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Abstract
In this paper, we report on polarization combining two-dimensional grating couplers (2D GCs) on amorphous Si:H, fabri-
cated in the backend of line of a photonic BiCMOS platform. The 2D GCs can be used as an interface of a hybrid silicon 
photonic coherent transmitter, which can be implemented on bulk Si wafers. The fabricated 2D GCs operate in the telecom 
C-band and show an experimental coupling efficiency of − 5 dB with a wafer variation of ± 1.2 dB. Possibilities for efficiency 
enhancement and improved performance stability in future design generations are outlined and extension toward O-band 
devices is also investigated.

Keywords Hybrid integration · Photonic BiCMOS · Amorphous silicon · Two-dimensional grating coupler (2D GC) · 
Dual-polarization coherent communication · Silicon photonics

1 Introduction

In the optical communications community, there is cur-
rently an extensive discussion on which technology will 
enable high bit rates for data center interconnects in the 
near future [1]. Coherent transceivers have already started 
entering commercially the data center domain, e.g., Refs. 
[2, 3]. Considering even shorter distances, there are two 
crucial factors for the ultimate establishment of coherent 
formats: cost and power dissipation. With respect to cost, 
silicon (Si) photonics is an attractive platform that offers a 
highly scalable technology, and a monolithic co-integration 
of photonics and electronics, by using mature complemen-
tary metal–oxide–semiconductor (CMOS) foundry pro-
cesses [4–6]. There is one significant obstacle in the way of 

coherent silicon photonic solutions for data centers, which 
is the silicon modulator and its drivers [7]. Due to the fun-
damental limitations of all-silicon phase shifters, silicon 
Mach–Zehnder modulators frequently show opto-electrical 
bandwidth < 50 GHz, large modulation loss and large Vπ, and 
considerable power consumption [3, 8, 9]. For these reasons, 
many groups have started to consider the accomplishment of 
silicon hybrid transmitters, in which the modulator is made 
of material with distinct second-order nonlinearities (that 
is, using the Pockels effect). Modulators based on various 
materials have been reported, such as lead zirconate titan-
ate [10], barium titanate [11], and lithium niobate [12–14]. 
Moreover, attempts toward the co-integration on a full-flow 
silicon platform have been undertaken [11, 14]. All Pockels 
materials listed here are not CMOS compatible and require 
a post fabrication bonding step. From the perspective of a 
foundry process flow, bonding of a Pockels material in the 
frontend of line (FEOL) would require significant modifi-
cations of the FEOL fabrication routine, adding process-
ing time and complexity. In comparison, bonding after the 
backend of line (BEOL) has been processed is less challeng-
ing and both IBM [11] and Sandia [14] have demonstrated 
their modulators in the BEOL. If we consider keeping the 
modulator there, an extension with another photonic layer 
at that level is necessary. This leads us to the concept of 
the three-dimensional (3D) photonic integration, which has 
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attracted attention in previous years due to its improved 
integration density and higher components design flexibil-
ity [15]. The extension to more than one photonic layer can 
be achieved by using CMOS process compatible materi-
als such as hydrogenated amorphous silicon (a-Si:H) [16], 
silicon nitride  (Si3N4) [17, 18] or aluminum nitride (AlN) 
[19]. Among them, a-Si:H offers the highest refractive index 
contrast, which makes it most suitable for inter- or intra-chip 
vertical grating coupling [20]. The initial disadvantage of the 
high absorption loss of a-Si at telecom wavelengths could 
be overcome by hydrogen passivation [21]. For that reason, 
a-Si:H is a promising material for 3D photonic transmitters 
or transceivers.

Being able to define a photonic layer in the BEOL and to 
assemble a Pockels modulator at the same level, as already 
demonstrated in Refs. [11, 14], we would need only an in- 
and out-coupling interface for the accomplishment of the 
transmitter’s photonic section. Here, we focus on the reali-
zation of dual-polarization coupling structures, which are 
intended as a future part of hybrid silicon photonic coherent 
transmitters in a photonic BiCMOS BEOL. For that purpose, 
we consider two-dimensional grating couplers (2D GCs) to 
be most suitable, because they allow for a polarization-mul-
tiplexed transmission without the necessity of an additional 
polarization rotator. Furthermore, their large mode spot size 
is an important advantage with respect to packaging toler-
ances and cost, which are of great importance in the context 
of coherent formats for data center interconnects.

In this work, a-Si:H waveguides and grating couplers are 
realized at the Metal2 level of a photonic BiCMOS plat-
form [22, 23]. The platform combines bulk Si electronics 
and silicon-on-insulator (SOI) photonics in the FEOL that 
share a common BEOL. The a-Si:H structures are intended 
as a proof-of-concept and are used for the investigation of 
material and process parameters. In future, an integration 
at the TopMetal1 level will be pursued. This is motivated 
by the successful demonstration of a Pockels modulator at 
the same level on this platform [11]. Another benefit is the 
possibility of improving the efficiency and the performance 
stability of the a-Si:H 2D GCs by incorporating the BEOL 
Metal3 as a reflector. For comparison, a comprehensive 
review on the coupling to crystalline Si photonics may be 
found in Ref. [24].

The paper is structured as follows: Sect. 2 outlines the 
platform concept, in which 2D GCs will be necessary. Sec-
tion 3 gives details on the numerical investigation of 2D 
GCs with two considered scenarios—structures at Metal2 
for experimental comparison and structures at TopMetal1 for 
future optimization and co-integration with other devices. 
Section 4 describes the fabrication process and its evalu-
ation in terms of material and geometric variations. Sec-
tion 5 shows experimental results on the first generation of 
fabricated a-Si:H waveguides and grating couplers at the 

Metal2 level, including waveguide loss and grating coupler 
efficiency. The grating couplers are compared to the same 
designs, realized on SOI. The final Sect. 6 summarizes the 
results and gives an outlook for our future work.

2  Concept

In this section, we outline our general concept for a dual-
polarization coherent transmitter in a photonic BiCMOS 
BEOL. Figure 1 illustrates our photonic BiCMOS platform 
[22, 23], extended by a second photonic a-Si:H layer near 
the TopMetal1 level. The combination of the a-Si:H layer 
with a Pockels material of choice can enable the realization 
of high-speed transmitters, which meet the requirements for 
future generation data center interconnects. The separation 
of the metal levels, where Pockels materials and a-Si:H are 
integrated, requires an interlayer stack that is thick enough. 
The BEOL of our photonic BiCMOS technology consists of 
three thin (Metal1, Metal2, and Metal3) and two thick (Top-
Metal1 and TopMetal2) metal layers. The interlayer dielec-
tric stacks above the thin metal layers have a thickness of 
around 900 nm, which is not sufficient. For that reason, the 
integration of a-Si:H after processing TopMetal1 is favora-
ble, since the interlayer dielectric stack between TopMetal1 
and TopMetal2 with a thickness of around 3 µm best fulfills 
the requirements.

In the photonic a-Si:H layer, typical components, such 
as waveguides, directional couplers, multi-mode interfer-
ometers (MMI), can be realized. Grating couplers can be 
used as in- and out-coupling interfaces, whereat the input 
interface can be substituted in future by a hybrid integrated 
laser source, following the principles outlined, e.g., in Refs. 
[25–27]. For polarization-multiplexed systems, 2D GCs are 
necessary as an output. Regarding the efficiency of grating 
couplers, a low thickness variation of silicon dioxide  (SiO2) 
is very decisive. There are several process points in the 
BEOL, which cause variation in the  SiO2 cladding. Before 
the fabrication of each metal layer, a chemo-mechanical 
polishing (CMP) is done to create suitable process condi-
tions. This means that we have four CMP modules (PreM-
etal1, PreMetal2, PreMetal3, and PreTopMetal1), which will 
increase the thickness variation. If we consider the whole 
BEOL with the planarized TopMetal1 topography, a typical 
thickness variation of the  SiO2 cladding of around 330 nm 
results. In this context, the purpose of adoption of Metal3 as 
a mirror below the grating couplers is not only to increase 
the coupling efficiency, but—more importantly—to reduce 
the influence of the  SiO2 thickness below the grating. For a 
 SiO2 thickness between a-Si:H and Metal3 of around 3 µm, 
a thickness variation of around 210 nm can be expected. A 
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deviation in that range is acceptable for the 2D GCs, as will 
be shown in the next section.

A typical transmitter configuration requires integrated 
photodetectors for setting the operation point of the modu-
lator. In the case of a BEOL integrated modulator, an inter-
layer coupling scheme, such as in Ref. [19], will be needed 
to access a frontend photodiode. This paper focuses on 
questions related to the polarization multiplexing grating 
couplers. Therefore, the interlayer coupling is not shown 
in Fig. 1.

It should be noted that the a-Si:H test structures reported 
here are fabricated at the Metal2 level instead of the Top-
Metal1 level, because of some constraints on that test field, 
given by other test structures. Among others, the lower ver-
tical distance to the FOEL is better suitable for initial tests 
of interlayer coupling structures. Nevertheless, the relevant 
a-Si:H properties remain the same, independent of whether 
the integration takes place at Metal2 or at TopMetal1.

3  Numerical analysis

This section summarizes the numerical results on the first-
generation a-Si:H 2D GCs at the Metal2 level of our pho-
tonic BiCMOS platform and gives further details on the 

next-generation structures, which will be realized at the 
TopMetal1 level.

3.1  C‑band a‑Si:H 2D GCs at the Metal2 level

The 2D GC’s simulation is based on the following 
assumptions:

• a-Si:H refractive index at 1550 nm: 3.57,
• a-Si:H waveguide height: 220 nm,
• SiO2 thickness between the a-Si:H waveguide and the 

bulk Si substrate: 3.63 µm,
• SiO2 top cladding: 3 µm.

With these values, the 2D GC design for 1550 nm is 
developed, which has a 9° coupling angle ϑ at the symme-
try plane between the 2D GC arms (φ = 45°). To achieve 
this, we use nonzero angle between the waveguide and 
the grating, which we call a shear angle. The shear angle 
is realized by tilting the waveguides with respect to the 
grating plane. The combination of shear angle and grating 
period results in a different coupling angle ϑ at the sym-
metry plane, as we have explained previously [28]. For the 
current design, a waveguide-to-grating shear angle of 2° 
and a grating period of 593 nm are chosen. The diffracting 
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Fig. 1  Schematic representation of a 3D photonic BiCMOS platform with electronic and photonic components in the frontend of line (FEOL) 
and extended by a photonic amorphous Si:H (a-Si:H) layer at the TopMetal1 level. Grating couplers can be used as in- and out-coupling inter-
faces, which may or may not use Metal3 as a back-reflector. A 2D grating coupler (GC) is needed for a polarization-multiplexed system. Pockels 
material can be bonded for the realization of high-speed modulators and transmitters in the backend of line (BEOL). Realization on both silicon-
on-insulator (SOI) and bulk Si wafers is possible
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elements are circular with a diameter of 400 nm and an 
etch depth of 100 nm. The same etch depth is used to 
define a-Si:H rib waveguides, so that waveguide and 2D 
GC will be defined in the same etch step.

The numerical analysis is performed by the commercial 
time-domain finite-integration-technique solver by Simulia 
CST. The 2D GC’s coupling efficiency is calculated as the 
product of the grating out-coupled power and the mode field 
overlap with the standard single-mode fiber (SMF) mode 
with a mode field diameter MFD = 10.4 µm @1550 nm. 
Figure 2 shows the simulated coupling efficiency of the 
designed 2D GC, when any of the two 2D GC waveguides 
is excited separately. At 1550 nm, a coupling efficiency 
of − 5 dB is expected. At the same wavelength, the cross-
polarization, which is the part of a given input polarization 
converted to its orthogonally polarized counterpart [29, 30] 
is around − 16 dB. The return loss is about 2.3% (− 16.4 dB) 
at 1550 nm and is caused not only by Fresnel reflection, but 
also by backscattering of the incident field by the diffracting 
elements (cf. Ref. [29]). Reduction of the latter effect can 
reduce the return loss. Finally, with the procedure outlined in 
Ref. [31], we found that the out-coupled 2D GC signals from 
the two arms are 95°-polarized to each other at 1550 nm.

Next, we perform an analysis on the coupling efficiency 
penalties, due to deviations from the optimal coupling 
position. The considered scenarios account for various tol-
erances after packaging. The considered alignment devia-
tions are: (1) angular deviation—of the coupling angle ϑ 
or of the in-plane angle φ and (2) axial displacement along 
a given direction (on example here—along the y-axis). The 
numerical results show that an angular variation Δϑ leads 
to the well-known GC’s spectral shift of about 5 nm per 
1°. Figure 3 shows the coupling spectra for the remaining 
variants: deviation from the symmetry axis φ = 45° of (a) 

Δφ =  + 5°, (b) Δφ =  −  5°; displacement along the y-axis 
(c) Δy =  −  3 µm and (d) Δy =  + 3 µm. The black point 
gives the SMF central position, while the black arrow 
assigns the SMF in-plane orientation. The following pen-
alties can be observed:

• For φ = 45° ± 5°: the central wavelength of both polari-
zations differs by ~ 10  nm. The maximum coupling 
efficiency is not equal. At 1550 nm, the imbalance is 
small: ~ 0.2 dB.

• For Δy =  − 3 µm: waveguide 2 is favored, leading to 
0.8 dB imbalance at 1550 nm.

• For Δy =  + 3 µm: the position is non-optimal for both 
waveguides, the coupling efficiency of both polarizations 
decreases by 0.6 dB at 1550 nm. Because the deviation is 
not symmetric, the coupling spectra have different band-
widths.

Next, we analyze another important factor for the per-
formance of a 2D GC, which is the  SiO2 thickness between 
the substrate and the grating. The 2D GC’s out-coupled 
power has a periodic behavior depending on the  SiO2 
thickness. Out of the periodicity, we are able to estimate 
an appropriate target value for the future 2D GC realiza-
tion at the TopMetal1 level. In addition, we need to keep 
in mind that we are not able to fix its value more exactly 
than in an interval of about ± 100 nm. The chosen target 
value needs to be robust against variations in this range. 
Figure 4 shows the normalized out-coupled power of a 
2D GC, when the  SiO2 thickness below the grating varies 
between 2 and 4 µm.

We can see that the current  SiO2 thickness of 3.63 µm is 
a good value; however, it is not well centered so that within 
a ± 100 nm interval, the out-coupled power can decrease by 

Fig. 2   a-Si:H 2D GC design at Metal2—coupling efficiency of signal and cross-polarization, when either of its two waveguides 1 or 2 is 
excited. The coupling angle at the symmetry plane is 9°
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Fig. 3  a-Si:H 2D GC design at Metal2—signal coupling efficiency, when either of its two waveguides (WG) 1 or 2 is excited. The coupling sce-
narios consider the following SMF deviations from the optimal position: (a) symmetry plane deviation by Δφ =  + 5°, (b) symmetry plane devia-
tion by Δφ =  − 5°; (c) displacement along the y-axis Δy =  − 3 µm and (d) displacement along the y-axis Δy =  + 3 µm.
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up to 10%. This means that our current 2D GC design can 
have a higher efficiency variation than in the optimal case.

The maximum transmission repeats every 530 nm, with 
exemplary maximum values of 2, 2.53, 3.06 µm, etc. Around 
these values, a drop of 5% of the out-coupled power occurs 
within ± 100 nm, which shows that the mentioned  SiO2 
thicknesses are good target values for future 2D GC designs. 
With the boundary conditions of our platform, an appropri-
ate  SiO2 thickness at the TopMetal1 level and with Metal3 
as a reflector is 3.06 µm. A reference simulation with a bulk 
Si substrate below the grating is carried out as well. The 
 SiO2 thickness estimated from Fig. 4 is 8.33 µm in that case.

3.2  C‑band and O‑band a‑Si:H 2D GCs 
at the TopMetal1 level

Next, we compare 2D GCs at the TopMetal1 level in the 
two scenarios: bulk Si below the grating with 8.33 µm  SiO2 
thickness separation and Metal3 below the grating with 
3.06 µm  SiO2 thickness separation. In addition, designs for 
O-band are considered as well. The simulations predict the 
behavior of future-generation a-Si:H 2D GCs.

There are two reasons why we prefer to use Metal3 as 
a mirror (instead of Metal1 or Metal2). The first one is its 
better conductivity resulting in a better reflectivity. The con-
ductivity is calculated from the measured mean value of its 
sheet resistance, which is 55 mΩ. The second reason is that 
the choice of Metal3 as a reflector ensures a better  SiO2 
thickness stability below the grating, which remains in the 
permitted range of ± 100 nm.

Figure 5 shows the simulation results for the C-Band 
a-Si:H 2D GC. Its geometric details remain unchanged. In 

the bulk Si case, the maximal coupling efficiency remains 
the same, compared to the structure at the Metal2 level. We 
obtain − 5 dB at 1550 nm. The cross-polarization is slightly 
higher and reaches −  14.4  dB at the same wavelength. 
This leads to a meager change of the orthogonality rela-
tion between the signals from waveguide 1 and 2, which is 
now 96°. The return loss at 1550 nm is slightly enhanced, 
becoming 2.6% (− 15.9 dB). If we use the Metal3 as a back-
reflector, both signal and cross-polarization are enhanced. 
The improvement is better pronounced for the signal than 
for the cross-polarization. With a back-reflector, we obtain 
a coupling efficiency of − 3.4 dB at 1550 nm and a corre-
sponding cross-polarization of − 13.4 dB. The return loss is 
2.8% (− 15.5 dB). The orthogonality relation is also signifi-
cantly improved, becoming 89.6°. Along with the efficiency, 
the signals’ orthogonality is dependent on the  SiO2 thickness 
below the 2D GC as well. This can be caused by differences 
in the  SiO2 dependence of signal and cross-polarization.

In the final numerical analysis, we compare similarly 
2D GCs with bulk Si or metal mirror in the O-Band. 
Coherent solutions using O-band have the potential 
to compete in the data center domain as well [32]. We 
choose the same  SiO2 thicknesses as for C-band, which 
are not necessarily optimal for O-band. Figure 6 shows 
the simulation results for a-Si:H O-band 2D GCs with a 
waveguide-to-grating shear angle of 2°, a grating period 
of 458 nm, circular diffracting elements with a diameter 
of 280 nm and an etch depth of 100 nm. The calculation 
assumes a SMF MFD of 9.2 µm. In both the bulk Si and 
the metal mirror cases, we observe a better coupling effi-
ciency and a lower cross-polarization than those of the 
C-band 2D GC. With bulk Si below, the O-Band 2D GC 

Fig. 5  Coupling efficiency of signal and cross-polarization for an a-Si:H 2D GC for C-Band at the TopMetal1 level. Two different back-reflectors 
are considered: bulk Si at a distance of 8.33 µm and Metal3 at a distance of 3.06 µm
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has a maximal coupling efficiency of − 4 dB at 1300 nm 
and a cross-polarization of − 18.6 dB. The return loss is 
about 1.9% (− 17.2 dB). With the back-reflector Metal3, 
an improvement of wavelengths shorter than 1300 nm is 
better pronounced, so that the maximum appears shifted 
toward 1295  nm. At 1300  nm, we obtain a coupling 
efficiency of − 2.8 dB, at 1295 nm it is − 2.7 dB. The 
back-reflector enhances the cross-polarization, except 
in a small wavelength range from 1300 to 1310 nm. At 
1300 nm we have a cross-polarization of − 18.8 dB. The 
return loss increases to 3% (− 15.2 dB). Regarding the 
orthogonality relation of the signals from the two GC 
arms, at 1300 nm we obtain 92.7° in the bulk Si case and 
91.8° with Metal3 below. In our platform, the integration 
of O-band structures at the TopMetal1 level can be more 
advantageous in comparison to C-band, provided that the 
waveguide loss is of similar order.

Discussing these results, we need to point out that the 
metals available in our standard BiCMOS process, do not 
have as high reflectivity as gold. The achievable cou-
pling efficiency is thus lower than that of reported 2D 
GCs with bonded gold mirrors [33, 34]. Furthermore, the 
metal thickness is a parameter that can vary. The conduc-
tivity may be influenced by material impurities as well. 
Deviations due to the latter effect are part of the specified 
metal sheet resistance’s variation, which is below 3% per 
specification. Another issue is the metal roughness, which 
is, however, lower for thin metals. These aspects may be 
responsible for an inferior improvement of the coupling 

efficiency than expected. Their impact on the efficiency’s 
variation needs to be investigated in more detail in future.

4  Fabrication and process evaluation

In this section, general information about the BEOL a-Si:H 
fabrication flow is given. Furthermore, process evaluation 
with a focus on the waveguide uniformity is carried out.

4.1  Fabrication process of a‑Si:H waveguides

For the fabrication and the integration of a-Si:H wave-
guides in the BEOL of the photonic BiCMOS technology, 
there are certain limitations due to the risk of metal con-
tamination of tools used for the FEOL. Generally, inde-
pendently of the level of the BEOL at which the a-Si:H 
waveguides are integrated, the first step is a CMP proce-
dure of  SiO2 to planarize the metal topography. The tool 
for  SiO2 CMP is also used for the shallow trench isolation 
in the FEOL. Due to the roughness of the metal surface, 
it is extremely risky to polish  SiO2 very close to the metal 
layer in the BEOL. There is a high probability of also 
polishing the metal surface, which would result in a metal 
contamination of the CMP tool.

For the realization of the a-Si waveguides in the BEOL, 
it is not possible to use any cleaning steps such as those we 
use for the production of our SOI waveguides in the FEOL. 

Fig. 6  Coupling efficiency of signal and cross-polarization for an a-Si:H 2D GC for O-Band at the TopMetal1 level. Two different back-reflec-
tors are considered: bulk Si at a distance of 8.33 µm and Metal3 at a distance of 3.06 µm
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This is because the necessary tools are also used for pre 
cleaning steps before any epitaxial process, so that con-
tamination of the epitaxy tool with metal particles would 
be likely. Therefore, for the first tests we start two parallel 
process flows to develop a BEOL compatible integration 
process for the a-Si:H waveguides.

In the first iteration, we use 200 mm silicon test wafers 
as a substrate to fabricate a-Si:H waveguides. We start with 
the deposition of 3630 nm  SiO2 and 220 nm a-Si by plasma 
enhanced chemical vapor deposition (PECVD). For the 
a-Si:H waveguide test structures, we have to process three 
layers. Figure 7 shows a scheme of the process flow. At first, 
we structure the 1D GCs by reactive ion etching (RIE) over 
a resist mask. The realization of waveguide ribs/2D GCs 

and deep etched waveguides is carried out in the same way. 
Because we need different etch depths for 1D GCs (70 nm), 
waveguide ribs/2D GCs (100 nm) and deep etched wave-
guides (220 nm), they need to be processed separately. In 
the end, we deposit a thick  SiO2 by PECVD and planarize 
the waveguide topography by CMP. As a result, we obtain a 
3 µm  SiO2 cladding above the grating couplers.

4.2  Uniformity of a‑Si:H waveguides

The uniformity of BEOL integrated a-Si:H waveguides is 
an important aspect, since many integrated devices includ-
ing 1D and 2D GCs have a strong dependence on the mode 
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(x () x () x)

(x)(x)(x)

(y)
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(y) (y)
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Fig. 7  Process flow—after deposition of 3630 nm  SiO2 and 220 nm a-Si, a 1D grating couplers, b waveguide ribs, and c deep etched waveguides 
are fabricated

Table 1   Measurement results of amorphous silicon thickness wafer distribution and range
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effective refractive index. Here, two main sources of its vari-
ation are analyzed—waveguide height deviation and vari-
ance of the a-Si:H refractive index. In Table 1, the thick-
nesses at different wafer positions of the a-Si:H after its 
deposition are summarized.

The variation of the 220 nm a-Si:H waveguide thickness 
is < 4% over the wafer. This is still considerably larger than 
the thickness variation of 220 nm crystalline SOI, which 
is < 1%. At present, further optimization of the deposition 
process is undergoing to understand the reachable limits of 
the a-Si:H layer thickness variation.

Next, wafer-level uniformity of refractive index of the 
deposited material is investigated. For the determination of 
the a-Si:H refractive index at 1550 nm, ellipsometry meas-
urements on 2 wafers are carried out. On the first wafer, the 
mean refractive index is 3.6082 and the minimum–maxi-
mum range is 0.0165. On the second wafer, the mean refrac-
tive index is again 3.6082 with a lower range of 0.0145. 
These results correspond well with typical 200 mm tool 
specifications.

5  Experimental evaluation of a‑Si:H 
waveguides and 2D GCs in the BEOL

In this section, first experimental results on a-Si:H wave-
guide loss and coupling efficiency are summarized. All 
structures are realized at the Metal2 level of the photonic 
BiCMOS platform used.

5.1  Linear waveguide loss

The total waveguide loss analyzed here can be attributed to 
sidewall scattering and material absorption. We use a rib 
waveguide with a core width of 500 nm, a core height of 

220 nm and a rib etch depth of 100 nm. The waveguide loss 
is measured automatically on wafer-scale with the optical 
backscatter reflectometry method [35]. The loss is aver-
aged over 59 dies and in a wavelength range from 1526 to 
1566 nm. Figure 8 shows a wafer-map and a histogram of 
the waveguide loss distribution with a mean value of 6.2 dB/
cm and a 3σ interval of ± 1.5 dB/cm, where σ is the stand-
ard deviation. In comparison, deeply etched (120 nm) SOI 
rib waveguides on our platform have a typical loss of about 
3 dB/cm per specification.

5.2  Coupling efficiency

Due to the larger refractive index of the fabricated a-Si:H, 
the 2D GC maximum efficiency is shifted toward the 
L-band. Measurement results are evaluated at a 1580 nm 
wavelength. The setup consists of a tunable laser Agilent 
81940A, a manual polarization controller and two SMFs for 
the in- and out-coupling. The signal is detected with a power 
meter Agilent 81634B. The chip input power is determined 
by a calibrated photodiode Thorlabs SM05PD5A. A manual 
wafer prober is used for wafer-scale measurements. Figure 9 
shows a schematic of the test structures used for the charac-
terization of the gratings coupling efficiency. The structures 
shown are only illustrative and do not represent devices from 
this experiment. For test purposes, we design a 1D GC with 
a period of 610 nm, a slot width of 315 nm and an etch depth 
of 70 nm. The measurement of the coupling efficiency of 1D 
and 2D GCs is performed in the following way. First, back-
to-back measurements at 13° of the structure in Fig. 9(a) are 
performed, from which we are able to calculate the 1D GC’s 
coupling spectrum. Next, we measure the coupling spectrum 
of the structure in Fig. 9(b). We use the 1D GC side as an 
input and the 2D GC as an output, in order to consider the 
2D GC in a transmitter-side configuration. In this case, we 
have two clearly defined on-chip polarization states at the 2D 

1

2

2

5

6

8

7

2

1

11

13

1

>

>

7.400

7.200

7.000

6.800

6.600

6.400

6.200

6.000

5.800

5.600

5.400

5.200
dB/cm

Fig. 8  Wafer map and histogram of the loss distribution of an a-Si:H 
rib waveguide with a core width of 500 nm, core height of 220 nm 
and rib etch depth of 100 nm. The mean loss ± 3σ is (6.2 ± 1.5) dB/cm

)b()a(
In 1

In 2

1D input 

1D input 

1D output

2D output

Fig. 9  Schematic of the test structures for the determination of the 
a-Si:H 1D and 2D GC efficiency. a 1D-1D configuration, b 1D-2D 
configuration, in which the 1D GC acts an input interface. The 
depicted structures are only illustrative and do not show the actual 
devices



 Frontiers of Optoelectronics           (2022) 15:13 

1 3

   13  Page 10 of 13

GC. For symmetry reasons, we show the results only when 
light was coupled at the input In 1.

To obtain the 2D GC spectrum, the 1D GC spectrum is 
subtracted from the 1D-1D GC measurement. For an appro-
priate 2D GC characterization, the 1D and 2D GC spectra 
must be centered at the same wavelength. For that reason, 
the coupling angles in the 1D-2D configuration are 13° at 
the 1D input and 8° at the 2D output. The coupling effi-
ciency is averaged over 17 out of 59 chips on the wafer. 
Several exemplary spectra are shown in Fig. 10(a) for 1D 
GCs and Fig. 10(b) for 2D GCs. At 1580 nm, we find a 1D 
GC efficiency of − 3.6 dB with a 3σ interval of ± 0.6 dB. The 
2D GCs have a mean coupling efficiency ± 3σ of (− 5 ± 1.2) 
dB. With this, 2D GC efficiency is in excellent agreement 
with the simulation results. However, the coupling effi-
ciency has a significant variation on the wafer, which is evi-
dent from comparison of Fig. 10a, b. The variation can be 
attributed to the non-optimal target  SiO2 thickness below 

the 2D GCs, which is not sufficiently robust against varia-
tions within ± 100 nm. Future designs will target at a more 
appropriate  SiO2 thickness to avoid the strong influence of 
its deviation.

Finally, we compare the a-Si:H 1D and 2D GCs with the 
same couplers realized on SOI with a crystalline Si (c-Si) 
waveguide height of 220 nm and a buried oxide (BOX) 
thickness of 2 µm. The cladding thickness is the same as that 
for the a-Si:H structures. Here, 9 dies on the wafer are con-
sidered. The statistics for the a-Si:H GCs at the same posi-
tions do not change significantly from the values reported 
in the previous paragraph. Figure 11a, b show exemplary 
coupling spectra for the 1D and 2D GCs in c-Si. Because 
the refractive index of c-Si is much lower (3.47 vs. 3.63 
of a-Si:H), the spectra for the same coupling angles are 
shifted toward a 1530 nm wavelength. For the 1D GCs, the 
mean coupling efficiency ± 3σ is (− 3.8 ± 1) dB at 1530 nm. 
For the 2D GCs, we obtain (− 4.4 ± 0.6) dB. With this, the 
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coupling efficiencies in both 1D and 2D case do not differ 
significantly from their a-Si:H counterparts. Differences of 
less than 0.5 dB are difficult to resolve due to the limited 
mechanical precision of our equipment. In the SOI case, we 
observe this time less 2D GC efficiency variation. The rea-
son can be that the BOX thickness is more appropriate with 
respect to robustness of 2D GCs against variations.

6  Conclusions

In this work, we analyze the first generation of a-Si:H wave-
guides and grating couplers, fabricated in a photonic BiC-
MOS BEOL. In terms of linear loss, our standard c-Si wave-
guides out-perform the first fabricated a-Si:H waveguides. In 
Ref. [16]. low-loss a-Si:H rib waveguides were realized by 
CMP-planarization of the waveguide top surface. In future 
work, this approach could be pursued for loss reduction by 
our waveguides.

We analyze in more detail first a-Si:H 2D grating couplers, 
realized at the Metal2 level. Experimentally, a mean loss ± 3σ 
of (− 5 ± 1.2) dB is obtained. Compared to c-Si 2D grating 
couplers with a mean coupling loss ± 3σ of (− 4.4 ± 0.6) dB, 
a-Si:H 2D grating couplers show a similar performance in 
terms of average coupling efficiency. The higher variation 
is caused on the one hand by larger variation of the a-Si:H 
waveguide thickness. Currently, the reachable minimum of 
a-Si:H waveguide thickness variation is under investigation. 
Another aspect is the target  SiO2 thickness below the a-Si:H 
2D GCs, which is in this case not optimal with respect to 
robustness against  SiO2 thickness deviations. In this work, 
we determine appropriate target  SiO2 thicknesses for future 
designs, for which a variation within ± 100 nm will not inter-
fere the 2D grating coupler’s performance. In future, a-Si:H 
2D grating couplers need to be integrated at the TopMetal1 
level of our photonic BiCMOS platform. The usage of Metal3 
3.06 µm below the grating could bring more advantages for 
two reasons. The first one is the  SiO2 thickness variation, 
which will be reduced, compared to the bulk Si case. The sec-
ond reason relates to the good properties of Metal3 in terms 
of conductivity and surface roughness, which make it suitable 
as a grating back-reflector. Simulations predict a coupling 
efficiency of − 3.4 dB for C-Band, which is 1.6 dB better 
than in the case of bulk Si below the gratings. If we consider 
extension toward O-band, the 2D GCs can reach − 2.7 dB 
with Metal3 as a back-reflector. The performance evaluation 
of a-Si:H waveguides and 2D GCs, reported here, indicate 
the feasibility of a-Si:H based BEOL integration approach 
of coherent transmitters, notwithstanding the requirement of 
further process optimization.
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