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Plasmonics – a Solution to THz

Juerg Leuthold

Institute of Electromagnetic Fields, ETH Zurich

Presenter
Presentation Notes
Three years ago, we started to work on MWP in zurich, in this presentation, we will focus on the communication system experi

But first, what is microwave photonics

http://www.ief.ee.ethz.ch/
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Future Optical-THz Communications Links

Ref.: Koenig, S., et al., “A 100 Gb/s RF Link at a 240 GHz carrier”; Nature Photonics, 2013. 7(12): p. 977-981.

Optical-to-RF-conversion RF-to-Optical Conversion

Key-element: Ultrafast PD Key-element: RF-to-Optical Mixer

http://www.ief.ee.ethz.ch/
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Plasmonics – Surface Plasmon Polaritons (SPP)
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What are Surface Plasmon Polaritons?
Photons excite an electron oscillation at a surface of a metal

The good:    Plasmons are small (20 – 100 nm) and thus potentially offer a more compact footprint

The challenge: Plasmons are lossy (typically 0.4 to 1 dB per µm)

http://www.ief.ee.ethz.ch/
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Slot-Plasmonic Waveguide
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Plasmonic Waveguide RF-Mode

Adantages:
• Plasmonwavelength is much smaller than photonic wabelength

 very compact
• Plasmonic waveguide (with optical mode) has ideal overlap with RF field 

 efficient electro-optical devices
• RC-Limitations are low, as metallic waveguide have low resistance and capacity is small

 ultra-fast 

http://www.ief.ee.ethz.ch/
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Ultrafast Plasmonic Detector: The Operation Principle

Germanium loaded plasmonic waveguide

Au

Au

Ge

Silicon access waveguide

Ref.: Y. Salamin et al., and J. Leuthold, "100 GHz Plasmonic Photodetector," ACS Photonics 5, 3291-3297 (2018).

i) Light is converted into a plasmon in the slot
ii) Light is absorbed 
iii) A current is produced by 

means of the photoconductive effect

The Plasmonic advantage:
• Small dimensions  low RC limits  fast
• Small gap  short drift times  fast

Presenter
Presentation Notes
In our work, we develop a high-speed plasmonic waveguide photodetector, as shown in the figure. It is based on photoconductive effect in an integrated Germanium semiconductor material in the plasmonic slot waveguide. The optical signal is guided on chip by passive Si waveguides that are buried in SiO2, and evanescently coupled to the active section of the device. The active section of the device consists of a nano-scale MSM slot waveguide with Ge as the semiconductor absorbing core and gold as plasmonic lateral claddings. 
The evanescently coupled photons are converted into surface plasmon polaritons and propagate along the MSM slot. The surface plasmon polaritons are absorbed while propagating in the Ge. As shown in the mode profile of the plasmonic waveguide, the optical energy is almost perfectly confined in the nano-scale active core. The photonic to plasmonic waveguide coupling was designed and optimized to achieve high coupling efficiency despite the large mode and impedance mismatch. Finally, efficient light absorption and compact device size are made possible by the effective overlapping of the optical energy and germanium absorber in the plasmonic slot waveguide. 
In addition, the plasmonic device configuration enables shortest drift paths for photo-generated carriers and a very small RC product. So, the combination of plasmonic waveguides with active materials enables efficient photodetection at highest speed. 

http://www.ief.ee.ethz.ch/
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Ultrafast Plasmonic Detector: Frequency Response and Data Experiment

Bandwidth
> 100 GHz for a 160 nm wide plasmonic detector 
Internal quantum efficiency
~36% for a 3 µm long, 160 nm wide plasmonic detector @ 1310nm

Ref.: Y. Salamin et al., and J. Leuthold, "100 GHz Plasmonic Photodetector," ACS Photonics 5, 3291-3297 (2018).

72 Gbit/s

Frequency Response Data Experiments

Presenter
Presentation Notes
The dynamic behavior of the device was investigated by using two distinct setups in order to cover the frequency range from 100 MHz to 100 GHz. The frequency response up to 20 GHz, shown as the blue curve, was measured with a modulated 1310 nm laser by an RF sinusoidal signal. At a higher frequency range, the normalized frequency response was measured by a two laser beating approach, shown as the red curve. The two combined lasers beat in the detector resulting in a RF frequency signal defined by the frequency offset of the two lasers. This way, the RF frequency can be arbitrarily tuned by controlling the wavelength of one laser. We intentionally measured an overlap in frequency in order to normalize both measurements. It can be seen that the frequency response of the device is flat up to 100 GHz without any sign of drop down, demonstrating high-speed capabilities. Measurement beyond 100 GHz was not possible, as the losses in the cable, connectors, and probe yield an insufficient signal-to-noise ratio.

http://www.ief.ee.ethz.ch/
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Plasmonic Modulators (>> 100 GHz BW)
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Mach-Zehnder modulator in a waveguide: 10 µm length, 8 dB Losses
Ref.: C. Haffner et al., Nature Photonics, pp. 525-528, Aug. 2015.

Ring modulator:  Radius 1.0 µm;  Device losses: 2.4 dB
Ref.: C. Haffner, et al., "Low-loss plasmon-assisted electro-
optic modulator," Nature, pp. 483-486, 2018.

http://www.ief.ee.ethz.ch/
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Plasmonic Modulators: Frequency Response

1.25 THz

Ref.: 
1.  C. Hoessbacher, et al., "Plasmonic modulator with >170 GHz bandwidth demonstrated at 100 GBd NRZ,"  Optics Express, vol. 25, 2017

3.  I.-C. Benea-Chelmus, et al., "Three-Dimensional Phase Modulator at Telecom Wavelength Acting as a Terahertz Detector with 
an Electro-Optic Bandwidth of 1.25 Terahertz," ACS Photonics 5, 1398-1403 (2018).

2.  M. Burla, to be submitted

http://www.ief.ee.ethz.ch/
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Power-Efficiency:  Plasmonics – the Modulator

See Ref.: Benedikt Bäuerle et al.,OFC 2018, M2I.1

Q

Electrical energy consumption of  1.8 fJ/bit and 2.8 fJ/bit

http://www.ief.ee.ethz.ch/
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A Novel Approach - Plasmotenna
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Plasmonic Phase Modulator

Plasmotenna

Ref.:Salamin, Y., et. al, Nano Letters (2015)

Direct mapping of an RF signal onto an optical carrier (using the modulator from before)

Presenter
Presentation Notes
Let’s take a closer look at our concept.
The device consist of two parts.
A plasmonic phase modulator. Which is a Metallic-insulator-Metallic slot waveguide filled with a nonlinear material.
The modulator is seamlessly cointegrated with an antenna
We call this device the Plasmotenna
How does it work?
Light is coupled from a Si waveguide to surface plasmon polaritons propagating along the slot waveguide.
When an electric field is incident on the antenna, the voltage drop across the slot produces an electric field in the nonlinear material changing its refractive index.
This way the phase of the propagating SPP can be modulated.
Finally, the SPP are coupled back to a Si waveguide

http://www.ief.ee.ethz.ch/
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Plasmotenna – Four-Clover-Leaf Resonator

Electric Field Enhancement

Q-Factor

Four-Clover-Leaf Resonator
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Slot width: 75 nm

Dipole

- Win a factor of 3 enhancement
- Loss of bandwidth

Presenter
Presentation Notes
For high Q factor, one need high L, and small R
Dipole, for high L small cross section requied, which lead to high R. Bottelneck
FCL uses loop resonance to achieve high L, and can increase cross section for reduced R
Show coparaison of both FE (simulation), CLF x4 fold better Q factor

http://www.ief.ee.ethz.ch/
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Microwave Plasmonic Wireless Link

Accepted for publication

FTTH scenario: An optical network user (ONU) sends a microwave photonic signal to an antenna at the curb.
At the curb, the RF signal is directly mapped onto an optical carrier and transported to the CO.

http://www.ief.ee.ethz.ch/
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10 Gbit/s Plasmonic Optical-RF-Optical Link

The plasmonic advantage:
• Electronic replaced by Plasmonics!
• Works at any carrier frequency up to THz

Accepted for publication

http://www.ief.ee.ethz.ch/
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Summary

Novel plasmonic devices are introduce. They offer kHz to THz bandwidth.

Key elements are emerging:

• Modulators: 500 GHz bandwith, fJ/bit operation with reasonably low losses <3 dB

• Photodetectors:   100 GHz bandwith is demonstrated

First Optical-RF-Optical Link demonstration with 10 Gbit/s data over 5 m has been demonstrated.

Key to the demonstration was a novel plasmonic antenna-modulator.

http://www.ief.ee.ethz.ch/

	Plasmonics – a Solution to THz��
	Content
	Content
	Future Optical-THz Communications Links
	Plasmonics – Surface Plasmon Polaritons (SPP)
	Slot-Plasmonic Waveguide
	Content
	Ultrafast Plasmonic Detector: The Operation Principle
	Ultrafast Plasmonic Detector: Frequency Response and Data Experiment
	Content
	Plasmonic Modulators (>> 100 GHz BW)
	Plasmonic Modulators: Frequency Response
	Power-Efficiency:  Plasmonics – the Modulator
	Content
	A Novel Approach - Plasmotenna 
	Plasmotenna – Four-Clover-Leaf Resonator
	Microwave Plasmonic Wireless Link
	Slide Number 18
	Summary

