Lars Zimmermann 
email: l.zimmermann@tu-berlin.de
  
Galina Georgieva 
  
Pascal M Seiler 
  
Advances in monolithic high-speed SiGe photonic electronic system integration

We review recent progress of photonic components and integrated photonic electronic sub-systems realized in IHP's photonic SiGe:C BiCMOS technology eco-system.

Introduction

Silicon photonics is a major contender among the technological approaches employed for photonic integrated circuits for data center interconnects. Major advantages of this technology are related to meeting the need for scalable solutions (i.e. large substrates), and a technology base for rapid development cycles matching industry requirements. With increasing baud-rates an additional advantage receives renewed attention, the possibility of close proximity cointegration of RF transistors and silicon photonic phaseshifters and photodiodes to realize high-speed electronic amplification and driving with minimum parasitics. SiGe:C based hetero-junction bipolar transistors (HBT) have a trackrecord in RF frontends for optical communications. Particularly advantageous are fT/fmax values reaching 500GHz and beyond, while breakdown voltages stay ahead of conventional CMOS. Photonic BiCMOS monolithically integrates RF SiGe:C BiCMOS electronics (npn HBT + CMOS) with 220nm SOI silicon photonics, including highspeed waveguide integrated germanium photodiodes (details in [START_REF] Lischke | Advanced Photonic BiCMOS Technology With High-Performance Ge Photo Detectors[END_REF]), enabling single-chip C-and O-band Tx and Rx subsystems. Recently, there is increasing interest in non-WDM O-band coherent interconnects inside the data center targeting short links with capacity of 1.6Tbit/sec or beyond. In the following, two aspects of this line of research based on the IHP SiGe:C photonic BiCMOS platform SG25H5_EPIC will be reviewed: (1) polarization handling properties of 2D grating couplers (GCs), and (2) O-band coherent Rx demonstrators.

2D grating couplers for improved polarization handling

The polarization crosstalk of 2D GCs has been rarely studied in further detail in the past. In [START_REF] Sobu | 300-mm ArF-Immersion Lithography Technology Based Si-Wire Grating Couplers With High Coupling Efficiency and Low Crosstalk[END_REF], the role of the perturbing element's shape was discussed. During the last years, our group investigated extensively the performance of 2D GCs as polarization splitting/combining interfaces for dual-polarization (DP) coherent formats. The first important advance towards understanding the behavior of such coupling interfaces was the exploration of the cross-polarization effect, that is, the partial conversion of a given input polarization state into its orthogonal counterpart [START_REF] Georgieva | Cross-Polarization Effects in Sheared 2D Grating Couplers in a Photonic BiCMOS Technology[END_REF]. We showed that this effect scales with the grating's perturbation strength, leading thus to coupling efficiency limitations. The related polarization crosstalk was observed in experiments [START_REF] Georgieva | 2D Grating Coupler Induced Polarization Crosstalk in Coherent Transceivers for Next Generation Data Center Interconnects[END_REF] and it was shown that it is associated with a loss of polarization orthogonality [START_REF] Georgieva | Penalties from 2D Grating Coupler Induced Polarization Crosstalk in Silicon Photonic Coherent Transceivers[END_REF]. To address the issue of cross-polarization, its physical background was investigated [START_REF] Georgieva | A Physical Origin of Cross-Polarization and Higher-Order Modes in Two-Dimensional (2D) Grating Couplers and the Related Device Performance Limitations[END_REF]. We indicated in-plane scattering at the grating perturbing elements as the limiting process behind cross-polarization. To overcome this issue, we proposed two optimization techniques: the segmented 2D GCs [START_REF] Georgieva | Penalties from 2D Grating Coupler Induced Polarization Crosstalk in Silicon Photonic Coherent Transceivers[END_REF] and the zig-zag-tilted ovals 2D GCs [START_REF] Georgieva | A Polarization-Independent Zig-Zag-Tilted Ovals Grating Coupler in a 0.25 µm Photonic BiCMOS Technology[END_REF]. Fig. 1 shows a microscope picture of an exemplary zigzag-tilted ovals 2D GC. In parallel, we studied 2D GCs in a 3D integration context, which could allow reducing the coupling loss, using the backend-of line (BEOL) metals as back-reflectors [START_REF] Georgieva | Dual-Polarization Multiplexing Amorphous Si:H Grating Couplers for Silicon Photonic Transmitters in the Photonic BiCMOS Backend of Line[END_REF]. The combination of such 2D GCs with a Pockels modulator in the BEOL was proposed to overcome the Si modulator issues in our technology [START_REF] Petousi | Performance Limits of Depletion-Type Silicon Mach-Zehnder Modulators for Telecom Applications[END_REF]. A BaTiO3-based Pockels modulator has been already demonstrated in the BEOL of our platform [START_REF] Eltes | A BaTiO3-Based Electro-Optic Pockels Modulator Monolithically Integrated on an Advanced Silicon Photonics Platform[END_REF].

O-band coherent receiver sub-systems

In parallel to the optimization of the polarization diversity coupling interfaces, single-polarization coherent receiver sub-systems have been demonstrated in our technology. In [START_REF] Seiler | 56 GBaud O-Band Transmission Using a Photonic BiCMOS Coherent Receiver[END_REF], an O-band coherent receiver was reported for the first time. Coherent formats typically used in C-band long-haul communications may face the requirement to switch the band, when trying to enter the data center domain. Trade-offs regarding this option were analyzed in [START_REF] Seiler | Toward Coherent O-Band Data Center Interconnects[END_REF]. In our subsequent works, the concept of O-band coherent receiver was extended to a multi-band paradigm and in [START_REF] Seiler | Ultra-Wideband Silicon Photonic BiCMOS Coherent Receiver for O-and C-Band[END_REF], the first dual-window coherent receiver with monolithically co-integrated highspeed electronics was reported. Improved experimental results, reaching 64 Gbaud QPSK in both bands, were shown in the succeeding work [START_REF] Seiler | Multiband Silicon Photonic ePIC Coherent Receiver for 64 GBd QPSK[END_REF]. The symbol rate was increased by a factor of two, compared to the previous silicon photonic multi-band receiver from [START_REF] Doerr | silicon photonics coherent modulator/receiver[END_REF]. In Fig. 2 an image of the dual band coherent Rx is depicted. 

Conclusions

Photonic BiCMOS based photonic electronic sub-system are attractive building blocks for coherent receiver assemblies. Despite 248nm lithography, novel 2D grating coupler designs substantially improve polarization handling capabilities. Doubled performance in comparison to previous C/O-band coherent Rx could be demonstrated.
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 1 Fig. 1 A microscope picture of an exemplary zig-zag-tilted ovals 2D GC, fabricated in the IHP's BiCMOS technology.
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 2 Fig. 2 Chip image with block diagram overlay of the monolithic 64Gbaud O/C-band coherent receiver.