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ABSTRACT   

Nanophotonic modulators and photodetectors are key building blocks for high-speed optical interconnects in datacom 
and telecom networks. Besides power efficiency and high electro-optic bandwidth, ultra-compact footprint and scalable 
co-integration with electronic circuitry are indispensable for highly scalable communication systems. In this paper, we 
give an overview on our recent progress in exploring nanophotonic modulators and photodetectors that combine the 
specific strengths of silicon photonic and plasmonic device concepts with hybrid integration approaches. Our work 
comprises electro-optic modulators that exploit silicon-organic hybrid (SOH) and plasmonic-organic hybrid (POH) 
integration to enable unprecedented energy efficiency and transmission speed, as well as waveguide-based plasmonic 
internal photo-emission detectors (PIPED) with record-high sensitivities and bandwidths. 
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SUMMARY 
From a technological point of view, silicon photonics represents an excellent integration platform, showing tremendous 
potential for large-scale photonic integration by exploiting mature foundry-based processes for fabless fabrication of 
photonic circuits and for co-integration with electronics [1]. From a functional point of view, however, silicon as an 
optical material falls short of distinct properties that are indispensable for a wide variety of devices. As a consequence, 
performance of all-silicon devices is often limited – in terms of speed, energy efficiency or device footprint. In this 
paper, we report on our recent progress in overcoming the functional limitations of the silicon photonic platform by 
combining conventional silicon photonic circuits with plasmonic devices and by hybrid integration of dedicated 
materials that complement the optical properties of silicon. We demonstrate the viability of the concepts by realizing 
electro-optic modulators with record performance parameters in terms of speed and energy efficiency as well as 
photodetectors with unprecedented electro-optic bandwidth. These devices might pave the path towards high-speed 
photonic-electronic signal processing at THz bandwidths. 

For the fabrication of high-performance electro-optic modulators, we exploit the concept of silicon-organic hybrid 
(SOH) integration that combines silicon photonic circuits with highly efficient organic electro-optic materials [2]. This 
approach overcomes the lack of second-order nonlinearities in bulk silicon and leads to highly efficient devices that 
clearly outperform conventional all-silicon depletion-type pn-modulators both in terms of speed and energy 
efficiency [2]. SOH devices have been demonstrated to exhibit voltage-length products down to 0.5 Vmm and energy 
consumptions of only a few fJ per bit [3], [4]. The response of the electro-optic cladding materials is ultra-fast and 
enables small-signal modulation at frequencies beyond 100 GHz [5] and generation of on-off keying (OOK) data signals 
at 100 Gbit/s [6]. We have further shown multi-level signaling at symbol rates of 64 GBd and at operating temperatures 
of up to 80 °C [7]. Moreover, we demonstrated generation of advanced modulation formats such as 16QAM at record-
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low energy consumptions and with symbol rates (bit rates) of up to 63 GBd (252 Gbit/s) transmitted on a single 
wavelength and a single polarization [8] – [10]. We have further shown that the extraordinarily low drive voltage of SOH 
modulators allows operation of the devices directly from standard output ports of field-programmable gate arrays 
(FPGA), without external amplifiers or digital-to-analog converters. Such schemes can be used even if higher-order 
modulation formats such as 16QAM are to be generated [11]. The SOH approach is a versatile concept that goes far 
beyond electro-optic modulators. We have also demonstrated SOH lasers [13] that exploit doped light-emitting organic 
materials, as well as highly efficient SOH phase shifters with liquid crystals (LC) in the cladding [12].  

Expanding upon our work on SOH devices, we have shown that the approach can also be transferred to plasmonic 
waveguide structures for electro-optic modulation [16] – [18]. While the length and hence the efficiency of these so-
called plasmonic-organic hybrid (POH) modulators is limited by optical losses in the plasmonic waveguide section, the 
devices stand out due to their small footprint and their large electro-optic bandwidth [2]. We believe that POH devices 
may eventually open the route for modulation at THz frequencies [2].  

Similarly, plasmonic device concepts allow to drastically reduce the footprint and to increase the bandwidth of 
photodetectors on the silicon photonic platform. We have recently demonstrated the concept of plasmonic internal-
photoemission detectors (PIPED) that exploit photon-assisted transmission of hot carriers across potential barriers at 
metal-semiconductor interfaces [19]. Propagating surface plasmon polaritons (SPP) in metal-clad silicon waveguides are 
ideally suited for realizing such devices, as the plasmonic mode is strongly localized at the interface and hence perfectly 
concentrates the light to the region where absorption leads to the highest generation rate of photoelectrons. Our devices 
exploit a nanoscale silicon drift region of only 75 nm width, sandwiched between two metal layers with distinctively 
different light absorption characteristics and Schottky barrier heights. This leads to an ultra-narrow potential barrier and 
to short transit times under the influence of an external bias voltage. In a first proof-of-concept experiment, we 
demonstrated record-high sensitivities of more than 0.12 A/W at a wavelength of 1550 nm along with large opto-
electronic bandwidths well above 40 GHz [19]. In a subsequent experiment, we have shown that PIPED can also be 
operated as photomixers for generation and homodyne reception of continuous-wave radiation at THz frequencies using 
monolithically integrated transmitter and receiver circuits on the silicon plasmonic platform [20]. We believe that SOH 
and POH modulators in combination with PIPED-based detection and photomixing schemes can pave the path towards 
large-scale integration of photonic-electronic circuits for processing of signals at THz frequencies. 
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