing effect also along the transverse direction of the diffracted beam. Indeed, based on simple geometrical 
considerations, the transverse section of the diffracted beam is expected to acquire a circular wavefront with 
radius of curvature Ri = −RG/sin(θ) , with RG being the radius of curvature of the grating teeth at roughly the 
coupler’s central position, and θ the diffraction  angle45. Because of the negative diffraction angle, the diffracted 
beam acquires a focusing effect also along its transverse direction (see the illustration in Fig. 1b) with focal point 
located in correspondence of the starting position of the transition region. Thus, by properly choosing the length 
of the taper (see Fig. 1a), we can ensure that the longitudinal and the transverse focal points of the upward dif-
fracted beam occur at the same position. Based on these considerations, the waveguide width at the intersection 
with the taper is chosen to match the targeted MFD of the fiber also in the transverse direction of the diffracted 
beam. More in detail, once the position of the focal point is known from 2D FDTD simulations, it is possible to 
calculate the MFD of the diffracted beam in correspondence of the fiber by using standard analytical formulas 
for Gaussian beam propagation in free-space and dielectric media.

Figure 1c displays the optical power of the upward diffracted beam, computed with 2D FDTD simulations for 
the optimized grating couplers parameters. The simulation is performed in the outcoupling regime, by injecting 
a continuous wave light source with 1550 nm wavelength at the input of the grating. The grating consists of 50 
apodized grating teeth, followed by 10 uniform ones placed at the end of the structure, which we experimentally 
found as being useful for minimizing back-reflections in the input waveguide. The grating period Λ is equal to 
890 nm, and an initial and final filling factor of 95% and 60% are used, respectively. Figure 1d shows the computed 
optical power within the focal point, located at a height of ≃175 µm from the circuit plane. A direct comparison 
with a Gaussian beam with 10.4 µm MFD (see the red curve in the figure) leads to a 1D overlap with the mode 
supported by SMF-28 fibers equal to ≃ 98%. For this set of grating parameters, an optimal taper length  Lt ≃ 
15 µm, and a waveguide width w ≃ 2 µm at the intersection with the taper are estimated.

In Fig. 1e we show the Poynting flux spectra computed in the 1500–1600 nm wavelength range for the upward 
and downward diffracted light (blue curve and orange curve, respectively), the light transmitted at the end of 
the grating (red curve), and back-reflections into the waveguide (green curve), i.e., any light propagating back 
in the input waveguide from the right toward the left. All the plotted data is normalized to the optical power 
injected at the input of the grating. At wavelengths larger than 1.55 µm, the fraction of light diffracted in the 
upwards direction reaches a maximum value > 97%. We also note that, as expected, only a negligible amount 
of light is transmitted through the end of the grating, while back-reflections into the waveguide are suppressed 
by more than 20 dB. Assuming a perfect modal overlap in the transverse direction of the propagating beam, 
for our gratings we estimate a peak coupling efficiency equal to ≃− 0.2 dB. We point out that a large fraction of 
this value is capped by the limited reflectivity of the aluminum mirror (≃ 96% at telecom wavelength), and even 
higher coupling efficiencies could be possible with a non-metallic back-reflector displaying a higher reflectivity.

It should be clarified that such elevated coupling efficiency is here made possible by a properly chosen thick-
ness of the BOX layer (= 3.33 µm) for achieving constructive interference between the upward-diffracted beam 
and the light back-reflected by the metal mirror. To verify the robustness of our approach, we have performed 
additional simulations (not shown in the figures) to study how the predicted coupling efficiency changes as a 
function of the BOX thickness. The simulations show that a coupling efficiency > − 0.5 dB can still be achieved 
in a 250 nm interval centered around the optimal thickness value. This number roughly coincides with the 
maximum BOX thickness variation (≃ 5%) provided by  SiO2-on-Si wafer vendors.

(1)nCsinθ = neff −m
�

�
, with neff = FF · nSiN + (1− FF) · ntrench,
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Finally, although the grating couplers considered in this work are air-clad, our strategy is also compatible 
with the presence of an upper glass cladding, as often employed for the realization of PICs. With only a small 
adjustment of the grating period (Λ = 870 nm instead of Λ = 890 nm) we find that a coupling efficiency up to ≃ 
− 0.2 dB can be achieved as in the previous case. As a main difference, the estimated coupling efficiency displays 
an oscillatory behaviour as a function of the upper cladding thickness, with a minimum value of ≃ − 0.7 dB, a 
maximum value of ≃ − 0.2 dB, and a periodicity of approximately 500 nm. This oscillating behaviour is attributed 
to an interference effect caused by the light partly reflected downward at the top  SiO2/air interface and could be 
eliminated, e.g., with the use of an index matching fluid between the fiber and the grating.

Fabrication
For the experimental implementation of the proposed grating couplers, the fabrication workflow is divided 
into two main parts: at first, we realize the metal mirror by processing the backside of the chip and, afterwards, 
we pattern the photonic circuitry. Our starting point is a 20 × 20  mm2 die, consisting of a 330 nm thick SiN 
film deposited via low-pressure chemical vapor deposition (LPCVD) on a 3.33 µm thick  SiO2 layer, thermally 
grown on a 525 µm thick Si handle. Prior to nanoprocessing, the die is annealed at 1100 °C for 4 h in nitrogen 
atmosphere to reduce the absorption loss of the nitride  film53. Subsequently, we polish the Si handle down to a 
thickness of approximately 200 μm, to enable good coverage of the fabricated membranes with the metal layer 
during the later deposition process.

A dense matrix of  SiO2 membrane windows characterized by a width of approximately 150 µm (see Fig. 2a) 
are patterned on the backside of the sample by photolithography with a 30 µm thick SU-8 photoresist, followed 
by cryogenic deep reactive ion etching (DRIE) of the silicon handle. We perform DRIE in a  SF6 +  O2 gas mixture 
using an ICP-RIE etching tool (Oxford Instrument PlasmaPro 100), whose table temperature is cooled down 
to – 100 °C with liquid  nitrogen54,55. The DRIE process is preferred over more common backside wet etching 
 methods14,17 because of the possibility of realizing membrane windows with almost perfectly vertical sidewalls. 
Indeed, when performing wet etching with KOH or TMAH solutions, the etched Si sidewalls are characterized 
by an angle of approximately 54°, greatly limiting the maximum achievable size of the membrane. For example, 
membranes only 50 µm wide results in openings as large as 1 mm at the exposed surface of the Si  substrate17, not 
only largely affecting the stability of the photonic die and limiting the density of PICs, but also making it impos-
sible to accommodate grating couplers with a sizable number of grating teeth, as needed when working with low-
index photonic platforms. To prevent micromasking effects and obtain a smooth  SiO2 surface, the membranes 
are not fully etched by DRIE and the last ≃10 µm of silicon are removed by wet etching with TMAH solution.

After DRIE, the PICs are fabricated in the SiN front side by electron-beam lithography (EBL) with a negative 
resist (ArN-7520), followed by reactive ion etching with a  CHF3 +  O2 chemistry. We use the scanning electron 
microscope of our EBL system for precisely aligning the grating couplers relative to the fabricated membrane 
windows. A photolithography system with back-side alignment would enable to reverse the process and realize 
the membrane windows after waveguide patterning, increasing the robustness of our approach to workflows 
requiring multiple fabrication steps. Lastly, a ≃ 150 nm thick aluminum film is deposited on the backside of 
the sample by DC magnetron sputtering. At the end of the fabrication process, we observed a high chip-scale 
device yield of ≃ 97%.

In Fig. 2b we show a microscope image of a completed sample with several grating couplers patterned atop the 
metal mirrors. The devices shown in the picture consist of two identical grating couplers separated by a distance 
of 254 µm (equal to twice the pitch of our in-house fiber array). The gratings are connected by a waveguide with 
a width of 1.3 µm to ensure single-mode operation in the 1550 nm wavelength range. A 50 µm long adiabatic 
taper connects the single-mode waveguide to the larger waveguide at the input of the grating as described above. 
Lithographic tuning of the various grating parameters is performed on chip, using the ones optimized with 
numerical simulations as a starting guess.

Figure 2.  (a) Photograph of a 20 × 20  mm2 die, where a dense matrix of membrane windows is fabricated via 
back-side etching of the silicon handle. The fabricated membranes contain only a few micrometers of material 
and are therefore transparent. (b) Optical microscope image of a completed sample, showing several grating 
couplers patterned atop the metal mirrors.
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Results
To determine the efficiency of the fabricated couplers, we use a V-groove fiber array equipped with SMF-28 fib-
ers and featuring an 8° polishing angle. A 3-axis linear stage is used for optimizing the coupling efficiency in the 
X–Y–Z directions, while a goniometric and a rotation stage are used for fine-tuning the inclination angle of the 
array with respect to the surface of the photonic die as well as the angle of the chip in the X–Y plane, respectively. 
Continuous-wave laser light from an external tunable laser source (TSL-550 Santec laser with 1500–1620 nm 
tuning range) is guided through a 3-paddle polarization controller to ensure that TE-polarized light is coupled 
into the PIC via one of the two accessible grating couplers. The transmission spectra are acquired by sweeping 
the wavelength of the laser source and by recording the light exiting from the other coupler with a photoreceiver.

The efficiency per coupler is estimated as the square root of the transmission of a device consisting of two 
identical grating couplers connected by a short waveguide (see Fig. 2b). To precisely evaluate the coupling effi-
ciency of the gratings, the insertion loss of the two channels of our fiber array—which includes fiber connector 
loss (≃ 0.3 dB) and Fresnel loss at the output facet of the array (≃ 0.15 dB)—are preliminary characterized with 
an optical power meter and used to normalize the transmission measurement. In other words, we subtract from 
the transmission measurement any loss contribution that cannot be attributed to the fiber-to-chip coupler. We 
note that Fresnel loss can be straightforwardly eliminated with an anti-reflection coating—a service commercially 
available from several fiber array manufacturers-, while a complete suppression of the connector loss would 
unavoidably require the use of fiber splicing. Propagation loss in the waveguide connecting the two couplers, 
estimated equal to ≃ 0.6 dB/cm by measuring the Q-factor of ring resonators fabricated on the same chip, are 
assumed to be negligible for the calculation of the coupling efficiency.

In Fig. 3a we report the coupling efficiency measured for the best device fabricated on chip as a function 
of the input laser wavelength. The measurement is performed by optimizing the transmission with a 1565 nm 
alignment wavelength, and by sweeping the laser frequency at a fixed fiber position. By fitting the data with a 

Figure 3.  (a) Coupling efficiency of the best device fabricated on chip, plotted in a dB scale. The transmission 
is optimized with a 1565 nm alignment wavelength. The laser is swept at a fixed fiber position. The inset shows 
the same curve, with a close-up around the maximum. The red curve is a Gaussian function used to fit the 
experimental data. A maximum coupling efficiency of − 0.55 dB has been extracted. (b) For the same device, the 
coupling efficiency spectrum is reported for five different alignment wavelengths in the range of 1535–1595 nm 
in a dB scale. A peak coupling efficiency larger than 80% is determined for all cases. (c) For the same device, 
the peak coupling efficiency of the grating coupler is reported as a function of the alignment wavelength. The 
alignment wavelength is varied in steps of 5 nm in the range of 1500–1600 nm. (d) Peak coupling efficiencies 
measured for ten identical devices patterned on the same photonic die. An average coupling efficiency equal 
to (− 0.81 ± 0.16) dB is determined. Here the error represents one standard deviation around the mean value. 
Device n.3 is the one used for the measurements of (a–c).
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Gaussian function (see the inset in the figure) a peak coupling efficiency of − 0.55 dB, corresponding to 88% in a 
linear scale, is determined. The ripples visible in the inset are likely due to small back-reflections of the fabricated 
gratings, generating a cavity effect in the short waveguide connecting the two couplers. Indeed, the periodicity 
of these oscillations (≃ 1.05 nm) is compatible with the free spectral range of a Fabry-Pérot cavity characterized 
by a length of 566 µm (equal to the length of the waveguide connecting the two couplers) and a group index ng ≃ 
2.05 (which is very close to our theoretical prediction, i.e., ng ≃ 2.02). Assuming the Fabry-Pérot cavity as being 
composed of two mirrors with equal reflectivity R, the ratio between minimum and maximum of these fringes 
(≃ − 0.06 dB) can be related to the reflection coefficient R through the relation CEmin/CEmax = (1− R)/(1+ R). 
We find, in this way, a reflection coefficient R ≃ − 21 dB, in excellent agreement with the result of our numerical 
simulations (see Fig. 1e).

A drawback of self-imaging grating couplers is that light beams with different central wavelength are diffracted 
at slightly different angles and thus display a non-negligible spatial spreading in the focal point. This decreases 
the bandwidth measured at a fixed fiber position (3 dB bandwidth ≃ 50 nm for the device of Fig. 3a) compared 
with more conventional grating configurations, in which the fiber is located at a close distance to the surface of 
the photonic die. However, as shown in Fig. 3b, a high coupling efficiency can be recovered in the full telecom 
C-band by tuning the fiber position and optimizing the transmission with a different alignment wavelength. In 
Fig. 3c we show, for the same device, the peak coupling efficiencies measured in the 1500–1600 nm wavelength 
range by tuning the alignment wavelength at steps of 5 nm. In good agreement with the flux spectra of Fig. 1e, we 
observe a fairly flat coupling efficiency in the 1550–1580 nm wavelength range, which gradually decreases as the 
alignment wavelength is tuned toward smaller and larger values. From these data, an effective 1 dB bandwidth 
of ≃ 100 nm can be estimated for the tested gratings.

Finally, to study the reproducibility of our results, in Fig. 3d we also report the peak coupling efficiencies 
measured for the 10 identical devices that were fabricated on the same chip, obtained with the same procedure 
described for recording the data of Fig. 3a. Notably, except for a single device, all the others consistently achieve 
a coupling efficiency > − 1 dB, with an average value <CE>  = − 0.81 dB ± 0.16 dB.

Discussion
We have presented a flexible approach for the realization of highly efficient grating couplers, which, in princi-
ple, can be applied to any low-index photonic platform independently of the chosen film thickness and grating 
etching depth. With fully etched grating couplers fabricated on a 330 nm thick silicon nitride film, we have 
experimentally achieved a coupling efficiency up to − 0.55 dB in the telecom C-band. We highlight that this value, 
measured on a low-index platform, not only is comparable with the best ones obtained at telecom wavelength 
for grating couplers implemented on silicon-on-insulator14,15,17, but it is also competitive with state-of-the-art 
edge couplers making use of lensed or UHNA  fibers13.

It is currently an open question, and it will be a subject of future studies, how to further improve the cou-
pling efficiency of our gratings toward the theoretical limit predicted by numerical simulations. For example, 
the relatively large variation in the coupling efficiency of identical devices suggests an improvable quality of the 
fabricated metal mirrors, whose deposition process was not extensively optimized in this work. Another pos-
sible factor limiting the efficiency of our couplers is related to the fact that commercially available V-groove fiber 
arrays typically display an average fiber core displacement in the range of 0.5–1 µm. In our case, this problem 
was minimized by measuring the coupling efficiency for different pairs of fibers and picking up the two display-
ing the best result. In future implementations, this issue could be overcome using two independently adjustable 
fibers for input and output coupling. Alternatively, if the position of the fiber cores can be precisely measured in 
advance, the separation between the grating couplers could be readjusted accordingly.

Overall, we believe that our approach opens a practical path toward the realization of vertical couplers fea-
turing coupling efficiency approaching unity, as critically required for the implementation of scalable photonic 
technologies.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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